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ABSTRACT

Emulsions are kinetically stabilised mixtures of two immiscible fluids (e.g. oil
and water). They are encountered in many industrial applications including
cosmetics, food, road, drug delivery and paint technology. Despite their wide
spread use, the formulation of emulsions remains largely empirical. The nature of
the relationships between ingredients, composition, emulsification method and
energy input, defining the microstructure (e.g. droplet size distribution and
surfactant packing at the oil/water interface), the dynamics (e.g. interdroplet
exchange) and the lifetime of emulsions, is still poorly understood. In particular,
little work has focused on the mutual interactions between emulsifier and oil
molecules and how these affect the properties of the interfacial domain and
emulsion dynamics.

The emulsion system oil/Triton X-100/water was investigated, where Triton X-
100 is a commercially available non ionic surfactant and the oil is one of toluene,
p-xylene or octane. The microstructure and the dynamics of these oil/Triton X-
100/water emulsions were monitored upon varying oil type, oil concentration,
emulsion age and ionic strength while maintaining the oil-to-surfactant weight
ratio, temperature, energy input and emulsification method constant. For this
purpose, laser scanning confocal microscopy, cryo scanning electron microscopy
(cryo-SEM), pulsed field gradient NMR (PFG-NMR), macroscopic phase
separation and light scattering techniques were used as experimental techniques.
The occurrence of an oil exchange between oil droplets that is not coupled to
droplet growth and emulsion destabilization is reported for the three oil systems:
toluene, p-xylene or octane. The mixture of two separately stained emulsions,
using green and red fluorescing dye molecules, leads to all droplets emitting
yellow fluorescence under the confocal microscope within ~10 min of mixing due
to the interdroplet exchange of the two water insoluble dyes.

Furthermore, the PFG-NMR data for both toluene and p-xylene systems indicate
that, for long observation times, A, the echo attenuation of the oil signal decays as
a single exponential upon increasing the diffusion parameters. In other words the
individual motions of the droplets and oil molecules are described by a unique
diffusion coefficient belying the system polydispersity and indicative of a



dynamic process occurring on a time scale faster than the observation time. One
way to explain this outcome is to consider a motional averaging of the oil
diffusion arising from either oil permeation upon droplet collision or reversible
coalescence of the droplets. These two mechanisms are supported by the
extensive droplet contact observed by cryo-SEM. Such an oil transfer occurring in
three distinct oil systems, independently of emulsion destabilization, has not been
reported previously.

Upon decreasing the NMR observation time below a specific value, Agwitch, @
switch of the echo attenuation data was detected between a single exponential and
a multiexponential decay, the latter indicative of the emulsion droplet size
distribution. The time scale of the oil transfer, Aswitcn, Was probed upon varying oil
type, oil concentration, emulsion age and ionic strength. In particular, the time
scale of the oil exchange is an increasing function, spanning from ~300 ms to ~3
s, of droplet concentration in toluene emulsions despite the concomitant increase
of the droplet collision frequency. Upon increasing the toluene content and
decreasing the mean interdroplet spacing, the oil droplets are kinetically stabilized
by the enhancement of the surfactant packing at the oil/water interface.

In addition to the surfactant packing at the surface of the oil droplets, ionic
strength and droplet size, the rate of oil exchange is controlled by the mutual
interactions between oil and Triton X-100 molecules. The rate of oil transfer is a
decreasing function from toluene to p-xylene to octane. The increase of the mean
droplet size in the same order cannot solely account for the observed slowdown of
the oil exchange. The macroscopic phase separation data indicate that the Triton
X-100 layer is increasingly robust with respect to oil transfer from toluene to p-
xylene to octane. This can be compared with the oil exchange process and
explained in terms of oil penetration effects into the surfactant layer and energy
cost for hole nucleation.
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Chapter 1 Introduction

An emulsion is a heterogeneous system consisting of at least one immiscible
liquid dispersed in another in the form of droplets (Figure 1.1), having diameters
in the range ~0.05-100 um. Generally, the two immiscible liquids are classified as
oil and water and emulsions may be either oil droplets dispersed in water (O/W)
or water droplets dispersed in oil (W/O). Such systems are thermodynamically
unstable and require the addition of a third component called an emulsifier, such
as a surface-active agent, finely divided solids, proteins or polymers to increase
their stability.

Agitation O @)

Oil Phase O O O QO
O

e

Emulsifier OO O O O
Water Phase O OQ © O

Figure 1.1. Formation of an oil-in-water (O/W) emulsion.

The droplets in an emulsion reside in the colloidal size range; hence the high
surface area-to-volume ratios lead to some distinctive physicochemical properties
compared to the unmixed individual components. Moreover, an emulsion system
enables several immiscible fluids to be incorporated into the same matrix. These
characteristics are the reason why emulsions are encountered in a very wide range
of industries [1]. Examples are food emulsions in the form of mayonnaise or salad
creams, cosmetics such as skin-care creams and sunscreens, agrochemicals in the
form of self-emulsifiable oils which produce emulsions on dilution with water,
pharmaceuticals in the form of multiple emulsions, paints such as latex emulsions
etc. Moreover, bitumen emulsions are prepared stable in the containers but when

applied to the road chippings they must coalesce to form a uniform film of
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bitumen. In the oil industry, many crude oils contain water droplets that must be
removed by coalescence followed by separation.

However, because of their intrinsic instability the formulation of an emulsion with
specific physicochemical properties remains elusive and to date only empirical
approaches are used. Therefore, it is necessary to improve our basic
understanding about the relationship between emulsion composition,
microstructure and dynamics in order to achieve greater control and predictability.
In this thesis is reported the investigation of emulsions in the ternary model
system oil/Triton X-100/water where the oil is one of toluene, p-xylene or octane.
The dynamics of these three oil systems are of particular interest. The occurrence
of an oil exchange process between oil droplets that is independent of
macroscopic destabilisation processes was evidenced. The rate at which oil
exchange occurs is affected by the oil concentration, the oil used in
emulsification, the addition of an electrolyte or by ageing the emulsion. The time
constant for oil exchange is profoundly dependent on the chemical and physical
characteristics of the thin interfacial film. The exchange occurs either by direct
droplet contact (permeation via transient holes in the thin interfacial film) or
reversible coalescence (a fusion-fission mechanism) or a combination of the two.
The thesis is divided into eight chapters. In addition to an introduction about
emulsion physicochemical characteristics and the experimental techniques used to
characterize the samples, evidence for the occurrence of oil exchange in the
toluene/Triton X-100/water ternary system as well as the factors affecting the
time constant for this process including oil concentration, emulsion age, addition
of salt and nature of the oil are reported in four chapters. In the last chapter, the
work performed in the project is summarised and future work to improve our

understanding of emulsion microstructure and dynamics is suggested.
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Chapter 2 Emulsion properties

2.1. Introduction

Liquid-liquid dispersions may be classified according to the size of the dispersed

phase as shown in Figure 2.1 [2].

»

Droplet dimension (pum)

Coarse emulsions

milky white
4
Fine emulsions
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Figure 2.1. Droplet dimension for liquid-liquid dispersed systems.

Macroemulsions, commonly abbreviated emulsions, possess a broad distribution
of droplet sizes in the ~0.05-100 um range. They are characterized by a milky or
bluish white colour due to light scattering. They are not thermodynamically stable
due to the inherent immiscibility of the two phases resulting in a high interfacial
tension. Therefore, they require the addition of an emulsifier located at the
interface to decrease the interfacial tension by maintaining repulsive forces
between the droplets. Energy input is needed for emulsions to be formed from the
unmixed components. However, destabilization occurs over time via several

mechanisms.
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By contrast, microemulsions have structural droplet sizes in the ~10-50 nm range.
They are thermodynamically stable due to the low interfacial tension between the
two phases. Additionally, microemulsions are transparent since droplet sizes are
generally much smaller than the wavelength of visible light. However, the
distinction between emulsions and microemulsions based on droplet size has
become questionable over the past decades with the identification of transparent
non thermodynamically stable emulsions whose droplets are a few nanometres in

size, defined as nanoemulsions.

2.2. Emulsion formation

2.2.1. Surface activity

In a bulk water or oil phase, each molecule is subjected to an equal attraction
from its neighbouring molecules due to the van der Waals attractive forces. The
net attractive force felt by each molecule in a bulk liquid is equal to zero because
the van der Waals attractive forces are balanced, however when the bulk phase is
mixed with another phase whose chemical structure and properties are different
(e.g. oil and water), the net attractive force becomes positive (Figure 2.2). So as to
lower the system energy as much as possible, the resulting interface is shaped so
that the surface of contact between the two phases is minimized. As a result of
immiscibility and gravity, water and oil form two layers one above another upon

gentle mixing.
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Oil

Water

Figure 2.2. van der Waals forces in a bulk liquid. In the absence of an interface, the net
attractive force F felt by a molecule is equal to zero whereas in the presence of an interface,
the net attractive force is positive.

When an emulsion is formed, there is a very large increase in interfacial surface
area since one phase is dispersed as droplets in the other. To accomplish this,
some energy is required to be added to the system. The so-called interfacial
tension y is the work in mN m™ required to generate 1 m? of surface expansion.
The energy for emulsion formation, AGsrm, IS @ function of the work performed to
expand the interfacial area and the increase in configurational entropy according

to the second law of thermodynamics (Eq.2.1).

AG =AAy _TASconfig (2.1)

form

where AA is the increase in interfacial surface area, y the interfacial tension, T the
temperature and ASconfig the configurational entropy. ASconfig IS @ positive quantity
since producing a large number of droplets is accompanied by an increase in
configurational entropy. The work term A4y is positive and larger than —T ASconfig
in most cases; consequently the energy of emulsion formation, AGm IS a
positive quantity. Emulsion formation is then non-spontaneous and emulsions are
thermodynamically unstable. Moreover, the system minimizes the interfacial
surface area, which results in one phase dispersed in the second in the form of

spherical droplets.
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2.2.2. Emulsifiers

2.2.2.1. Introduction

In most cases, in the absence of emulsifier, energy input is not sufficient to
stabilize an emulsion. Indeed, the droplets formed have such a high interfacial
tension that the system reverts quickly to two layers, the lowest energy
configuration. Hence, the emulsifier located at the interface between the two
phases (Figure 2.3) plays a significant role by lowering the interfacial tension on
the one hand, thus allowing emulsions to form more easily and on the other hand
by providing a protective electrically charged and/or steric barrier against
coalescence (section 2.3).

oil

~water
% % /emulsifier

Figure 2.3. Location of the emulsifier at the oil/water interface in an O/W emulsion (not to
scale).

The emulsifier is oriented such that its hydrophobic residue dips into the oil phase
while the hydrophilic group is in water. The thickness of the interfacial film is
about 10 nm for most emulsions and this includes a large number of oil and water
molecules. To attain stability emulsifiers need to cover the surface of the droplets
at least partially and remain firmly adsorbed. The amount of emulsifier required
for a given emulsion is highly dependent on the chemical affinity of the
emulsifier for both the water and the oil phases. Most emulsifiers used are
amphiphilic, i.e. they possess both hydrophilic and hydrophobic properties.
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2.2.2.2. Classification

A rather arbitrary classification of emulsifiers may be made [3] as follows

v' surface-active materials (synthetic detergents);
v naturally occurring materials (cellulose, gums etc);
v" finely divided solids.

Most of the emulsifiers used in industry belong to the surface-active agent group.
For this reason, Schwartz and Perry [4] proposed a subcategorisation of this group
based on the ionic properties of the hydrophilic group in the molecule.

Anionic;
cationic;

non ionic;

D N N NN

ampholytic (i.e. cationic in acidic solutions and anionic in basic
solutions);

v"water insoluble.

2.2.2.3. Choice of the emulsifier

The efficiency of an emulsifier may be considered in terms of cost and type of
emulsions required. Indeed, an emulsifier is more efficient to stabilize O/W
emulsions if it possesses a higher solubility in water whereas an emulsifier more
soluble in oil is recommended to form a W/O emulsions. This generalization is
known as Bancroft’s rule, which can be expressed as follows: the phase in which
the emulsifier is more soluble is the outer phase. A successful qualitative
approach with regard to the choice of emulsifier is due to Griffin [5]. He
introduced the concept of “hydrophilic-lipophilic balance” or HLB. Each
emulsifier is assigned a dimensionless number between 0 and 20 reflecting the
fraction of hydrophilicity in the molecule. Emulsifiers whose HLB is between 0
and 9 are hydrophobic emulsifiers stabilizing W/O emulsions whereas a HLB
between 11 and 20 is associated with hydrophilic emulsifiers in favour of O/W
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emulsions. Emulsifiers with a HLB value of 10 are said to be balanced
hydrophilically-lipophilically. Numerous methods have been proposed to
determine the HLB number of an emulsifier but the most used are those from
Davies [6] and Griffins [7] based on the composition and the chemical structure
of the surface-active agent. It should be noted though that the HLB is of very

limited predictive value.

2.2.2.4. Mode of addition of the emulsifier

The mode of addition of the emulsifier requires consideration when dealing with
emulsions having dispersed phase volume fractions > 0.3 [3]. It affects not only
the type of the final emulsion but also the droplet size distribution. A variety of
methods can be employed.

1/ Agent-in-water method

In this method, the emulsifying agent is dissolved directly in the water and the oil
phase is then added while the mixture is stirred vigorously. This procedure makes
O/W emulsions directly; should a W/O emulsion be desired, the oil addition is
continued until inversion takes place, i.e. the process whereby an O/W emulsion
changes to W/O or vice versa. Emulsions obtained this way are coarse with a
wide droplet size distribution.

2/ Agent-in-oil method

In this method, the emulsifier is dissolved in the oil phase. The emulsion may

then be formed in two ways

- by adding the mixture directly to the water. In this case, an O/W emulsion
forms spontaneously.

- By adding water directly to the mixture, slowly and in small quantities . In
this case a W/O emulsion is formed. In order to produce an O/W emulsion
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it is necessary to induce an inversion of the emulsion by the addition of

further water.

3/ Alternate addition method

The water and oil are added alternately in small portions to the emulsifier. This

method is particularly suitable for the preparation of food emulsions.

2.2.3. Emulsification

The energy input required to produce an emulsion can be introduced in many
ways, although the most common method employs mechanical shear to achieve
dispersion of the droplets. When a droplet undergoes shear, it distorts and breaks
into smaller droplets (Figure 2.4). The droplets need to be stabilized as soon as
they are formed or recombination takes place, i.e. there must be a reservoir of

emulsifier present.

Figure 2.4. Shear undergone by a droplet during the emulsification process.

The shearing effect can be achieved by blade stirrers, stator-rotor dispersers, jet
impact devices or by pressure-induced flow through the constriction of high

pressure homogenisers (Figure 2.5).

29



Rotor

High Pressu re High velocity

AN
<> /g\ o t

EmuI5|on out

Stator

:::-Oﬂ
L_..l
\,

I

?L

Emulsion out

(@) (b) (c)

Figure 2.5. Emulsification techniques (a) rotor-stator disperser, (b) high pressure
homogenizer and (c) jet impact device.

Rotor-stator dispersers rely on very high shear rates (speeds up to 22000 rpm) to
accomplish droplet scission. Traditional rotor-stator devices utilise a cone-shaped
rotor, whereas more recent designs can have concentric cylinders with
complicated tooling to aid in droplet scission and turbulent flow. In high-pressure
homogenizers, the emulsion components are forced through a small orifice at
between 1000 and 5000 psi. Both rotor-stator devices and homogenizers can have
single or multiple stages. In the jet impact system two liquid jets collide at high
velocity thus forming small droplets. The resulting emulsion can be recycled
through the unit to attain further droplet size reduction.

Depending on the range of viscosity and droplet size desired, several mechanical

emulsification devices are used in industry [8] including

simple mixers;

turbine mixers;

colloid mills;

ball mills;

agitator ball mills;
perforated disk mills;
high-pressure homogenisers;

jet impact device;

AN N NN Y N N NN

ultrasound apparatus.
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Sometimes chemical energy is sufficient to produce an emulsion. This is referred
to as “spontaneous emulsification”. Heat of solvation or neutralization can cause
localized flow and mixing (Marangoni effect) at the interface leading to
emulsification. But the use of mechanical energy is still the preferred method for

achieving emulsification.

2.3. Emulsion stability

2.3.1. Introduction

In order for an emulsion to be stable, the droplets need to exist as discrete entities
uniformly dispersed in the continuous phase. When two droplets encounter, they
coalesce unless there is a sufficiently high energy barrier to keep them apart.
Several stabilization processes of colloidal systems have been presented but the
central knowledge on colloidal stability is based on the Derjaguin-Landau-
Verwey-Overbeek theory abbreviated DLVO [9-11]. This theory explains the
stability of colloidal systems by considering the balance between van der Waals
attractive forces and electrostatic repulsive forces. Over the past decades, the
consideration of other forces such as steric, hydration or hydrophobic have

improved our basic understanding of colloidal stability [3].

2.3.2. van der Waals (vdW) attractive forces

van der Waals attractive forces constitute the universal phenomenon that similar
molecules attract one another. They are considered to arise as a consequence of
spontaneous fluctuations in the electron cloud in one molecule causing
corresponding fluctuations in neighbouring molecules. These forces are separated
into three types:

- Keesom or dipole/dipole interaction;

- Debye or dipole/induced dipole interaction;
- London or induced dipole/induced dipole interaction.
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In the case of emulsions, only the London-vdW forces are significant. Hamaker
proposed a method to estimate the energy of interaction Ga(h) (energy required to
bring a pair of droplets from an infinite distance apart to some close surface-to-

surface separation, h, involved in London-vdW forces in colloidal systems [12].

_—A, 2a’ 2a’ h? + 4ah
Ga(h) = x| — +— > +In| — 5
6 h®+4ah h°+4ah+4a h® +4ah+4a
where a is the radius of the interacting spheres, h is the surface-to-surface
separation and Ay is the Hamaker constant which is dependent on the material
properties.

In most cases a << h and the Hamaker equation simplifies to

-A,a

Ga(h) =
A = —o0

where Ay is the Hamaker constant given, for an emulsion, by

— 0.5 0.5
AH - AH dispersed phase X AH continuous phase

In Figure 2.6 is shown the interaction energy-distance plot for two bare (i.e. no
adsorbed emulsifier) droplets approaching each other. vdW attractive forces
become significant from a separation distance of ~2 nm and below. In the absence
of repulsive forces, flocculation rapidly leads to large clusters and to irreversible

coalescence (primary minimum).
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Figure 2.6. Interaction energy-distance plot for two droplets approaching each other in the
absence of emulsifier, Ay = 3.7x 107" J; a = 0.133 pm.

2.3.3. Repulsive forces

In the presence of electrostatic and/or steric energy barriers, due to the presence
of emulsifiers at the oil/water interface, emulsions can be kinetically stabilised.
The nature of the repulsive forces depends on the type of emulsifier.

2.3.2.Electrostatic repulsive forces

In a colloidal system, the surface of the particles is charged either by adsorption
of an ionic emulsifier, ions from the continuous phase or frictional contact [13]
although the latter is not experimentally proven. Even in the presence of a non-
ionic surfactant, preferential adsorption of anions leads to a net negative charge
on droplets. Indeed, anions have a greater tendency to adsorb than cations. This is
because the latter are more strongly hydrated in bulk solution and so compete less
effectively for surface sites than the more weakly hydrated anions. Even pure
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hydrocarbon oil droplets in pure distilled water carry a net negative charge
presumably due to preferential adsorption of OH™ ions over H3O" ions [14].

When the surface of the particles is charged, another layer of counter ions must be
present to maintain electroneutrality (global and local). This is called the double
layer and several models have been suggested such as the Helmholtz double layer
[15], the Gouy-Chapman diffuse double layer [16, 17] and the Stern diffuse
double layer [18], the latter is a compromise between the Helmholtz and Gouy
models which have some deficiencies. The Stern model is exclusively used
nowadays.

Figure 2.7 represents a schematic structure of the electrical double layer based on
the Stern model for an O/W emulsion stabilised by an anionic surfactant
accompanied by the corresponding interaction potential. Closest to the particle,
the interaction potential of the particle decreases sharply due to the electrical
compensation of the counter ions distributed in a compact layer bound to the
particle called the Stern layer. To maintain electroneutrality, a diffuse layer
contains the remaining counter ions where the interaction potential decreases
exponentially to zero. The zeta potential measured by electrophoresis is located at
the plane of shear (slipping plane).
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Figure 2.7. Structure of the electrical double layer at the oil/water interface with negatively
charged adsorbed emulsifier.

As two identically charged particles approach one another, there is an increase in
the concentration of small counter ions in the gap between the surfaces. The
resulting increase in local osmotic pressure in the gap leads to a repulsive
electrostatic force between the particles. This force is usually known as the
double-layer repulsion, being derived from the overlap of electrical double-layers
surrounding the two particles. For two charged spheres of radius a in a medium of
dielectric constant &, the separation-dependent double-layer energy of interaction

IS given by
Gy (h) =27¢, g,ap In(1+ e_"h) (2.2)

where & is the vacuum permittivity, yp the surface potential, h the surface-to-
surface separation and x* the Debye length which is an approximate measure of
the thickness of the electrical double-layer.

Addition of electrolyte modifies the structure of the double layer. As the ionic

strength and/or the valency of the electrolyte increases, the thickness of the
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double layer diminishes and the system becomes unstable as shown by the

ol = Eo& KgT
2cN ,z%€? (2.3)

where e, is the elementary electric charge, Na is the Avogadro number, z is the

expression of the Debye length

valency of the ions and c is the electrolyte concentration.

The total interaction energy Gpivo (h) according to the DLVO theory results from
the addition of the vdW attractive forces and electrostatic repulsive forces
following Eq. 2.4.

Gowvo (N) =G (h) + G (h) (2.4)
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In Figure 2.8 is shown the schematic representation of the interaction energy-
distance curve based on the DLVO theory.
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Figure 2.8. Interaction energy for two colloidal particles as a function of their distance of
separation, for electrical double layers due to surface charge (squares, Gg), London-van der
Waals dispersion forces (triangles, G,), and the total interaction (bold line, Gp_\o) calculated

with A=3.7x 10 J; a=0.133 um; & = 78.54 F/m and w, = 0.01 V.

At large interdroplet distances, attractive forces prevail which can result in a
shallow secondary minimum where flocculation takes place (magnitude of a few
KT units [19]). At very short distances (< 1 nm), attractive forces again dominate
which gives a primary minimum (magnitude large compared to thermal energy,
several hundred KT units) where irreversible coalescence occurs. At intermediate
separations, repulsive electrostatic forces dominate resulting in a primary
maximum whose height increases with increasing surface potential ¥, and
decreasing electrolyte concentration and valency. The primary maximum prevents
close approach of the droplets and irreversible coalescence in the primary

minimum.
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2.3.3.Steric repulsive forces

It is important to note that with a non-ionic emulsifier or in the case of W/O
emulsions, electrostatic repulsive forces become very small. In the case of W/O
emulsions, the very low dielectric constant of the oil phase prevents any electric
double layer formation. However, it is still possible to stabilize these emulsions
using oligomeric surfactants or high molecular weight polymers, this is steric
stabilization since a physical barrier is present at the interface [20]. The droplets
cannot get close enough to each other to fall into the primary minimum of the
interaction energy — distance curve and coalesce providing that the polymer
surface layer exceeds the 5-10 nm van der Waals interaction distance.

In the presence of steric stabilization, the interaction energy comprises two
components following Eq. 2.5.

Gsteric (h) = Gmix (h) + Gelast (h) (2.5)

Gnmix refers to the osmotic or mixing energy of interaction due to the interaction
between the polymers and the solvent upon increasing the local polymer
concentration when two particles interpenetrate [1] (Eq.2.6).

4 1 h h’
G . =kT —=¢>N Z—yl3R+26+—|| 6-— 2.6
mix V1 ¢2 a\vog(2 Z}[ 2}( 2) ( )

where Kk is the Boltzmann constant, T is the temperature, V; is the molar volume
of the solvent, ¢, is the volume fraction of the polymer chains with an end-to-end
distance R and a thickness 6. y is the Flory-Huggins interaction parameter. When
¥ < 0.5 Gpix Is positive (unfavourable for polymer chains to interpenetrate in good
solvents in which polymer chains are soluble and fully expanded), ¥ > 0.5 Gpix IS
negative (thermodynamically favourable for polymer chains to interpenetrate in
poor solvents in which polymer chains are not soluble and are compact), y = 0.5
Gmix= 0 (6-condition).

Gelast 1S the entropic, volume restriction or elastic energy of interaction resulting
from the loss in configurational entropy of the chains on significant overlap.
Entropy loss is unfavourable and therefore Gejast Is always positive.
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Hesselink and co-workers [21, 22] proposed the following expression for Gejast

Giagt () =20KTV (i, h) (2.7)

where Kk is the Boltzmann constant, T is the temperature, o is the concentration of
hydrophobic tails at the particle surface (in grams of adsorbed polymer per weight
of dispersed phase), i is the average number of oligomer segments per chain, h is
the distance of separation of the particles and V(i,h) is a repulsion energy term per
chain calculated by numerical integration [3].

Figure 2.9 shows the schematic representation of the interaction energy—distance
curve for colloidal particles undergoing vdW attractive forces and steric

repulsion.

Interaction energy / J
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Figure 2.9. Total interaction energy for two colloidal particles as a function of their distance
of separation due to steric repulsion and vdW attraction.

At large droplet-droplet distances, the vdW attraction predominates. At shorter
distances in a good solvent, there is a very steep repulsion which effectively
prevents further approach. At very close separations, even in poor solvents, the
very strong repulsive contribution of Ggjast results in the absence of a primary
minimum. In practice, full coverage of the particle surface is not achieved due to
thermal fluctuations and interactions between polymer chains, which results in

coalescence in a primary minimum.
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2.3.4. Structural forces

Additional influences on colloidal stability beyond those accounted for by the
DLVO theory, such as hydration and hydrophobic effects have received
considerable attention over the past decades [3].

2.3.4.Hydration repulsive forces

The structure of water (also true for any polar liquid) as the continuous phase in
colloidal systems may have an impact on double-layer interactions. Indeed, the
hydration repulsive forces also called solvation or structural forces have been
assumed to arise from the strong hydrogen bonds between water molecules
forming hydrating layers around ions at the surface of a particle [3]. Hydration
forces result in thick oriented water layers producing short-range (< 5 nm)
repulsive effects by mutual interpenetration acting as a mechanical barrier
between droplets [23, 24]. The magnitude of hydration forces depends on both the
type and concentration of the electrolyte adsorbing at the particle surface.

2.3.5.Hydrophobic attractive forces

The attractive interaction between nonpolar molecules, such as hydrocarbons, in
water has been measured to have the same range as, but is about an order of
magnitude stronger than, the vdW attractive forces. Hydrophobic forces operate
in the 0-10 nm range and decay exponentially with distance [24, 25]. The
interaction energy can be expressed as

-h

G, =aC,D,e™ (2.8)

where a is the particle radius, Co is a pre-exponential factor, h is the interdroplet
separation and Dy is called the decay length.

Hydrophobic interactions are responsible for the very low solubility of
hydrophobic molecules in water. It is recognized that the interaction involves the
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configurational rearrangement of water molecules as two hydrophobic species
come together.
These interactions point out limitations in the DLVO theory to fully explain

interaction forces in colloidal systems.

2.4. Mechanisms of emulsion destabilization

2.4.1. Introduction

Emulsions are not thermodynamically stable and phase separation into
macroscopically isolated oil and water domains takes place to reach a state of
lower energy. Emulsion destabilization occurs over a wide range of time scales
from a few hours to several years depending on the composition, emulsification
technique, formulation, concentration etc.

Emulsions are destabilised via five different mechanisms which can occur

independently or combined

inversion:;

creaming;

v

v

v Ostwald ripening;
v" flocculation;

v

coalescence.
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2.4.2. Inversion

An emulsion is said to have inverted when it suddenly changes from O/W to W/O

and vice versa (Figure 2.10).

inversion
—

Figure 2.10. Inversion of an O/W in a W/O emulsion.

Inversion occurs upon a temperature variation. When the temperature is raised,
the degree of hydration of the hydrophilic groups of the emulsifier is reduced and
the emulsifier becomes less hydrophilic. Its HLB value decreases. So if an
emulsion is O/W type at lower temperatures, it can invert to a W/O emulsion
when the temperature is increased. Similarly, a W/O emulsion created at a high
temperature can invert to an O/W type when the temperature drops. The
temperature at which this inversion occurs is called the phase inversion
temperature, PIT [26]. At this temperature, the hydrophilic and hydrophobic
properties of the emulsifier are balanced.

Although the subject of considerable investigation, inversion is not well
understood. Clowes [27] proposed that the process of inversion occurs by the
system passing through a bicontinuous region where both oil and water are the
continuous phase and both oil and water droplets are present. Sherman [28] has
shown that the value of the dispersed phase volume fraction at inversion for a
given emulsion varies with the emulsifier concentration and the nature of the
emulsifier. In addition, Davies [29] found a linear dependence of the dispersed
phase volume at inversion and the HLB of the emulsifier.
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2.4.3. Creaming

Creaming is not the breaking of the emulsion but the separation into two
emulsions. A concentration gradient builds up and one part is richer in the
dispersed phase, the other poorer than the original emulsion (Figure 2.11). The
more concentrated emulsion is called the cream and is located either at the top
(O/W) or the bottom (W/O). The latter behaviour refers to sedimentation. This
destabilization process can usually be reversed, at least temporarily, by simple

mixing.

time

agitation
—

Figure 2.11. Creaming of an oil-in-water emulsion.

Creaming originates from the gravitational force when there is a difference of
densities between the dispersed and the continuous phases. The creaming velocity
u of a spherical droplet is related to its radius r, the difference between the
densities of the dispersed (d;) and continuous phases (d), called Ap = d— d3, the
continuous phase viscosity 7, and the dispersed phase viscosity 7, by an

equation suggested by Rybczynski and Hadamard [30, 31].

2
u= zgr A,D % 771 +772 (29)
31, 3, + 21,

The sign of u, and hence the direction in which the particle moves, depends on the
relative values of the densities. In O/W emulsions, oil density is usually smaller
than water density and upward movement occurs and a concentration gradient
builds up with the larger droplets staying at the top of the cream. The
concentration of droplets C(H) at height H is given by Eq. 2.10 [1].
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—4/3arApgH

C(H)=Cpe ¥ (2.10)

where Cy is the concentration at t = 0 in the absence of a concentration gradient.
In the case of small droplets (< 0.1 um), creaming is prevented since Brownian

motion exceeds the gravitational force
KT >> 4/3 n r*ApgL

where L is the height of the container.

Inhibition of creaming is achieved by raising the viscosity of the continuous phase
upon addition of a high-density material (polymer) and/or reducing the droplet
size and/or adjusting the density of the dispersed phase to match closely the
density of the external phase. Although creaming in general represents
undesirable behaviour, there are instances where it is useful such as in the

separation of cream from milk by centrifugation.

2.4.4. Ostwald ripening

Ostwald ripening is the observed increase of larger droplets at the expense of the
smaller droplets, the latter being less thermodynamically stable due to a higher
interfacial area (Figure 2.12).

time

Figure 2.12. Ostwald ripening in an O/W emulsion.
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The basis for the phenomenon is described by the Kelvin equation. Across a
spherical interface of radius r and interfacial tension y, the pressure difference, as

given by the Laplace equation, is

AP =2V (2.11)
r

The pressure gradient across a spherical interface decreases with size. Therefore,
in an emulsion sample, the largest droplets grow at the expense of the smallest
which evaporate preferentially. Because the system is in equilibrium (i.e.
saturated with respect to vapour), the molecules vaporised from the small droplets
simply add to the larger ones provided that the molecules of the dispersed phase
have an appreciable diffusion coefficient in the continuous phase and through the
interfacial film.

Kabalnov and co-workers [32-34] suggested that in an emulsion the rate of

increase of the mean radius <r> or rate of Ostwald ripening is given by

3

o _ase
where D is the diffusion coefficient of the dispersed phase in the continuous
phase, C is the solubility of the dispersed phase in the continuous phase, Vp, is the
molar volume of the dispersed phase and y is the interfacial tension.
One possible way to reduce Ostwald ripening is to incorporate a very small
amount of a third component soluble in the dispersed phase but quite insoluble in
the continuous phase [35] or produce a droplet size distribution as narrow as
possible (similar pressure gradient at all interfaces) or increase the viscosity of the

continuous phase.

2.4.5. Flocculation

Flocculation is the result of vdW attractive forces whereby flocs are formed, i.e.
clusters of two or more droplets which behave kinetically as a unit, but in which
the components of the cluster retain their identity. Individual droplets may join or
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leave the cluster at any time, and the number of units in the cluster may vary with
time (Figure 2.13).

time
_
mixing
4—

Figure 2.13. Flocculation in an O/W emulsion.

The process of flocculation is associated with the presence of a secondary
minimum in the energy of interaction—distance curve (Figure 2.8) of the colloidal
system where attractive forces dominate. Flocculation is a reversible process, the
lifetime of which depends on the depth of the secondary minimum. It is estimated
that if the depth is less than 5kT units, the flocculated particles can emerge from
the minimum potential simply on the basis of their thermal kinetic energy or on
gentle mixing [3].

Although addition of unadsorbed (free) long-chain surfactants or high molecular
weight polymers in the continuous phase of an emulsion can impart stabilization
by acting as a mechanical barrier between the droplets (depletion stabilization), it
can also contribute to depletion flocculation (Figure 2.14). This occurs when two
droplets approach closely enough so that the polymer molecules cannot fit into
the region between the droplets, i.e. the interdroplet separation is smaller than the
root-mean-square length of the polymer chain. The concentration of polymer in
this region is depleted with respect to the bulk and polymers set up an osmotic
force between the bulk continuous phase where they reside and the interdroplet
space from which they are excluded [36].
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Figure 2.14. Depletion flocculation in an O/W emulsion.

2.4.6. Coalescence

Coalescence is the irreversible fusion of two or more droplets to form a larger
droplet (Figure 2.15).

time
_—

Figure 2.15. Coalescence in an O/W emulsion.

It occurs when droplets have been close together for an extended period of time in
a creamed layer, floc or during Brownian motion resulting in thinning and rupture
of the liquid film of continuous phase separating the droplets [14].

When two droplets approach closely, their convex surfaces gradually become
distorted from spherical symmetry and in the presence of surfactant a thin liquid

lamella is formed between them as shown in Figure 2.16.
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Figure 2.16. Lamella formation between droplets.

The lamella thickness depends on the nature of the colloidal forces between the
droplet surfaces. Lamellae of the order of a few nanometres thick are called
“black” films because they are thin enough for light waves reflected from front
and back to be almost exactly out of phase and cancel (destructive interference).
The colloidal forces manifest themselves in the disjoining pressure, which is the
net force per unit area acting in the direction normal to the two flat parallel

surfaces. In thermodynamics, the disjoining pressure Ip is defined as

(2.13)

D

_ {M}

or

where G is the energy of formation of the thin film, As the film area and z the film
thickness. The term Ip can be regarded as a sort of osmotic pressure difference
between the liquid in the film and the bulk continuous phase. The drainage of
liquid from the film, driven by the Laplace capillary pressure (Eq. 2.11), causes
surfactant molecules to be swept along the two oil/water interfaces. This produces
an interfacial tension gradient which acts to resist further tangential displacement
of surfactant (Gibbs-Marangoni effect). However, for an emulsifier that is soluble
in the droplets there is an infinite reservoir of surfactant available to replenish that
swept away by drainage and so any contribution to stability from the Gibbs-
Marangoni effect is minimal. Film rupture is a statistical process whose
probability depends on the frequency of surface fluctuations and on the elastic
properties of the emulsifier. Ripples on the surfaces of a plane-parallel thin film
produce local fluctuations in film thickness (a critical thickness is required for
film rupture). According to Vrij [14], the film is unstable with respect to rupture if
the following inequality is satisfied
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where yis the interfacial tension and G(h) is the energy of interaction between the
droplets as a function of the surface-to-surface separation h.

Coalescence results in emulsion breakdown, i.e. the emulsion microstructure is
lost and the system separates into the original individual phases. Coalescence is
caused by the tendency for the system to minimize surface area while maximizing
volume since a droplet formed by coalescence has a smaller surface area than that
of its parent droplets together.

van den Tempel [37, 38] demonstrated that the total number of particles N

whether flocculated or not at time t in a colloidal sample is given by

_ N Nt (MNo (1 MNe Y
N_l+ﬂN0t+(1+ﬂNot)2 [ y +(1 y jexp( m)] (2.14)

where No is the initial number of dispersed droplets, £ is the flocculation rate
constant and v is the rate of coalescence.

Continuation of coalescence makes droplets subject to significant creaming
because the mean radius of the distribution increases. The viscosity of the
continuous phase plays an important role with respect to coalescence.
Concentrated emulsions are often more stable than diluted ones since the
viscosity of the continuous phase rises with the number of droplets and the

number of collisions is reduced.
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Chapter 3 Toluene/Triton X-100/water
emulsions

3.1. Choice of the emulsifier

For the study of emulsion microstructure and dynamics, the ternary toluene/Triton
X-100/water system was investigated. Triton X-100 is a nonionic surfactant. Its

chemical formula is shown in Figure 3.1.

CH3

CH3lmll"'
O-CH,;— CH,)n—-OH

\d

CHs&s’
CH3 CH3

Figure 3.1. Chemical formula of Triton X-100; n = 10 on average.

The hydrophobic tail of this surfactant is composed of the 4-(1,1,3,3,-
tetramethylbutyl) phenoxy group and the hydrophilic head consists of an ethylene
oxide oligomer with an average of ten blocks per molecule (actually contains a
narrow spectrum of block units, with a distribution peaking at the value n = 10).
Triton X-100 is synthesized by the polymerization reaction between (1,1,3,3,-
tetramethylbutyl) phenol and ethylene oxide. The ethylene oxide groups may be
added to any desired extent to alter the solubility and the stabilizing properties of
the surfactant [3]. As a nonionic surfactant, Triton X-100 is part of the largest
growing group of emulsifying agents because they do not depend on water
hardness and pH. Moreover, the effectiveness of the hydrophilic portion of the
surfactant molecule can be modified to stabilize an emulsion with a specific
composition. The hydrophilic-lipophilic balance (HLB) of Triton X-100 is 13.5
[39] making this surface-active agent an effective emulsifier to stabilize O/W

emulsions.
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In addition to effectiveness, other considerations in choosing Triton X-100 are
cost, commercial availability and minimization of the types of repulsive forces

involved, i.e. electrostatic repulsion is negligible compared to steric repulsion.

3.2. Phase diagram

In Figure 3.2 is shown the phase diagram of the ternary toluene/Triton X-
100/water system as determined by Liu and coworkers [40]. The straight line
indicates the region where kinetically stable emulsions can be formed, i.e.
macroscopic phase separation occurs for times longer than ~30 min. For
emulsions to be realized in this system, toluene concentration must be comprised
between 5 and 70 wt% and a constant toluene-to-surfactant weight ratio of 5:1 is
required. Deviation from this ratio results in immediate macroscopic phase
separation indicating that the intermolecular interactions between Triton X-100
and toluene dominate the ternary system by controlling the characteristics of the
interfacial domain such as the interfacial tension, the Gibbs elasticity and the
curvature of the interface. If the oil-to-surfactant weight ratio is not maintained to
5:1, these three controlling factors are not mutually satisfied and no emulsion can

be stabilized.

Triton X-100

water toluene

Figure 3.2. Phase diagram of the toluene/Triton X-100/water system taken from reference
[40]. Microemulsions are formed in the hashed region, liquid crystals in the stripes, two-
phase Winsor emulsions in the solid zone, and extremely temperature sensitive two- and
three-phase Winsor emulsions in the bricked area. The straight line indicates the region

where stable emulsions are formed with a constant ratio of 1:5 Triton X-100/toluene.
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3.3. Emulsification

The three emulsion constituents including Triton X-100, toluene and water are
weighed separately to prepare a final total emulsion mass of 15 g. The oil-to-
surfactant weight ratio is maintained to 5:1. Triton X-100 was purchased from
BDH with a purity of 98% and a single batch number was used for all
experiments. Toluene with a purity >99.9% was purchased from Sigma-Aldrich
and water was of Milli-Q grade. All the experiments are performed at 298 K.
Before emulsification, Triton X-100 is predissolved in toluene since it is more
soluble in aromatic oils than in water and the mixture; oil plus surfactant is added
to water (agent-in-oil method). Energy input is achieved by a blade stirrer from
Warring (Figure 3.3) at 22,000 rpm for 1 min delivering an energy of 65 J/g of
emulsion [41].

Figure 3.3. Blender from Warring used for emulsification.

Oil-in-water (O/W) emulsions are exclusively formed on a toluene continuum
between 5 and 70 wt% corresponding to volume fractions of the dispersed phase
between 5.8 and 83.5%. The determination of the type of emulsion, i.e. O/W
independent of oil concentration was achieved by both adding a water soluble dye
(an emulsion mixes immediately with any liquid that is miscible with its
continuous phase) and measuring the diffusion coefficient of the continuous phase
using PFG-NMR [40].
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3.4. Experimental techniques

3.4.1. Static Light Scattering

3.4.1.1. Introduction

Light can be described as simultaneous oscillating electric and magnetic fields
perpendicular to each other. The way light propagates through matter is
determined by the dielectric properties of that matter. The process of light
scattering arises from a complex interaction between an incident electromagnetic
wave and the electron cloud of a particle [42]. The electron movements within the
particle’s constituent molecules are perturbed periodically with the same
frequency as the electric field of the incident wave. The oscillation or perturbation
of the electron cloud results in a periodic separation of charge within the
molecule, which is called an induced dipole moment. The oscillating induced
dipole moment is manifest as a source of electromagnetic radiation, thereby
resulting in scattered light. In colloidal systems, the scattering of light by particles
including droplets varies as a function of both the size and the shape of the
particles and the differences between the dielectric and magnetic properties of the
particles and the medium. However, the difference between the magnetic
properties of the two phases is usually negligible. The dielectric properties of a
material are related to its refractive index. In general, the refractive index m of a

material is represented by the complex notation defined in Eq. 3.1.
m=n-ié (3.1

where n equals the speed of light in vacuum divided by the speed of light in the
material (refraction of light) and is commonly measured with a refractometer,
while the imaginary part @ is associated to the absorption of light. The absorption

coefficient « of a material is related to 6via Eq. 3.2.

o=—- (3.2
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Although the value of @ is never exactly zero, materials with a value approaching
zero are termed dielectrics.

The dependence of scattering on particle shape is complex which is why very
often it is assumed that the scattering particles are spheres, hence the mathematics
of light scattering can be simplified to three size ranges set by the ratio of the
wavelength of the incident light to the size of the particle [43]. The Mie theory
(after Gustav Mie) completely solves the equations for interaction of light with
matter and consists of the general spherical scattering solution for absorbing and
non-absorbing materials without a particular bound on particle size. For particles
small compared to the wavelength of light, the Mie theory simplifies to the
Rayleigh theory whereas for particles larger than the wavelength of light, it
simplifies to the Fraunhofer theory or Fraunhofer diffraction.

3.4.1.2. Particle sizing

Measuring droplet size using static light scattering (SLS) relies on the fact that
particles passing through a laser beam scatter light at an angle that is inversely
proportional to the particle size. Scattering intensity is also dependent on particle
size, increasing with diameter.

In a typical droplet sizing instrument (Figure 3.4), a laser provides a source of
coherent intense light of fixed wavelength; He-Ne gas lasers (A = 633 nm) are the
most common as they offer the best stability (especially with respect to
temperature) and a high signal-to-noise ratio. Smaller wavelengths (blue light
sources) are also used to improve the sensitivity to sub-micron particles. A
sample unit ensures that the material under test passes through the laser beam as a
homogeneous stream of particles in a known, reproducible state of dispersion. A
series of detectors finally measure the light intensity pattern produced over a wide
range of angles (Figure 3.5).
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Figure 3.4. Mastersizer 2000 from Malvern Instruments.

wide angle detectors
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Figure 3.5. Principle of particle sizing by SLS; the light source emitted by a laser is scattered
by the particles with an intensity and at an angle which are size dependent. The focal plane
detector is sensitive to scattering by large particles whereas wide angle detectors are sensitive
to the light scattered by small particles.

3.4.1.3. Data analysis

For the study of our emulsion samples, droplet size distributions were measured
using a Mastersizer 2000 from Malvern Instruments (Figure 3.4) with
wavelengths of 633 and 452 nm, covering a size range from 0.02 to 2000 um. A

typical droplet size distribution of our emulsion samples is shown in Figure 3.6.
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Figure 3.6. Droplet size distribution of a toluene/Triton X-100/water emulsion prepared with
20 wt% toluene.

Droplet size distributions are determined by comparing experimental scattering
patterns (intensity versus scattering angle) with theoretical scattering patterns
using Mie theory [44].

Indeed, the position of the maxima in the intensity of the scattered light as a
function of scattering angle depends on the particle size. Mie theory gives the
complete analytical solution of Maxwell's equations for the scattering of
electromagnetic radiation by spherical particles [45]. The theory predicts the
intensity of scattered light which is proportional to the differential cross section
defined as the probability to observe scattered light per solid angle unit, such as
within a given cone of observation, if the target is irradiated by a flux of one
particle per surface unit. The total scattering cross section is the sum of the
differential cross sections over the whole sphere of observation and is expressed

as the infinite series

L &
O Miescatt — %Z(zn +1)Qan|2 + |bn|2) (33)
27m

med n=1

where Ao is the wavelength of the incident beam in vacuum, nmeq is the refractive

index of the dispersant and the coefficients a,and by are given by

o M (MX)D, (91— 44§ (LMK, (M)
tm? j, (mx)[xh, Y ()] = 0, P () Imxi, (mx)]’
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where the j,s are spherical Bessel functions of the first kind, the h,s are spherical
Hankel functions, and 44 and x are the magnetic permeability of the sphere and
surrounding medium, respectively. Primes indicate derivatives with respect to the

size parameter x given by

_27zn a

med

Ao

where a is the particle radius.

The shape of emulsion droplets is expected to fluctuate under the high shear
conditions of the SLS measuring cell. Hence droplets with irregular shape instead
of spherical shape must be considered. These irregularly-shaped droplets produce
optical noise by causing uneven polarisation of the scattered light, especially at
wide scattering angles. As a consequence the “irregular shape” function for
droplet sizing in emulsion systems must be activated. This function consists in
rejecting the optical noise caused by interface fluctuations by decreasing the
weighting of the raw data at wide scattering angles before applying Mie theory,
the latter being valid for spherical particles only. The rejection of optical noise
caused by irregularly-shaped droplets leads to a better fitting of the raw data using

Mie theory.

3.4.2. Dynamic Light Scattering

3.4.2.1. Introduction

Dynamic light scattering (DLS) also known as photon correlation spectroscopy
determines the size of particles including droplets in the nanometre range by
measuring Brownian motion, i.e. the movement of particles due to the random
collisions with the molecules of the liquid that surrounds them. Particles are

illuminated by a light source and light is scattered in all directions giving a
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speckle pattern on a detector held close to the particles. The speckle pattern
consists of bright areas where the light waves interfere constructively (similar
phases) and dark areas where no light is detected (the phases are mutually
destructive and cancel each other out). As the particles are constantly in motion,
the intensity of the bright and dark areas fluctuates over time. The DLS
instrument measures the rate of the intensity fluctuations and relates this to the
particle size [46].

3.4.2.2. Instrument

For the determination of the size of the smallest droplets in our emulsion samples,
a Zetasizer nano-ZS from Malvern Instruments operating with a 633 nm laser and
covering a size range from 0.6 nm to 6 um was used. The instrument comprises
six main components (Figure 3.7). First the laser provides a coherent light source
to illuminate the sample particles within a cell. Most of the laser beam passes
straight through the sample, but some is scattered by the particles and a detector
measures the intensity of the scattered light. An attenuator placed immediately in
front of the light source adjusts the laser intensity and therefore the intensity of
the scattering. Indeed, for samples that do not scatter much light, such as very
small particles or samples of low concentration, the intensity of the scattered light
needs to be increased. On the contrary, for samples that scatter a large amount of
light, such as large particles or samples of higher concentration, the intensity of
the scattered light must be decreased to avoid saturation of the detector. Also, a
moveable lens located between the cell and the detector allows the focus position
within the cell to be changed in order to increase the detector sensitivity. Small
particles scattering light with a low intensity are detected away from the cell wall
to maximize the signal by reducing the scattering signal from the cell wall
whereas large particles are preferentially detected closer to the cell wall to reduce
the effect of multiple scattering (the scattering of the cell wall is negligible in this
case). The detector is placed at an angle of 173° relative to the direction of the
transmitted light, i.e. the instrument functions in backscattered mode. The main
advantage of the backscattered detection is that the incident beam does not have
to travel through the entire sample. Therefore, multiple scattering (the scattered
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light from one particle is itself scattered by other particles) is minimised as well
as the scattering of large dust particles since large particles mainly scatter in the
forward direction. However, the use of a unique detector to collect the intensity of
the scattered light limits the range of scattering angles and particles larger than 6
um (high limit of detection) cannot be probed.

Finally the scattering intensity signal passes from the detector to a digital signal
processor called a correlator so as to compare the scattering intensity at
successive time intervals before sending the information to a computer where the

size distribution is delivered.

backscattered detector
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attenuator
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sample cell

Figure 3.7. A typical DLS instrument; the light emitted by a laser source is scattered by
particles and detected at wide angles by a backscattered detector at successive time intervals.

3.4.2.3. Data analysis

The droplet size distribution is determined by measuring the rate of the intensity
fluctuation of the scattered light [47]. The correlator measures the degree of
similarity between the signals of a particular part of the speckle pattern over a
period of time. At t = 0, comparing the scattering signal with itself gives a perfect
correlation which is reported as 1. Over time, any two consecutive signals become
progressively less similar as the particles move in random directions due to
Brownian motion. The correlation between two consecutive signals therefore

reduces with time until reaching zero after a few microseconds. Since the rate of
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motion of the particles decreases with particle size, the rate of intensity
fluctuation or decay of the correlation function also decreases with particle size
(Figure 3.8).

Correlation

A

Perfect Correlation

Large particles

Small particles

0 time 0

Figure 3.8. Correlation function for different particle sizes.

The instrument software extracts the different decay rates of the correlation
function and generates a size distribution (an intensity distribution is produced
which can be converted to a volume distribution). A typical size distribution is
illustrated in Figure 3.9, here for the oil swollen micelles present in the

continuous phase of a toluene/Triton X-100/water emulsion.
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Figure 3.9. Size distribution of the oil swollen micelles present in a toluene/Triton X-100/
water emulsion prepared with 15 wt% toluene.
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3.4.3. Pulsed field gradient nuclear magnetic
resonance

3.4.3.1. Introduction

Because of its noninvasive nature, pulsed field gradient nuclear magnetic
resonance (PFG-NMR) spectroscopy is a unique tool for studying the dynamics
and microstructure of colloidal systems such as emulsions. It is a rapid and
convenient means for measuring translational motion compared to the radioactive
tracer techniques. The method is based on the attenuation of an echo signal to
measure the displacement of the spins. Information can be obtained about the
microstructure [40, 48], the dynamics [41, 49] or the droplet size distribution [50-
52] of colloidal samples.

Self-diffusion is the random translational motion of molecules or particles due to
thermal energy. Translational diffusion is the most fundamental form of transport
and is responsible for all chemical reactions. Diffusion is also closely related to

molecular size, as can be seen from the Stokes-Einstein equation (Eg. 3.4).

KT

D=——
67rnr

(3.4)
where D is the self-diffusion coefficient, k is the Boltzmann constant, T is the
absolute temperature, 7 is the viscosity of the suspending medium and r is the

hydrodynamic radius.

3.4.3.2. The pulsed gradient spin echo

The pulsed gradient spin echo (PGSE) is a non-invasive technique developed by
Stejskal and Tanner [53]. It is a modification of the Hahn spin echo experiment
[54] which enables diffusion measurements of molecules and particles in fluid
samples. This method is particularly suitable for studying the dynamics and

microstructure of colloidal systems such as emulsions.
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Figure 3.10. PGSE pulse sequence (a); position of the spins during the PGSE in the absence
(b) or presence (c) of diffusion during the observation time, A.

In a pulsed gradient spin echo experiment (Figure 3.10a), a constant magnetic
field By is generated along the z direction by a superconducting magnet. The *H
nuclear spins of a sample interact with the applied magnetic field By and rotate
about the direction of the field with an angular frequency ay called the Larmor

frequency according to Eqg. 3.5.

W, =—1B, (3.5)

where yis the hydrogen spin gyromagnetic ratio (= 2.67 x 10° rad s * T™).
The net magnetization of the nuclear spins is parallel to By. A =/2 radio frequency
(RF) pulse feeds a coil surrounding the sample and a magnetic field B; is created

in the xy transverse plane during a very short period of time (~7 us) oscillating
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with an angular frequency a in order to tilt the net magnetization through 90°.
The nuclear spins precess in the transverse xy plane with an angular frequency Q
in the rotating frame given by Eq. 3.6 (the rotating frame rotates about the z axis

with an angular frequency —a).

Q= @y — a)rotatingframe

=, + o, (3.6)

A pulsed magnetic field gradient of amplitude g and duration ¢ is applied to
spatially label the z position of the spins in the sample by imposing a z-dependent

phase angle ®(z) given by Eq. 3.7.

D(z) =Q(2)0

=-B(2)0
=—y(B, +92)0 (3.7)

The effect of a © RF pulse is to move the nuclear spins to a mirror image position
and cause the reversal of the sign of the phase angle as depicted in Figure 3.10b.
A second magnetic field gradient identical to the first one attributes to the spins a
phase angle equal to the one acquired after the first gradient (Eq. 3.7). If the spins
do not diffuse during the observation time, A, the effects of the two gradients
cancel out, all the spins refocus and a maximum echo signal is obtained (Figure
3.10b). In the presence of diffusion along the z axis (Figure 3.10c), the phase
angle of the spins measured after the first gradient is different in magnitude from
the phase angle of the spins after the second gradient since each spin is located in
a different z position and therefore in a different magnetic field. Hence, the spins
precess with altered angular frequencies and the echo signal (transverse
magnetization) measured on the x axis is smaller. Stejskal and Tanner have

shown that the echo signal is attenuated according to Eqg. 3.8.

-2 S
lgon = Z Lo, eXp( = T]exp(— Diyzgzgz(A_ED (3.8)
i 2
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where lo; is the contribution of the particle i to the signal intensity that would be
observed immediately after the first 90° radio frequency pulse, D; is the diffusion
coefficient of the particle i and T is the spin-spin relaxation constant of the
substance. The exponential T, term reflects the decay of the transverse
magnetization to zero due to the generation of local magnetic fields destroying the
coherence of the spins in the transverse plane.

If the duration 7 is kept constant during the experiment, it is then possible to
separate out the transverse relaxation and the diffusion contributions and the

equation is simplified as described in Eq. 3.9.

)
lg5.0) = z o2 EXp(_ Di7/29 252(A_§j] (3.9)

where lg», is the signal intensity at 2z in the absence of a gradient.

In the case of a pure substance or a monodisperse sample the echo attenuation can
be described by a single diffusion coefficient, that is the summation in Eg. 3.9
reduces to a single term (Eq. 3.10).

o
Lg.5.0) = lo2r exp(— Dy*g 252(A —ED (3.10)

3.4.3.3. The pulsed gradient stimulated echo

The pulse sequence for the pulsed gradient stimulated echo (PGSTE) technique is
sown schematically in
Figure 3.11.
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Figure 3.11. Pulsed gradient stimulated echo pulse sequence. Three radio frequency pulses
rotate the net magnetization to a n/2 angle. A first gradient of amplitude g and duration §

labels the positions of the spins whereas a second gradient, after an observation time, A,
recovers the signal to form an echo.

The main difference with a pulsed gradient spin echo is the replacement of the ©
RF pulse by two n/2 RF pulses. During the time Ty, there is no longer a
transverse magnetization in the xy plane decaying with a time constant T, but
rather a longitudinal magnetization decaying with a time constant T, called the
spin-lattice relaxation constant. The T; constant reflects the return of the net
magnetization to its equilibrium position that is along the z axis.

The PGSTE experiment is suitable for systems with very short T, constants (~ <1
s) where the echo signal decays to zero very rapidly. The method allows longer
observation times, A, to be probed by taking into account the T; relaxation in
addition of the T, relaxation because in many systems, T; is significantly longer
than T, (note that for pure water, T; = T, ~ 3 s). The echo attenuation of a PGSTE
pulse sequence is given by Eq. 3.11[55].

L6 = i ILZ'iexp[(__érj - (-_rl_—’\:j}exp(— Diyzgz52[A —%D (3.11)

If the durations 7 and Ty are kept constant during the experiment, again it is

possible to separate out the transverse and longitudinal relaxation constants from
the diffusion contributions and the equation simplifies to

o
lg.5.0) = Z Loty +2r exp(— D.y%g 252(A - ED (3.12)
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where Iy w2 1S the signal intensity at 2z+Ty in the absence of a gradient.

In the case of a pure substance or a monodisperse sample, the summation in Eq.
3.12 reduces to a single term and the echo attenuation can be described by a
single diffusion coefficient (Eg. 3.13)

o
L) = lom, 2 eXp(_ D729252[A—§D (3.13)

3.4.3.4. Experimental equipment

All PFG-NMR experiments were carried out using a Bruker Avance-460
spectrometer (Figure 3.12).

.
Figure 3.12. Bruker Avance-460 spectrometer.

To perform a PFG-NMR experiment, the spectrometer requires the following
components as illustrated in Figure 3.13.

v' A superconducting magnet capable of generating an intense and
homogeneous magnetic field Bo. It consists of a coil of wire through which
a current passes. The superconducting state (i.e. the resistance is zero) is
achieved by immersing the coil in a bath of liquid helium and the magnet
is insulated with a surrounding bath of liquid nitrogen under vacuum
conditions.

v" Several shim coils surrounding the sample in order to produce a magnetic
field that is as homogeneous (i.e. no variation over space) as possible,
hence achieving a maximum resolution of the peaks. The shim coils

produce tiny magnetic fields with a particular spatial profile which cancel
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out the small residual inhomogeneities in the main magnetic field. The
current through each of the shim coils is manually adjusted by the operator
until maximum peak sharpness is obtained.

v A probe consisting of a cylindrical metal tube in which the coil used to
both excite and detect the NMR signal is located as well as a heater and a
cooling airflow to maintain the temperature of the sample within 0.1°C.
For that purpose, the probe needs to be placed as close as possible to the
sample and is placed into the shaft of the magnet so that the sample can
come down from the top of the shaft into the probe.

v A high power RF transmitter capable of delivering short pulses.

v Arreceiver consisting of amplifiers to detect and amplify the free induction
decay.

v" A computer to control and process the data.

transmitter

RF receiver
Superconducting
solenoid computer
A
probe
shim coils

Figure 3.13. Schematic of the key components of a spectrometer. A superconducting solenoid
produces an intense magnetic field and shim coils optimise the field homogeneity. The
sample is inserted into a probe which produces =/2 radio frequency pulses (excitation) and
detect the free induction decay (signal).
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3.4.3.5. Data analysis

The PFG-NMR technique has several advantages for the study of emulsions. It
requires no sample manipulation (which means that kinetically stabilized systems
such as emulsions are observed under no external influence), only a small sample
volume is required and diffusion coefficients as low as ~1.0 x 10™** m? s™* can be
measured [56]. The technique provides information on the interactions within the
system and the structure of the diffusing molecules and droplets. Ideally, the
interaction between the droplets and the overall structure of the complex fluid is
reflected in the values of the diffusion coefficients. In general, PFG-NMR has
been applied to the detection of the diffusion of individual molecules moving
within a solvent, where there is no boundary to diffusion, so-called unrestricted or
free diffusion. In an isotropic system, without thermal or concentration gradients,
the limiting mean square displacement of a molecule or droplet during a time A in

one dimension is calculated via the Einstein relation (Eq. 3.14).

(z%)=2DA (3.14)

where the angular brackets symbolize a time average.

When unrestricted diffusion occurs, the diffusion coefficient is independent of the
observation time, A. By contrast, in emulsions the movement of molecules inside
a droplet, or of droplets themselves can be restricted by the size and the shape of
the droplets. Such restrictions depend on the magnitude of the diffusive length
scale associated with the time A, in comparison with the structural dimensions
(diameter of droplets and spacing of droplets) for the emulsion. Such effects can
be used to probe the diffusive boundary and reveal the microstructure of the
emulsion. When motion of a molecule is confined within a restricted spherical
geometry such as an emulsion droplet, the limiting mean square displacement in

one dimension is correlated with the size of the sphere via Eq. 3.15 [57].
2
(z%)==<r7 (3.15)
where r is the radius of the sphere.
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When restricted diffusion occurs, the diffusion coefficient depends on the
observation time, A, and one then measures an apparent diffusion coefficient

given by

app ' (3.16)

Further, the restricted diffusion of molecules within a droplet is superimposed on
the unrestricted movement of the droplet itself. Because of the widely differing
diffusion rates of molecules and droplets, these two diffusions may occur over
very different length scales and therefore correlate to different time scales in the
NMR experiment. Finally, the interactions between droplets may significantly
affect the diffusion coefficient values measured by the spectrometer. Thus, PFG-
NMR may provide information regarding the solution dynamics.

For the investigation of oil/Triton X-100/water emulsions where the oil is toluene
or p-xylene, the pulsed gradient stimulated echo technique is preferred due to the
short value of the spin-spin relaxation constant T, of our model emulsions (~200
ms for both toluene and p-xylene emulsions with 50 wt% oil) compared to the
spin-lattice relaxation constant T; (~3.5 s for both toluene and p-xylene emulsions
with 50 wt% oil). The T; and T, relaxation constants were measured using an
inversion recovery sequence [58] and a Carr-Purcell-Meiboom-Gill (CPMG)
sequence [59], respectively. The inversion recovery experiment consists of a 180°
pulse followed by a 90° pulse after a variable time z. As 7 gets longer,
longitudinal relaxation occurs and the net magnetization detected along the
horizontal axis decreases, passes through zero after a time corresponding to half
of T, and increases again. Additionally, the CPMG pulse sequence comprises a
90° pulse followed by a series of 180° pulses. The time interval between two
consecutive 180° pulses is 27 which equals twice the time between the 90° pulse
and the first 180° pulse. Echoes are observed midway between the 180° pulses.
The amplitude of successive echoes decays exponentially with a time constant T».
For the study of oil/Triton X-100/water emulsions where the oil is toluene or p-
xylene, all PFG-NMR experiments were carried out using a Bruker Avance-460

NMR system fitted with a diffusion probe. Calibration was performed using
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Milli-Q water with a measured diffusion coefficient of 2.3 x 10 ° m? s * at 298 K
[60]. Emulsion samples were placed in 3 mm tubes to limit the effects of radiation
damping, i.e. the broadening of peaks due to strong interactions between the
sample magnetization and the induced current in the coil. Emulsions were
inserted into the spectrometer about 25 min after emulsification. Only a very
small sample volume is necessary (~0.1 mL) and the sample height in the NMR
tube must be adjusted so that the coils are sensitive to the entire sample volume.
This is very important when creaming occurs in the sample. The available range
of observation time, A, is 6.3 ms to 3 s. The gradient amplitude is typically varied
between 1 and 6.5 T m™ and the gradient duration between 2.1 and 4.1 ms. The
range of diffusion coefficients able to be probed spans from ~1.0 x 107 m?s™ up
t0 ~2.5x 10 m?s™.

A plot of the logarithm of the echo attenuation signal as a function of the product
2,422 5 1yt - - - .
y°g°o (A—g) (termed the b value) for pure MilliQ water is illustrated in Figure

3.14. The plot shows a single exponential decay with a slope equal to —Dyyater as
expected from Eq. 3.13. The self diffusion coefficient for pure water is measured
to be, Duater = (2.2 £ 0.1) x 10 m? s™* (this compares well with what measured

by Mills, Dyater = 2.3 x 1077 m? s [60]).

0 2x10° 4x10° 6x10° 8x10° 1x10° 1x10° 1x10°
VOIS (A-S3)/sm”

Figure 3.14. Echo attenuation for pure MilliQ water, for an observation time, A, of 20 ms, T
= 298K.
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In emulsion samples, molecules in both the continuous phase and inside the
droplets as well as droplets of various sizes contribute to the overall echo signal
attenuation. Each motion is characterized by its own diffusion coefficient (see Eqg.
3.12). As such the echo attenuation follows a multiexponential decay as a
function of the b term (Figure 3.15).

Sgetetoee

0 1x10™ 2x10" 3x10" 4x10" 5x10™ 6x10™
YIS (A-3)/sm’

Figure 3.15. Echo attenuation of the oil signal in a toluene/Triton X-100/water emulsion
prepared with 40 wt%o toluene and 8 wt% Triton X-100, A =40 ms.

The distribution of diffusion coefficients (Figure 3.16) of the emulsion sample is
extracted from the multiexponential decay data using a one-dimensional inverse
Laplace transform, according to an algorithm first used by Provencher [61], using
software developed by Callaghan et al. for a 2D inverse Laplace transform [62].
A nonnegative least-squares fit weighted by an additional regularisation function
is applied to the exponentially decaying signal. The best fit of the experimental
raw data results from the minimisation of ¥?, defined as the sum of the squared
residuals (least squares method), in addition to a regularisation function which
controls the sharpness of the diffusion spectrum via a smoothing parameter o.
The minimisation of the sharpness of the diffusion spectrum through the
appropriate choice of the smoothing parameter o eliminates spurious peaks and
provides a better fitting of the multiexponential data. As a consequence this

algorithm never provides a sum of well-resolved delta functions.
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Figure 3.16. Diffusion spectrum of the oil signal in a toluene/Triton X-100/water emulsion
prepared with 40 wt%o toluene and 8 wt% Triton X-100, A = 40ms.

Considering the uncertainties associated with the diffusion coefficients given by
the inverse Laplace transform, these are calculated from reproducibility. For each
observation time, the standard deviation of a given diffusion coefficient was
calculated based on repeated experiments. The average value was considered as
the best estimate with an uncertainty equal to the standard error or standard

deviation of the mean, corresponding to a 68% confidence interval.

3.4.4. Laser Scanning Confocal Microscopy

3.4.4.1. Introduction

The principle of confocal imaging was patented in 1957 by Marvin Minsky [63].
It consists in creating sharp images of thick samples that would appear blurry
when viewed with conventional wide-field microscopes [64] as illustrated in

Figure 3.17.
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Figure 3.17. Comparison of wide field (top pictures) and confocal (bottom pictures) imaging,
(a) and (d) human medulla, (b) and (e) rabbit muscles fibres, (c) and (f) sunflower pollen
grain taken from reference [65].

Confocal microscopy also allows a three-dimensional reconstruction of a volume
of the sample by assembling a series of thin optical cross-sections taken along the
vertical axis; this method is widely used in biological applications [66-68].

For the study of emulsions, it is interesting to monitor droplet interactions [69,
70] and track the droplet dynamics using fluorophores [71, 72] soluble in the
dispersed phase and collect optical cross-sections over time at very fast frame
rates.

3.4.4.2. Experimental equipment

For the investigation of the dynamics of our emulsions, the confocal system used
is an Olympus FVV1000 mounted on an 1X81 inverted microscope (x100 objective
lens) operating with a multi-line Ar laser (visible light).

The sample is illuminated point-by-point using a pinhole aperture conjugated to
the illuminated point in front of the light source and a series of rotating mirrors in
order to exclude any scattered light from other points in the sample (Figure 3.18).
The intensity of the collected light is weak, therefore an intense light source such
as a laser is required. Light is then emitted off the sample via either reflection or
fluorescence; the latter emission mode is generally preferred where dye molecules
fluorescing at distinct wavelengths are attached to different positions in the
sample. Finally, the light that is not from the objective lens’s focal plane is
rejected using a screen with a pinhole (Figure 3.18) to increase image resolution,

and a computer builds an ~1 um thick optical cross-section with a series of
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available frame rates (from 428 ms to 7 s for a 256x256 picture with the Olympus

F\V1000).
laser,
rotating
mirrors

e

/\ detector
= o o

M Excitation light K

— . screen with
—1—— Fluorescent light pinhole

A
<> lenses
A 4

- fluorescent

sample

Figure 3.18. Principle of confocal microscopy. Light is emitted by a laser and is scanned
across the sample by rotating mirrors. Fluorescent light emitted off the sample that is not
from the objective lens’s focal plane is rejected by a screen and a pinhole.

Emulsions were prepared with the addition of one of two fluorescent dyes. For
red fluorescing dyes: Nile red (Aex = 559 nm, Aem = 603 nm) and BODIPY
665/676 ((E,E)-3,5-bis-(4-phenyl-1,3-butadienyl)-4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene) were initially dissolved in the oil at a concentration of 2.7 x
10* wt% whereas for green fluorophores 4-(4-methoxybenzylamino)-7-
nitrobenzofurazan (Aex = 473 NM, Aem = 529 nm) and BODIPY 493/503 (4,4-
difluoro-1,3,5,7,8-pentamethyl-4-bora- 3a,4a-diaza-s-indacene) were used. The
purity of all dyes was >98%. Nile red and 4-(4-methoxybenzylamino)-7-
nitrobenzofurazan were purchased from Sigma-Aldrich, the BODIPY dyes from
Invitrogen. Samples were sandwiched between a microscope slide and a glass
cover slip. The edges of the cover slip were sealed to prevent evaporation due to

the high vapour pressure of the aromatic oils used.
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3.4.4.3. Droplet dynamics

The fast dynamics of the oil droplets in our samples could be tracked by imaging
two separate emulsions stained with a red fluorescing (Figure 3.19a) and a green
fluorescing dye (Figure 3.19b), respectively. A third sample is obtained by simply
mixing the previous two samples (Figure 3.19c). In the third sample, all oil
droplets emit only yellow fluorescence with no phase separation and no change in
the droplet size distribution revealing exchange of the oil molecules on a time
scale faster than the experimental set up.

Figure 3.19. 2D confocal snapshots 256x256 (x100 objective) of water/Triton X-100/toluene
emulsions prepared with 15 wt% toluene and 3 wt% Triton X-100. (a) Emulsion labelled
with a red fluorophore. (b) Emulsion labelled with a green fluorophore. (c) Mixture of both
emulsions (a) and (b).

3.4.5. Cryo Scanning Electron Microscopy

3.4.5.1. Introduction

Cryo scanning electron microscopy (cryo-SEM) allows the imaging of a sample
surface by scanning it with a high-energy beam of electrons, which interacts with
the atoms that make up the sample producing signals that contain information
about the sample’s surface topography, composition and other properties. A cryo
scanning electron microscope consists of a standard SE microscope with a cryo
attachment allowing imaging of liquid samples such as emulsions or biological
samples that would otherwise vaporize in the vacuum of the microscope chamber
[73].
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3.4.5.2. Experimental equipment

For the study of emulsions, a Jeol JSM_6500F fitted with a Gatan Alto 2500 cryo
attachment (Figure 34) was used. The sample is mounted on the sample holder
and plunged into “slushy” nitrogen, i.e. a mixture of solid and liquid nitrogen at a
constant temperature of —210°C. The mixture of solid and liquid nitrogen has a
greater refrigerant capacity than straight liquid nitrogen due to the absence of the
Leidenfrost effect, i.e. any liquid boils immediately on contact with an object
significantly above its boiling point, enveloping the object in insulating gas.
Freezing is generally achieved within 1 s. The sample holder is then withdrawn,
under vacuum, into a transfer device for transfer to the cryo-preparation chamber.
After transfer to the (separately pumped) cryo-preparation chamber the sample is
maintained at a low temperature of —130°C and low contamination conditions.
The sample is fractured using a cold knife to expose the internal structure. Finally
a thin (~10 nm) conductive coating of carbon is applied to make the sample
conductive and allow high resolution imaging. Transfer to the microscope
chamber is via an interlocked airlock and onto a cold stage module fitted to the
microscope stage maintained at a temperature of —130°C under high vacuum
conditions (typically ~p = 9 x 107 Pa). An electron beam is emitted from a
heated tungsten filament (electron gun) and is accelerated by an anode acquiring
an energy up to 40 keV (Figure 3.21). The electron beam is focused by a series of
condenser lenses under vacuum conditions and is scanned horizontally across the
sample by scanning coils. The electron beam interacts with the electron cloud of
the sample atoms and scattering takes place. The scattered electrons are detected
to form an image. The SEM resolution is between 1 and 5 nm depending on the

type of sample. A wide range of magnification up to x500,000 is available.
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Figure 3.20. Cryo scanning electron microscope from Jeol Gatan.
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Figure 3.21. Principle of SEM. An electron beam, generated by an electron gun, is
accelerated by an anode, focused by a series of lenses and scanned across the sample using
scanning coils. The electron beam is scattered by the sample atoms and detected in
backscattered or secondary electron mode.

3.4.5.3. Image analysis

Three kinds of detection are available in SEM including secondary electrons,
backscattered electrons and X-rays [74] corresponding to three different
interactions between the electron beam and the atoms (Figure 3.22).

The first interaction generates secondary electrons which are outer-shell electrons
ejected from the sample as a result of inelastic scattering. This scattering occurs
within a very small depth, typically between 1 and 2 nm reflecting the topography
(surface structure) of the sample. The second interaction is the elastic scattering of

the incident electrons by the atomic nuclei through more than 90°. This scattering
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takes place deeper within the sample between 10 and 100 nm and is proportional
to the square of the atomic number. The information obtained from this
interaction is both an atomic number and orientation contrast. The third
interaction is the inelastic scattering of the incoming electrons by inner-shell
electrons generating characteristic X-ray photons by relaxation. The chemical
composition of the sample can be obtained by energy-dispersive spectroscopy
(EDS) or wavelength-dispersive spectroscopy (WDS).

e beam

secondary e’

kscatt :
backscattered e 10 - 100 nm

characteristic X-rays

sample

Figure 3.22. Volume of interaction between the electron beam and the sample. Secondary
electrons are generated by scattering of the outer-shell electrons. Backscattered electrons
are directly scattered by the atomic nuclei whereas characteristic X-rays result from the
scattering of the incoming electrons by inner-shell electrons upon relaxation.

Although giving valuable information, the latter two modes of detection, i.e.
backscattered electrons and X-rays cannot be used for the study of our emulsions

since the atomic number of the constituents are too low.
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3.4.6. Rate of macroscopic phase separation

3.4.6.1. Introduction

Macroscopic phase separation experiments consist of observing the
destabilization of an emulsion over time and assessing how fast the aqueous
continuous phase is expelled from the emulsion by measuring the volume of the
expelled phase relative to the total sample volume. In this investigation, the rates
of macroscopic phase separation are evaluated by placing samples in 3 mm
diameter NMR tubes and measuring over time the height of expelled aqueous

phase relative to the total height of the sample (Figure 3.23).

Figure 3.23. Evaluation of the rate of macroscopic phase separation of a toluene/Triton X-
100/water emulsion, here 15 wt% oil.

3.4.6.2. Data analysis

In order to evaluate the relative stability of emulsions as a function of emulsion
characteristics such as oil concentration, nature of the oil, age, energy input etc, a
plot of the percentage of expelled phase as a function of time is drawn as
illustrated in Figure 3.24. Comparing plots enables the assessment of how a

particular factor affects emulsion destabilisation.

80



Expelled Aqueous Phase/ %
al
o

40 A
30 |
20 |
10 A
0 4 ‘ ; ; ; ; ; ; ; ; ; ;
0O 20 40 60 80 100 120 140 160 180 200 220 240
time/h

Figure 3.24. Rate of macroscopic phase separation for a toluene/Triton X-100/water
emulsion prepared with 15 wt%o (triangles) and 35 wt%o toluene (squares).

3.4.7. Surface charge

3.4.7.1. Introduction

Most liquids contain ions and when a charged particle such as a colloidal particle
is suspended in a liquid, counter ions are attracted to the surface of the suspended
particle. An electrical double layer is formed around each particle [3] (Figure 2.7).
The electrical double layer consists of an inner region, called the Stern layer,
where the ions are strongly bound and an outer region, called the diffuse layer
where they are loosely attached. Within the diffuse layer there is a notional
boundary called the surface of hydrodynamic shear or slipping plane inside which
the ions and particles form a stable entity. When a particle moves, ions within the
slipping plane move with it, but any ions beyond the boundary do not travel with
the particle. A potential exists between the particle surface and the double layer,
which varies according to the distance from the particle surface, the potential at
the slipping plane is called the zeta potential. The zeta potential indicates if
colloidal particles are charged or non-charged and the magnitude gives a measure
of the stability of the system. A large negative or positive zeta potential results in
the repulsion of the particles among themselves and a weak tendency to
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flocculate. Colloidal systems with low zeta potential (typically |Epotentiall < 30 MV)
are unstable with respect to electrostatic repulsion [75]. The pH value is an
important factor affecting the zeta potential.

3.4.7.2. Principle of zeta potential measurement

For the determination of the zeta potential of emulsion droplets, a Zetasizer nano-
ZS from Malvern Instruments was used. In a similar way to the typical dynamic
light scattering system described in section 3.4.2, the zeta-potential measurement
system comprises six main components. A laser provides a coherent intense light
source to illuminate the particles within the sample. The light source is split to
provide an incident and reference beam. An attenuator placed in front of the light
source adjusts the intensity of the laser. The laser beam passes through the centre
of a folded capillary cell and the scattering at an angle of 17° is detected. When
an electric field is applied across a liquid, charged particles suspended in the
liquid are attracted towards the electrode of opposite charge (Figure 3.25).
Viscous forces on the particles oppose this movement. When equilibrium is
reached between these two opposing forces, the particles move with constant

velocity.
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Figure 3.25. Folded capillary cell used in an electrophoresis experiment.

Any particles moving through the measurement volume will cause the intensity of
light detected to fluctuate with a frequency proportional to the particle velocity. A
digital signal processor is used to extract the characteristic frequencies in the
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scattered light. This information is then passed to a computer, where the Zetasizer
Nano software produces a frequency spectrum from which the electrophoretic
mobility (velocity of a particle in an electric field) is calculated. Henry’s equation
relates the electrophoretic mobility to the zeta potential for spherical particles
[75](Eq. 3.17).

u, = 24 K) (3.17)
3n

where Uk is the electrophoretic mobility, ¢ is the dielectric constant, £ is the zeta
potential, 7 is the viscosity and f(K,) is Henry’s function. When the measurement
is made in aqueous media and moderate electrolyte concentration, f(K,) equals 1.5
whereas the function equals 1 for non-aqueous media.

Once the electrophoretic mobility of the particles and the applied electrical field
are known, the zeta potential can be determined by using the two other known
constants of the sample (viscosity and dielectric constant).

3.5. Emulsion characterisation

Emulsions are by nature kinetically stable as opposed to thermodynamically
stable. As such, emulsion microstructure, stability and dynamics strongly depend
on the relative weight composition of the constituents, the method of formulation,
the energy input and the temperature. In the study of toluene/Triton X-100/water
emulsions, the method of formulation, the energy input and the temperature were
kept constant. Oil concentration was varied between 5 and 70 wt% (a 5:1 oil-to-
surfactant weight ratio was maintained) as well as the nature of the oil by using p-
xylene or octane instead of toluene. Measurement of the zeta potential indicated
that the charge at the surface of the toluene droplets was weak. This confirmed
that electrostatic repulsive forces could be ignored when considering the stability
of these emulsions as expected. Only steric forces and structural forces in addition
to van der Waals forces needed be considered. Both SLS and DLS were used to
determine the droplet size distribution as a function of oil concentration, the
former is appropriate for droplet size in the micrometer range while the latter is

more sensitive to droplet size in the nanometer range due to the range of
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scattering angles that can be detected. Moreover, these techniques allow droplet
size to be monitored as a function of time in order to determine destabilization
mechanisms such as coalescence and Ostwald ripening. Both techniques are easy
to use and require no sample preparation. However it is essential to keep in mind
that they both require significant dilution which may affect emulsion
microstructure.

On the other hand, confocal microscopy was appropriate to probe droplet
interactions via the fluorescence of two distinct hydrophobic dyes solubilised
within oil droplets. Then, the droplet size distribution acquired via confocal
images could be compared with that measured by SLS.

Moreover, PFG-NMR is a unique tool to gain information regarding emulsion
microstructure and oil dynamics over very fast time scales (from ~6 ms up to 3 s)
as a function of both oil concentration and emulsion age. The diffusion
coefficients extracted from the echo attenuation as a function of time (up to 3 s)
are associated with different motional rates of the oil phase and correlate to
specific oil environments. Droplet interactions were probed and the time constant
of the oil dynamics quantitatively determined. In addition to probing very fast
dynamics of emulsion systems, PFG-NMR presents many advantages. It is a
noninvasive technique ensuring that no external perturbation is applied to the
sample which is of significant importance when investigating Kkinetically
stabilized systems. Moreover the experimental procedure is fully automatic, i.e.
once a sample is inserted into the NMR spectrometer, a pulse sequence can be
repeated automatically for several days without further sample manipulation.
Additionally, cryo-SEM was used to image the internal microstructure of
emulsion samples at very high magnification and resolution. This gave us insight
about the interfacial domain microstructure and the droplet interactions.

Emulsion stability is an essential property of Kinetically stabilized systems.
Consequently, measurement of the rate of macroscopic phase separation as a
function of oil concentration is a straight forward way to assess emulsion stability
over time and identify possible concentration domains which detabilize via

different mechanismes.
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Chapter 4 Oil exchange in toluene/Triton
X-100/water emulsions

4.1. Introduction

Emulsions are highly dynamic systems due to the occurrence of Brownian motion
and destabilisation processes such as coalescence and Ostwald ripening. In O/W
emulsions, the diffusion of oil droplets and that of oil molecules inside droplets
are driven by thermal energy. Many industrial applications of O/W emulsions
include the transport of water-insoluble substances such as colorants,
preservatives, drugs, etc. As such, the investigation of emulsions dynamics, e.g.
exchange between oil droplets, is of particular interest to determine the
distribution of hydrophobic materials within the dispersed phase. Moreover, oil
exchange may affect the bulk properties of emulsions such as their rheological
behaviour and stability.

Upon Ostwald ripening oil can be transferred from one droplet to another through
the continuous phase or aided by surfactant micelles. Oil can also be exchanged
between droplets upon coalescence, i.e. the fusion of the interfacial membrane of
two or more droplets, or via direct contact of oil domains upon collision.

In this study, evidence for oil exchange between droplets with no simultaneous
droplet growth, occurring in oil/Triton X-100/water emulsions where the oil is
one of toluene, p-xylene or octane, is reported. Exchange takes place either via
molecular permeation upon droplet collision or reversible coalescence of the
droplets.

In this chapter, the focus was made on the investigation of toluene/Triton X-
100/water emulsions; the investigation of p-xylene and octane emulsions will be
presented in the last chapter of the thesis. After describing the toluene emulsion
microstructure upon varying oil content, the experimental data referring to oil
exchange using laser scanning confocal microscopy, cryo-SEM and PFG-NMR

will be described.
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4.2. Droplet size distribution

The droplet size distributions of the toluene emulsions upon varying oil content
between 5 and 70 wt% were determined by SLS (Figure 4.1) using a Mastersizer
2000 from Malvern Instruments. The refractive index and absorption coefficient
of the dispersed phase were taken as 1.390 and 0.001, respectively. The dispersant
viscosity (0.8872 cP for water at 298 K) was taken as the sample viscosity. The
droplet size distribution was calculated with the inherent Mastersizer software
using Mie theory (section 3.4.1) and assuming the sample is comprised of
polydisperse particles with irregular shape.

5wt%
—a— 10 W%

15 wt%
—a— 20 W%

25 W%
—o— 30 W%

35 W%
—r— 40 W%
—e— 45 W%
—x— 50 Wt%
—e— 55 W%
—o— 60 Wt%

65 W%
—r— 70 W%

Volume / %

Droplet diameter / um

Figure 4.1. Droplet size distributions of emulsions between 5 and 70 wt%b toluene generated
by SLS.

The distributions all exhibit a lognormal shape, i.e. the logarithm of the droplet
diameters is normally distributed. The smallest droplet diameters are measured at
~35 nm and the largest at ~3 pum for all toluene concentrations except for the
lowest concentration of 5 wt% oil where the maximum droplet size is measured at
1 um. Between 5 and 55 wt% oil, no dependence of the droplet size on oil

concentration is observed; the initial mean droplet diameter is 0.23 + 0.10 pm and
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the contribution of the smallest droplets of the system dominates with the
maximum of the size distribution at 0.15 + 0.10 um. The largest droplets between
~04 and 3 um represent only a small portion of the sample as illustrated by the
number-based droplet size distribution generated by the DLS software (Figure
4.2).
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Figure 4.2. Number, intensity and volume droplet size distributions measured by DLS and
volume droplet size distribution measured by SLS for a fresh emulsion prepared with 5 wt%
toluene.

The raw data measured by both SLS and DLS are intensity distributions which
can be converted to volume distributions using Mie theory or number
distributions. Converting the raw intensity distribution of a 5 wt% toluene sample
to a volume distribution using the DLS software results in an apparent decrease in
the amplitude of the distribution representing the largest droplets coupled with an
apparent increase in the amplitude for the smallest droplets with no change in the
range of droplet sizes (Figure 4.2). This is due to the signal amplitude in an
intensity distribution being proportional to the sixth power of the particle
diameter (Rayleigh’s approximation) whereas the signal amplitude in a volume
distribution is proportional to the third power of the particle diameter. The
volume size distribution of a 5 wt% toluene sample measured by DLS

corresponds well to the volume size distribution measured by SLS although the
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former is slightly narrower. Using DLS, the size range spans from ~40 nm to ~0.6
um with a maximum at 0.17 + 0.05 um (Figure 4.2) whereas using SLS, the range
is slightly broader spanning from ~35 nm to ~1 um but the maximum is similar
(0.15 £ 0.10 um, Figure 4.1). Upon comparing the volume and number size
distributions of a 5 wt% toluene sample using DLS, it appears that the proportion
of droplets larger than 0.2 um are overestimated in the volume distribution. The
mean droplet diameter shifts from 0.17 + 0.05 um (volume distribution) to 0.08 +
0.05 um (number distribution).

For emulsion samples between 60 and 70 wt% oil, the mean droplet diameter
measured by SLS increases from 0.23 to 0.37 + 0.10 um and the maximum of the
distribution shifts from 0.15 to 0.30 + 0.10 um (Figure 4.1). The presence of a
closed-cell biliquid foam in addition to the dispersed oil droplet phase may partly
explain the observed increased average droplet size. Indeed, a closed-cell foam
has already been stabilised at low energy input (vortex mixer) in toluene/Triton
X-100/water emulsions for oil concentrations larger than 65 wt% [40]. This
structure, more commonly associated with gas/liquid dispersions, shows faceting
of large oil domains of average diameter of ~4 um and Plateau borders (Figure
4.3).

Figure 4.3. TEM micrograph of a closed-cell foam coexisting with a dispersed droplet O/W
emulsion with 65 wt% toluene taken from reference [40].

Additionally, for toluene concentrations between 5 and 60 wt%, the presence of
oil swollen micelles was detected by DLS (section 3.4.2.). Oil swollen micelles

are thermodynamically stable droplets formed in the continuous phase of
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emulsions if there is an excess of surfactant molecules once the surface of the
droplets is covered, i.e. a Kinetically stabilised emulsion is superposed to a
thermodynamically stable microemulsion. Oil swollen micelles were probed in
the expelled aqueous bottom phase of a separated emulsion sample (Figure 4.4)
using a Zetasizer nano-ZS from Malvern Instruments. The refractive index and
absorption coefficient of the dispersed phase were taken as 1.390 and 0.001,
respectively. The dispersant viscosity (0.8872 cP for water at 298 K) was taken as

the sample viscosity.
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Figure 4.4. Droplet size distributions of the expelled aqueous phase of aged toluene/Triton X-
100/water emulsions between 5 and 60 wt% toluene using DLS.

For all concentrations, the distribution shows the presence of oil swollen micelles
between ~9 and ~30 nm. The size distribution has a lognormal shape with a mean
diameter at 15 + 5 nm. It was not possible to perform similar measurements on
highly concentrated emulsions between 65 and 70 wt% oil due to the small
quantity of expressed aqueous phase.

Moreover, the full distribution of oil droplets and oil swollen micelles could be
measured simultaneously only for the lowest oil concentration of 5 wt% after
substantial dilution (Figure 4.5). Above this concentration, significant dilution
was necessary for the measurement and complete break up of the emulsion

sample occurred.
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Figure 4.5. Droplet size distributions of diluted fresh toluene/Triton X-100/water emulsions
prepared with 5 wt% toluene using DLS.

Without dilution, there is no sign of the presence of oil swollen micelles in freshly
emulsified samples because the signal is swamped by the presence of the larger
oil droplets. However, upon dilution above a factor of 40, the size distribution
broadens and two distinct peaks are observed. The broad intense peak
corresponds to the size of oil droplets between 0.02 and 0.5 um with a maximum
at 0.12 £ 0.05 um while the low magnitude peak confirms the presence of oil
swollen micelles between 8 and 20 nm diameter in the continuous phase of fresh
emulsions with a maximum at 13 + 5 nm. The presence of oil swollen micelles in

fresh emulsions was also detected by diffusion NMR (see section 5.2).

4.3. Laser scanning confocal microscopy

Droplet-droplet interactions and the dynamics of oil droplets in oil/Triton X-
100/water emulsions where the oil is toluene, p-xylene or octane were monitored
using fluorophores that are soluble in the oil droplets and insoluble in the aqueous
continuous phase. Emulsions were prepared with the addition of one of the
following fluorescent dyes. Nile red (Aex = 559 nm, Aem = 603 Nm, Figure 4.6 a) or
BODIPY 665/676 ((E,E)-3,5-bis-(4-phenyl-1,3-butadienyl)-4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene, Figure 4.6 b) as red fluorescing dyes and 4-(4-
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methoxybenzylamino)-7-nitrobenzofurazan (Aex = 473 nm, Aem = 529 nm, Figure
4.6 c) or BODIPY 493/503 (4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-
diaza-s-indacene, Figure 4.6 d) as green fluorescing dyes.

(a) (b)

(©) (d)

Figure 4.6. Chemical formula of Nile red (a), BODIPY 665/676 (b), 4-(4-
methoxybenzylamino)-7-nitrobenzofurazan (c) and BODIPY 493/503 (d).

The dye solution (Cqye = 10~ g mL™ in 1,2-propanediol) was initially added to the
oil before emulsification to give a final dye concentration in the oil of 9x10~’
mol%. Images were obtained from a 100x objective lens supported by an
electronically-adjusted  magnification (variation of the scanned area)
corresponding to a specific zoom factor. Optical cross-sections (~1 um thick,
256x256 pixels) were collected as a function of time at the fastest rate of 428
ms/frame 30 minutes after emulsification.

In this chapter the confocal microscopy data for the toluene/Triton X-100/water
system were considered. Figure 4.7 shows a 2D snapshot for a sample freshly

emulsified with 15 wt% toluene and labelled with Nile red.
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Figure 4.7. 2D confocal microscopy optical cross-section 256x256 (x100 objective, zoom
factor 4) of a 15 wt% toluene emulsion sample labelled with Nile red. Snapshot taken 30
minutes after emulsification.

Diameters of most of the droplets are between ~200 nm (resolution of the
confocal microscope) and ~1 um although a few ~2 um diameter droplets are
apparent. Consequently, the droplet size distribution observed under the
microscope for a 15 wt% toluene emulsion corresponds well with the droplet size
distribution measured by SLS with and without dye addition, i.e. droplets are
comprised between ~35 nm and ~3 um including only a small number of droplets
larger than ~1 pum (Figure 4.8). As such, the presence of dye molecules
solubilised in the oil droplets does not affect the droplet size distribution of the

toluene emulsions.
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Figure 4.8. Droplet size distribution of a 15 wt% toluene emulsion sample labelled with Nile
red (straight line) and with no dye addition (squares) obtained by SLS.

Additionally, the link in Figure 4.9 provides the optical cross-section collected
over time for a freshly emulsified sample prepared with 15 wt% toluene and
labelled with Nile red”.
H
freshly emulsified 15 wt% toluene emulsion.avi

Figure 4.9. Link to optical cross-section collected over time at 428 ms/frame, 256x256 pixels,
zoom factor 4 for a freshly emulsified 15 wt% toluene emulsion sample labelled with Nile red
using confocal microscopy.

From this video, in spite of the poor image resolution, droplets colliding with
each other due to Brownian motion were observed. The poor image resolution is
caused by the fast frame rate imposed by the dynamics of the emulsion system
coupled with significant photobleaching. Photobleaching is the reduction of
fluorescence emission intensity as a result of the interaction of the excited dye
molecules with oxygen free radicals. It can be reduced by decreasing the scanned
area using a smaller zoom factor or by the addition of scavengers that
preferentially react with the oxygen free radicals.

“ Using Windows media player, one may want to change the play speed settings to slow mode
under Now playing/Enhancements/Play speed settings to obtain the real time dynamics of the oil
droplets.
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However, it was impossible to determine whether droplets exchange oil
molecules upon direct contact using a single dye. Therefore, two separate
emulsions at equal oil concentration, stained with a red fluorescing (Nile red,
Figure 4.7) and a green fluorescing dye (4-(4-methoxybenzylamino)-7-
nitrobenzofurazan, Figure 4.10), respectively, were prepared.

N et T
Figure 4.10. 2D confocal microscopy optical cross-section 256x256 (x100 objective, zoom
factor 4) of a 15 wt% toluene emulsion sample labelled with 4-(4-methoxybenzylamino)-7-
nitrobenzofurazan. Snapshot taken 35 minutes after emulsification.

Then, a third sample was prepared by mixing the previous red fluorescing and
green fluorescing emulsions. The first emulsion was poured into the second one
under gentle hand stirring. The third emulsion was then observed under the
confocal microscope within 10 minutes of mixing and 40 minutes after

emulsification (Figure 4.11).
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Figure 4.11. 2D confocal microscopy optical cross-section 256x256 (x100 objective, zoom
factor 4) of a 15 wt% toluene emulsion sample prepared by mixing a red fluorescing and a
green fluorescing emulsion sample. Snapshot taken within 10 minutes of mixing and 40
minutes after emulsification.

In this third sample, all oil droplets emitted only yellow fluorescence resulting
from the mixing of red fluorescing and green fluorescing dye molecules within
the droplets. The droplet size distribution of the yellow fluorescing emulsion
remained unchanged compared with the parent samples as measured by SLS
before and after mixing. Moreover, no phase separation occurred after mixing
indicating that the two emulsions were perfectly miscible. Thus, exchange of dye
molecules between oil droplets must have occurred with no concurrent droplet
growth on a time scale faster than the experimental set up required for observation
under the microscope (~10 min). Due to the very fast dynamics of the system the
initial exchange process when a red fluorescing droplet exchanges with a green
fluorescing droplet could not be observed. Such exchange occurs for all oil
concentrations and is repeatedly observed.

Four possible mechanisms can be suggested to account for the exchange probed
by laser scanning confocal microscopy. The first one is the transfer of dye
molecules between oil droplets through the aqueous continuous phase. This
mechanism is very unlikely based on first, the low water solubility of the dyes
due to their nonpolar chemical structure (Figure 4.6) and second, neither red or
green fluorescence is emitted from the continuous phase of the emulsions in
Figure 4.7 and Figure 4.10.
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The second possible mechanism is the transport of dye molecules via oil swollen
micelles that are present in the continuous phase (DLS, Figure 4.4). Oil transfer
via surfactant micelles without any change of the droplet size distribution has
been reported in other O/W emulsion systems stabilized by nonionic surfactants
[76, 77].

The third mechanism is the permeation (direct contact) of the oil domains upon
droplet collision due to the presence of transient holes in the emulsifier thin film
[78, 79].

Finally, the fourth potential mechanism is the reversible coalescence of the oil
droplets, i.e. the temporary fusion of two or more droplets followed by fission.
The postulated mechanism for reversible coalescence proposed by Fletcher et al.
for microemulsions [80] involves the formation of a droplet encounter pair with
the possibility of molecular permeation through transient holes followed by
partial fusion of the interfacial membrane to form a dimer which may or may not

be followed by droplet relaxation as illustrated in Figure 4.12.

Q , Q separated droplets

i

droplet encounter pair, potential for permeation

dimer formation, membrane fusion (interfacial film
bending and surfactant desorption)

I

Q short-lived relaxed state

Figure 4.12. Postulated mechanism for the reversible coalescence of droplets.

4.4. Cryo-SEM

In order to determine the nature of the oil exchange occurring in toluene/Triton

X-100/water emulsions, cryo-SEM was performed, allowing a single time image
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of the internal structure of the emulsions to be obtained (secondary electron
detection mode, section 3.5.2). Emulsions were plunged frozen into “slushy”
nitrogen at a constant temperature of -210°C about 15 minutes after
emulsification such that the internal structure was solidified without changing its
inherent state. Freezing was generally achieved within ~1 s and samples were
transferred into the microscope chamber maintaining a temperature of —130°C
under high vacuum and low contamination conditions (to avoid water crystals on
the sample surface). Access to the internal structure was obtained by fracturing
the sample with a cold knife. In Figure 4.13 and Figure 4.14 is shown the internal
structure of a freshly emulsified 40 wt% toluene emulsion upon increasing

magnification.

Figure 4.13. Cryo-SEM image of a freshly emulsified 40 wt% toluene emulsion sample
(x1000).

From Figure 4.13, smooth water domains with sharp edges representative of the
emulsion’s aqueous continuous phase can be distinguished from the dispersed oil
droplets. This picture confirms that the internal structure of the emulsion has been
preserved during the freezing process and that no melting or crystallisation has

occurred.
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Figure 4.14. Cryo-SEM image of a freshly emulsified 40 wt% toluene emulsion sample
(x5000).

From Figure 4.14, it appears that extensive membrane fusion between oil droplets
exists. A network of partially coalesced droplets in very fresh emulsions is
formed with no concurrent macroscopic phase separation. The extent of droplet
fusion observed in these images therefore does not account for the droplet size
distribution measured by SLS (Figure 4.1). The mean droplet diameter measured
by SLS for freshly emulsified samples is 0.23 = 0.10 um whereas the droplet size
distribution based on the cryo-SEM images is much larger with strings of several
1 um diameter droplets being apparent.

Additionally, macroscopic phase separation of a 40 wt% toluene emulsion sample
is initiated ~10 hours after emulsification. As such it is not possible that normal
irreversible coalescence between oil droplets is visualised here only ~15 minutes
after emulsification since the extent to which fusion is seen here would lead to
immediate phase separation. Rather a pathway for the oil exchange process is
revealed.

Upon decreasing oil concentration to 15 wt%, a larger proportion of smaller
droplets measuring ~0.2 um diameter in addition to larger water domains is
observed (Figure 4.15). Significant fusion of the interfacial domain between oil
droplets still occurs, as seen at higher magnification (Figure 4.16).
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Figure 4.15. Cryo-SEM image of a freshly emulsified 15 wt% toluene emulsion sample
(x5,000).

SEI 5.0kv 20,000 Tum WD 9. 4rain

Figure 4.16. Cryo-SEM image of a freshly emulsified 15 wt% toluene emulsion sample
(x20,000).

Toluene/Triton X-100/water emulsion samples were difficult to work with using
cryo-SEM due to toluene’s high vapour pressure and reproducible data devoid of
freezing artifacts were obtained only for a few samples. However, p-xylene/Triton
X-100/water emulsions were easier to work with because p-xylene is less volatile

99



than toluene. Experimental data using p-xylene instead of toluene including cryo-
SEM images are presented in chapter 7. Highly reproducible cryo-SEM images
were obtained for fresh and aged p-xylene emulsion samples.

It is very important to be aware of the possible melting of the oil droplets within
the emulsion matrix and adjust the temperature of the microscope stage
accordingly. The occurrence of melting was straight forwardly detected. While
fracturing a sample that has melted, it is not a solid anymore but rather has a soft
texture. The images obtained for a melted 40 wt% toluene emulsion (Figure 4.17
and Figure 4.18) show little definition and large pools of melted fluid. Even if the
melting point of pure oil under high vacuum is higher than the temperature of the
microscope stage, it may differ under certain conditions from that of pure oil and
become lower within the emulsion matrix. This may lead to misinterpretation of
the fusion of droplets in emulsion samples. As a consequence, the microscope
stage was held significantly below the emulsion melting point to ensure no

melting occurred.

Figure 4.17. Cryo-SEM image of a melted 40 wt% toluene emulsion (x2,000).
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Figure 4.18. Cryo-SEM image of a melted 40 wt% toluene emulsion (x5,000).

Based on the cryo-SEM images, even if transport of oil through the continuous
phase or via oil swollen micelles participate to oil exchange between droplets,
these two modes of transport are not predominant since droplets significantly
interacting with each other via direct contact are observed. However, neither of
the remaining two options, i.e. oil permeation upon droplet collision or reversible
coalescence via fusion/fission of the droplets can be ruled out at this stage based
on the cryo-SEM experiments.

The observed extensive fusion of the interfacial domain between oil droplets
suggests that reversible coalescence must be occurring in the system. However it
is not possible to clearly distinguish between partially coalesced droplets,
encounter pairs driven by coalescence and transient hole pairs. Moreover, oil
permeation via transient holes in the interfacial thin film may also act as an
exchange agent in addition to reversible coalescence when the droplets form an
encounter pair (Figure 4.12).

To complicate things further, observing the fission process in this system was not
possible, which would certify the occurrence of reversible coalescence. Also, due
to the high polydispersity of the toluene emulsions, the relaxed state of two
partially coalesced droplets such as that shown in Figure 4.12 cannot be
distinguished from a larger oil droplet already present in the distribution. Hence,
for the system investigated here, full reversible coalescence of the droplets as a
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potential mechanism cannot be conclusively stated, as such more correctly the
occurrence of reversible coalescence or reversible partial coalescence, resulting in
oil transfer, will be considered.

From the confocal and cryo-SEM experiments, it is evident that oil transfer
occurs with a time constant that is less than 10 minutes and most likely less than a
few seconds based on the real time confocal data. However neither of these
techniques offer a sufficiently short experimental time scale to monitor such fast

dynamics.

4.5. PFG-NMR

The dynamics of the oil phase were probed by PFG-NMR using a PGSTE
sequence (

Figure 3.11) as described in section 3.4.3.3. The NMR echo attenuation of the oil
signal as a function of gradient strength for a polydisperse emulsion is a
multiexponential decay given by Eq. 3.12 for all values of the experimental
observation time, A. Fitting the multiexponential signal yields a distribution of
diffusion coefficients mapping the underlying distribution of droplet sizes since
the diffusion coefficient is closely related to droplet size (Eq. 3.4). Hence, for
toluene/Trion X-100/water emulsions investigated here it is expected that the raw
attenuation signal would follow a multiexponential decay mirroring the
polydispersity of the samples as measured by SLS (Figure 4.1). However, the
echo attenuation of the oil signal, above a given observation time, which is oil
concentration dependent, and up to 3 s, follows a single exponential decay
(straight line) as a function of gradient strength (Eq. 3.13). In Figure 4.19 is
shown the representative diffusion echo attenuation of the oil signal for freshly
emulsified samples prepared with toluene between 5 and 55 wt%.
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Figure 4.19. Representative diffusion echo attenuation of the oil signal of emulsions freshly
prepared between 5 and 55 wt%o toluene, here 40 wt%. The observation time, A, spans from
300 ms to 3 s depending on oil concentration.

From Figure 4.19, it is evident that two domains are observed. The first, a fast
diffusing domain, observed at low gradient strength, correlates to a diffusion
coefficient in the range of 1.0 x 10°° and 2.3 x 10° m? s depending on the
volume fraction of the continuous phase. Toluene is partially soluble in water
(0.56 g/L at 298 K [81]) hence it is to be expected that a small fraction of the
toluene will be present in the continuous phase. The self-diffusion coefficient at
298 K for pure toluene is D = 2.24 x 10° m? s™* so this fast diffusing domain
corresponds to unrestricted diffusion of toluene molecules dissolved directly in
the aqueous continuous phase. This fast component is also measured when
toluene is dissolved directly in water without Triton X-100 confirming that
toluene is partially soluble in water. By replacing water with D,O, in which
toluene is not soluble, this fast diffusing contribution is removed (Figure 4.20).
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Figure 4.20. Representative diffusion echo attenuation of the oil signal of emulsions freshly
prepared between 5 and 55 wt%o toluene, here 15 wt%, by replacing water with D,0O.

With the fast component accounted for, the slow diffusing domain arises from
diffusion of oil in droplets and oil swollen micelles and diffusion of droplets and
oil swollen micelles themselves. Due to the polydispersity of the droplets and oil
swollen micelles these different motions should result in a distribution of
diffusion coefficients for all observation times, A, and hence a multiexponential
decay of the echo attenuation as a function of gradient strength. However, the
slow diffusing domain is a single exponential decay with a mean diffusion
coefficient D = (1.5 + 0.1) x 10** m?s™ (Figure 4.19) in the range 5 — 55 wt%
toluene. The observed single exponential decay as a function of the gradient
strength does not account for the polydispersity of toluene/Triton X-100/water
emulsion droplets. Above a given NMR observation time, the system behaves as
if all oil molecules experience the same environment and travel the same distance
over the same duration; that is, motional averaging of the oil molecules is
measured as opposed to their true diffusion, resulting in a single exponential
decay. The motional averaging, a result of oil exchange between the droplets,
occurs on a time scale that is faster than the observation time. The analysis of this
time scale as a function of oil concentration will be presented in the next chapter.
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4.6. Discussion

The transfer of dispersed phase or constituents solubilised in the dispersed phase
between emulsion droplets in highly concentrated W/O emulsions has already
been monitored using PFG-NMR [48, 62, 82, 83]. In these systems, water
molecules or water soluble constituents are able to migrate from one droplet to
another by crossing the permeable interfacial membrane and diffusing through the
oily continuous phase. Hence, the echo attenuation is a single exponential decay
as a function of the gradient strength over the entire range of observation times, A,
e.g. from 10 ms to 1 s in the study of Malmborg et al. [82]. The diffusion
coefficient associated with the single exponential decay of the echo attenuation of
the water signal in Balinov et al.’s experimental work [48], is an order of
magnitude slower as compared with that of bulk water due to obstruction effects
of the surfactant films that act as barriers. Using a simulation procedure they
could calculate a permeability coefficient for the water crossing the interfacial
domain. However, this mode of transfer between “leaky” emulsion droplets
requires the solubility of the exchanged constituents in the continuous phase [82],
which does not account for our confocal microscopy data in which water
insoluble dyes are exchanged between oil droplets. Additionally, the direct
contact of “leaky” droplets for exchange to occur is not necessary since the
dispersed phase is able to reside in the water, emulsifier and oil domains. This is
in contradiction with the extensive droplet contact observed in cryo-SEM
micrographs.

On the other hand, oil exchange aided by surfactant micelles that are present in
the continuous phase has been commonly probed in the destabilisation of
alkane/nonionic surfactant/water emulsions upon the occurrence of enhanced
Ostwald ripening. Micelles carry alkane molecules from smaller to larger droplets
leading to droplet growth, the rate of which increases upon decreasing the length
of the hydrocarbon chain [49, 84, 85]. Because the droplet size distribution of our
emulsion system remains unchanged during the oil exchange as measured by
SLS, the exchange does not pertain to emulsion destabilisaton but rather occurs
independently of coalescence and/or Ostwald ripening that both lead to droplet
growth.
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Furthermore, our NMR data follow a single exponential decay. In standard or
enhanced Ostwald ripening the distribution of oil droplet sizes would be evident
as a multiexponential decay, since the mechanism involves the oil swollen
micelles in combination with the oil droplets and not the oil droplets directly
interacting with each other.

Some examples of oil exchange between emulsion droplets via surfactant micelles
with no simultaneous droplet growth have been reported in the literature.
McClements et al. [77] followed the droplet size and concentration of n-
hexadecane droplets stabilised by a nonionic surfactant over time using light
scattering and turbidity techniques. The droplet concentration decreased as a
function of time with no modification of the droplet size distribution, hence they
considered a dynamic equilibrium between oil solubilised in emulsion droplets
and that in surfactant micelles, but the driving force for such an exchange remains
unknown.

Several factors affect the rate of oil exchange in emulsions via surfactant micelles,
such as the surfactant concentration in the aqueous continuous phase [86] or the
initial droplet size and concentration [87]. Moreover, McClements and coworkers
[76] probed, by differential scanning calorimetry, the exchange of pure n-
hexadecane and pure octadecane droplets after mixing the two emulsions with no
concurrent change in the droplet size distribution. The rate of exchange increased
with surfactant concentration in the continuous phase indicating that micelles
were involved in oil transfer. They proposed that entropy is the predominant
contribution for exchange of n-hexadecane and octadecane molecules between
droplets to occur since a system in which oil is evenly distributed in all the
droplets is more entropically favorable than one containing a mixture of different
sized pure oil droplets. However, surfactant micelles cannot be considered as the
predominant mode of transport for oil exchange in toluene/Triton X-100/water
emulsions since in addition to the extensive droplet fusion perceived in cryo-
SEM, droplets must come into direct contact for complete motional averaging to
be detected in PFG-NMR. As such, based on the three different experimental
techniques, it is proposed that oil permeation on droplet collision and partial
reversible coalescence of the droplets are the only plausible mechanisms for the
observed oil exchange.
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Transient holes are present at the surface of emulsion droplets as a result of
thermal fluctuations of the interfacial surfactant film and their positions vary on
the surface of the droplets [78, 79, 88]. Taisne and Cabane [89] proposed
molecular permeation in an O/W emulsion stabilised by a nonionic surfactant as
an oil transfer mechanism to account for the transport of oil from smaller to larger
alkane droplets. They affirmed that Ostwald ripening cannot explain droplet
growth in this system since no change in the rate of oil exchange was measured
upon variation of the oil solubility in the aqueous continuous phase (tetradecane
and hexadecane gave identical results although the former has a solubility in
water an order of magnitude larger than the latter). On the contrary, temperature
and addition of an ionic surfactant had a significant effect on the exchange rate. A
temperature rise increases the efficiency of molecular permeation by surmounting
the activation energy and also modifies the structure of the surfactant film.
Addition of an ionic surfactant decreases the rate of the permeation process by
acting as a physical barrier against direct droplet contact. Such exchange results in
droplet growth and emulsion destabilization.

Furthermore, Schmitt et al. [90] studied the coarsening of alkane-in-water
emulsions stabilised by nonionic poly(oxyethylene) surfactants. They found that
the rate of Ostwald ripening in the presence of oil swollen micelles did not vary
with surfactant concentration in the continuous phase and considered a
permeation-controlled Ostwald ripening as the main destabilisation process.
Nonetheless, an oil exchange via molecular permeation upon droplet collision that
does not lead to emulsion destabilisation (droplet growth) has not been reported in
the literature to date. The driving force that would lead to such an exchange is
unknown.

When considering possible mechanisms for the oil exchange, the extensive
membrane fusion seen in the cryo-SEM images indicates that reversible
coalescence or partial coalescence of the oil droplets should be considered as the
second potential mechanism for oil exchange in the system studied in this project,
although fission of the droplets has not been observed experimentally.

In microemulsions, the equilibrium or spontaneous curvature of the surfactant
film is determined by the most efficient packing of the surfactant molecules at the
oil/water interface based on the surfactant chemical structure matched with the
geometry, as well as the system temperature, composition, salt concentration etc
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[19]. The equilibrium curvature of the surfactant film defines an indefinitely
stable size distribution in microemulsion systems, as such fission of the droplets
is required once fusion has been initiated.

The dynamic equilibrium of reversible coalescence occurring in
thermodynamically stable microemulsions is poorly understood. However it is
known that the reduction of the total surface area, through droplet fusion
facilitated by attractive forces (van der Waals, solvation and hydrophobic forces),
competes with the minimization of entropy and steric hindrance associated with
the formation of larger droplets [19]. Reversible coalescence of droplets has been
experimentally evidenced in both W/O and O/W microemulsions (~5-30 nm
diameter). Fletcher et al. [80] identified this process by monitoring fast chemical
reactions between reactants confined within the droplets of two separated W/O
microemulsions stabilised by an ionic surfactant. The fusion-fission takes place
on a millisecond time scale. Clark et al. [80, 91] used time-resolved fluorescence
to measure the fluorescence intensity decay of both W/O and O/W
microemulsions where a fluorescent molecule and a quencher were confined
within separated droplets. Several workers probed the influence of the surfactant
rigidity, temperature and oil chain length on the rate of reversible coalescence
[80, 92-94].

To date, the occurrence of reversible coalescence or partial coalescence in
kinetically stabilised systems such as emulsions has not been reported. The
thermodynamically stable state of emulsions is the phase separation into two
macroscopically isolated oil and water domains. As such, once fusion of the
interfacial membrane is initiated, a repulsive force is required for fission to occur
in these systems. Such a force is not predicted to exist based on the DLVO theory
(section 2.3). However, the study of Burschka and coworkers [95] does allude to
the possibility of realising reversible coalescence in a kinetically stabilized system
even if a direct correlation between their theoretical investigation in one
dimension and the polydisperse kinetically controlled oil/Triton X-100/water
systems cannot be made. They solved the diffusion-limited reversible one-species
coagulation in one dimension using a diffusion-reaction equation to describe the
local density. As opposed to the DLVO theory, they considered kinetic effects
based on diffusion events and the strength of the interaction between colliding
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bodies. Such a description is valid for either an equilibrium system where the
equilibrium state is a state of maximal entropy or a non-equilibrium steady-state
system for which the probability of colliding particles is small. Oil/Triton X-
100/water emulsion systems are non-equilibrium steady-state systems, however
for all oil concentrations investigated, the frequency of droplet collision is
significant, hence this theory cannot be directly applied to the oil/Triton X-
100/water emulsions.

Additionally, several experimental results published over the past decades, such
as the existence of structural forces [23-25], also point to limitations in our
current knowledge of colloidal stability based on the DLV O theory.

4.7. Conclusion

In this chapter the microstructure of toluene/Triton X-100/water emulsions was
described upon varying oil concentration from 5 to 70 wt%. The droplet size
distribution (35 nm to 3 um diameter) is independent of oil content between 5 and
55 wt% whereas an increase of the mean droplet size is observed for higher oil
concentrations between 60 and 70 wt%. Furthermore, oil swollen micelles (9-30
nm diameter) are distributed in the continuous phase of the emulsions for all
toluene concentrations.

On the other hand, the occurrence of oil exchange between emulsion droplets with
no concurrent droplet growth via an oil permeation upon droplet collision or a
reversible coalescence mechanism or a combination of the two was evidenced
using laser scanning confocal microscopy, cryo-SEM and PFG-NMR. The
exchange of water insoluble hydrophobic dye molecules between oil droplets
evidenced by confocal microscopy indicates that the transport of oil through the
continuous phase is not the predominant mechanism for oil exchange. The cryo-
SEM experiments indicate that oil exchange occurs via preponderant droplet
contact, the extent of which is too important to be due to normal coalescence
given the emulsion’s macroscopic stability and the absence of droplet growth. In
PFG-NMR experiments, a motional averaging of the oil domain arising from oil
exchange was detected for long observation times. The motional averaging of the
oil, superposed to the cryo-SEM data, suggests that oil transfer via surfactant
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micelles does not significantly participate to oil exchange. In conclusion, oil
permeation upon droplet collision and/or reversible coalescence (or reversible
partial coalescence) of the droplets generate oil exchange between toluene
droplets in toluene/Triton X-100/water emulsions. In either case, oil exchange
does not induce droplet growth, hence is not linked to emulsion destabilisation

processes.
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Chapter 5 Kinetics of oil exchange

5.1. Introduction

The determination of the kinetics of the oil exchange occurring in emulsion
systems are of fundamental importance in order to gain more understanding of the
driving forces involved in the exchange process. Additionally, the investigation of
the different factors that may affect the time scale of oil exchange is essential to
be able to predict and manipulate the kinetics of exchange.

In this chapter is reported the determination of the time scale of oil exchange
occurring between oil droplets of toluene/Triton X-100/water emulsions using
PFG-NMR techniques. The NMR observation time, Aswich, defines the time
constant of the oil exchange. This observation time corresponds to the time at
which there is a switch between a multiexponential decay, where individual
droplet and oil molecule motions are probed, and a single exponential decay of
the echo attenuation as a function of gradient strength, where motional averaging
of the oil diffusion is measured.

Based on the analysis of the diffusion spectra extracted from the multiexponential
decay attenuation data using an inverse Laplace transform and the light scattering
data, information was gained on the microstructure of the system as a function of
oil concentration.

The Kinetics of the oil exchange process is strongly influenced by the increase of
the mean droplet size above 60 wt% oil and the toluene content between 5 and 55
wt% defining the droplet concentration and controlling the properties of the
interfacial domain such as the surfactant packing at the oil/water interface. The
presence of a background electrolyte solubilised in the continuous phase further
alters the rate of oil exchange through the formation of a steric repulsive barrier.
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5.2. Kinetics of oil exchange

The rapid oil exchange occurring in toluene/Triton X-100/water emulsions was
both monitored and quantitatively determined using a PGSTE experiment (section
3.4.3.3) upon varying the NMR observation time, A, between 6.3 ms and 3 s
(available observation window, the short limit depends on the pulse sequence
parameters and the long on the sample relaxation constants). Note that both cryo-
SEM and laser scanning confocal microscopy techniques could not probe the time
scale of such a rapid process.

In chapter 4, it was indicated that beyond a certain observation time, A, which is
oil concentration dependent, the echo attenuation of the oil signal follows a single
exponential decay as a function of the gradient strength. Increasing A above this
value did not make any difference in the attenuation data obtained, i.e. the echo
attenuation followed a single exponential decay with a constant slope equal to D
= (1.5+0.1) x 10 m?s™ (Figure 4.19). However upon decreasing A below this
specific observation time value, a switch between a single exponential and a
multiexponential decay of the echo attenuation occurred. Hence this specific

observation time was termed Agwitch (Figure 5.1).
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Figure 5.1. Diffusion echo attenuation of the oil signal for a fresh 40 wt%o toluene emulsion.
A single exponential decay is observed for an observation time, A, between 1.3 s (Agyitcn) and
3 s whereas a multiexponenttial decay is measured for A between 6.3 ms and 1.2 s. These
echo attenuations are representative of emulsion samples between 5 and ~55 wt% toluene.

In Figure 5.1 is shown the echo attenuation of the oil signal as a function of the
gradient strength for a freshly emulsified 40 wt% toluene sample upon decreasing
the observation time, A. The behaviour of the echo attenuation upon variation of
A for a 40 wt% toluene sample is representative of the concentration range
between 5 and ~55 wt% oil although the values of A for which transitions occur
are concentration dependent and will be detailed in section 5.3. Here, focus is
made on a 40 wt% toluene emulsion to illustrate the analysis of the different
transitions. The echo attenuation of the oil signal follows a single exponential
decay as a function of the gradient strength with a diffusion coefficient D = (1.5 =
0.3) x 10t m?s™ for A comprised between 1.3 and 3 s, i.e. Awiten = 1.3 s (Figure
5.1). This single exponential decay corresponds to the motional averaging of the
oil diffusion which results from oil exchange between emulsion droplets on a time
scale faster than Aswitch. Upon decreasing A to 1.2 s, the polydisperse nature of the
emulsion starts to be revealed since the echo attenuation becomes
multiexponential. However, only a portion of the individual droplet motions is

probed for any given value of A. By further decreasing A, the echo attenuation
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becomes more and more multiexponential, hence more individual droplet motions
are detected.

The distribution of diffusion coefficients related to individual droplet and oil
molecule motions can be extracted from the multiexponential decay signal using
an inverse Laplace transform (section 3.4.3.5). A nonnegative least-squares fit
weighted by an additional regularisation function is applied to the attenuation data

giving a diffusion spectrum (Figure 5.2).
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Figure 5.2. Representative diffusion spectra of toluene molecules and droplets, determined at
various experimental observation times (A = 20, 30, 40, 50 and 60 ms, all below Agyich = 1.3 5)
for emulsions prepared with 40 wt%o toluene. At short A values, three peaks numbered 1,2
and 3 may be distinguished.

The motion of oil molecules inside droplets may be restricted by droplet size
while the movement of the droplets themselves depend on both the droplet size
and the mean interdroplet distance. As such, for a given observation time, A, both
restricted and unrestricted diffusion can be measured correlating to the motions of
only a portion of the sample. Thus, the different droplet sizes and spacing
between the droplets may be probed upon varying the observation time, A.

The diffusion spectra of toluene molecules and droplets in a fresh 40 wt% toluene
sample obtained for different A values are shown in Figure 5.2. The distribution

of diffusion coefficients can be associated with the unrestricted and/or restricted
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diffusion of droplets and oil swollen micelles as well as the unrestricted and/or
restricted diffusion of oil molecules within droplets and oil swollen micelles
based on the droplet and oil swollen micelle size distributions (Figure 4.1 and
Figure 4.4) coupled with the dependence of the diffusion spectrum on the
observation time, A [96].

The peak corresponding to the fastest diffusion (number 3, Figure 5.2) centered at
~1.6 x 10 m?s* for all values of A does not correspond to the motion of the
dispersed phase but is associated with the unrestricted diffusion of toluene
molecules dissolved directly in the aqueous continuous phase as discussed earlier.
The remaining peaks may be associated with eight possible motions: 1)
unrestricted diffusion of oil droplets, 2) unrestricted diffusion of oil swollen
micelles, 3) unrestricted diffusion of oil molecules within droplets, 4) unrestricted
diffusion of oil molecules within oil swollen micelles, 5) restricted diffusion of
droplets, 6) restricted diffusion of oil swollen micelles, 7) restricted diffusion of
oil molecules within droplets and 8) restricted diffusion of oil molecules within
oil swollen micelles.

Motions 3) and 4) cannot be observed experimentally in fresh samples because
the observation times required to observe unrestricted diffusion of toluene
molecules with a known diffusion coefficient, D = 2.24 x 10 m? s™, confined
within oil swollen micelles and droplets of 9 nm to 3 um diameter is in the range
of 2 ns to 200 ps (Eq. 3.15). Such short observation times are 30 times to 3 x 10°
times faster than the lower available limit of the instrument, i.e. A = 6.3 ms.
Furthermore, between 5 and ~55 wt% toluene, the average small size of the oil
swollen micelles and droplets also precludes restricted diffusion of oil molecules
within oil swollen micelles and droplets being observed when coupling the sizes
of the droplets with the observation times available and the lower measurable
limit of the diffusion coefficients (~10™** m? s™). Additionally, although the
shortest observation time available is A = 6.3 ms, the diffusion spectrum extracted
from the multiexponential decay attenuation is only reliable from A = 20 ms and
above due to high experimental uncertainties introduced through weak echo
attenuations.

The distribution of diffusion coefficients obtained for A = 20 ms comprises two

peaks (Figure 5.2, numbers 1 and 2) centred at ~2.7 x 10 m?*s™ and ~1.5 x 10
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1 m? s respectively, in addition to the third peak (Figure 5.2, number 3)

associated with the unrestricted diffusion of toluene molecules dissolved directly
in the continuous phase. To assess whether restricted diffusion contributes to peak
1 and/or peak 2, the mean square displacement <Z?> of both droplets and oil
molecules upon increasing the observation time must be considered (Eq.3.14).
Unlike unrestricted diffusion, the mean square displacement is independent of the
observation time upon restricted diffusion, i.e. the product DA is constant. As
such, when restricted diffusion occurs, the diffusion spectrum is expected to shift
to slower diffusion coefficient values upon increasing the observation time, i.e.
the apparent droplet size increases. Figure 5.3 shows the plot of the product DA as

a function of the observation time, A, for peak 1.
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Figure 5.3. Product DA versus A for the low end tail, Dy,,, maximum, Dn.x and high end tail,
Dhign , Of the slower diffusing peak (number 1, Figure 5.2) of the toluene diffusion spectrum
obtained for a fresh 40 wt% toluene sample.

For times longer than 20 ms, the mean square displacement <Z*> associated with
the low end tail and the maximum of peak 1 becomes constant (Figure 5.3). The
maximum of peak 1 correlates to an average distance travelled of 0.16 = 0.03

um. This distance can be defined as the mean interdroplet spacing, i.e. the
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maximum distance droplets are able to travel, on average, before encountering
another droplet and becoming restricted. Note that this value corresponds well
with that calculated from the confocal microscopy data. However, droplets with a
diameter smaller than the mean interdroplet spacing do not undergo restricted
diffusion as these are able to move freely within the aqueous channels, though
obstruction effects may be important.

On the other hand, the mean square displacement corresponding to the high end
tail is more unstable which may be due to the minor contribution of the
unrestricted diffusion of the droplets. Although peak 1 predominantly represents
unrestricted diffusion for A = 20 ms, the contribution of restricted diffusion is
probably under represented here since two close peaks that lie within one decade
of each other cannot be readily resolved in the diffusion spectrum using our
algorithm for an inverse Laplace transform [97, 98].

For observation times longer than 20 ms, droplets undergo restricted diffusion due
to the presence of other droplets, hence peak 1 shifts to slower diffusion
coefficient values and is finally associated only with restricted diffusion of the
droplets themselves. Using the SLS droplet size distribution (Figure 4.1) and the
Stokes-Einstein equation (Eq. 3.4) for A = 20 ms, peak 1 represents the
unrestricted diffusion of droplets of 70 nm to 0.4 pm diameter, i.e. the bulk of the
oil droplets in the sample. Droplets in the range ~0.5 — 3 um diameter represent a
very small volume fraction of the dispersed phase, hence they are not readily
detected by the spectrometer. The intensity of peak 1 decreases upon increasing A
indicating that the contribution of restricted diffusion of the droplets to the total
diffusion spectrum decreases. By 60 ms peak 1 can no longer be detected as it
now lies below the detection limit of the instrument (~1 x 10™* m?s™).

In Figure 5.4 is shown the plot of the product DA versus A for the middle peak

(number 2) centred at ~1.5 x 107" m? s in the diffusion spectrum (Figure 5.2).
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Figure 5.4. Plot of the product DA as a function of A for the low end tail, D, maximum,
Dmax and high end tail, Dyign , 0f the middle peak (Figure 5.2, number 2) of the toluene
diffusion spectrum obtained for a fresh 40 wt% toluene sample.

The product DA is an increasing function of A for all components of peak 2,
indicating that this peak is predominantly due to unrestricted diffusion for all
values of A. Using the SLS droplet size distribution coupled with the Stokes-
Einstein equation for A = 20 ms, peak 2 corresponds to the unrestricted diffusion
of oil swollen micelles (10-30 nm, D = 1.5 to 4 x 107 m? s™, high end tail of the
peak) as well as the unrestricted diffusion of the small droplets between 35 and 60
nm diameter (remainder of the peak). Upon increasing A above 20 ms, peak 2
broadens slightly at the lower diffusion coefficient end. This broadening is mainly
attributed to the inverse Laplace transform process rather than having a physical
origin. With peak 1 shifting to the left upon increasing A due to restricted
diffusion of the largest droplets, peak 2 becomes more distinguished and shows
the full range of diffusion coefficients associated with pure unrestricted diffusion.
Hence, at A = 60 ms, the true low end tail of peak 2 is shown at ~2.4 x 102 m® s~
! indicating that it represents the unrestricted diffusion of oil swollen micelles and

droplets up to ~0.2 um. These data indicate that the diffusion of droplets smaller
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than ~0.2 um is unrestricted, which is in agreement with the value of the mean
interdroplet spacing determined previously (<Zinterdropler™> = 0.16 £ 0.03 pum).

For A > 60 ms, peak 2 progressively narrows around the median value of D = (1.5
+0.3) x 10 m? 57! reflecting the slow transition of the echo attenuation from a
multiexponential decay to a single exponential decay (Figure 5.1). However, even
at Aswitch = 1.3 S, when the attenuation decays as a single exponential function of
gradient strength, the inverse Laplace transform artificially broadens the peak.
That is, the inverse Laplace transform never provides a single delta function. For
example, a broad distribution of diffusion coefficients is obtained even for pure

water.

5.3. Effect of oil concentration

The effect of oil content on the emulsion microstructure and dynamics in the
toluene/Triton X-100/water ternary system was monitored by varying the oil
concentration from 5 to 70 wt% while maintaining an oil-to-surfactant weight
ratio of 5:1. Oil concentration did not affect the droplet size distribution from 5 to
55 wt% toluene as evidenced by SLS (Figure 4.1), hence only the droplet
concentration increased. As opposed to laser scanning confocal microscopy and
cryo-SEM, PFG-NMR experiments evidenced a significant effect on the echo
attenuation of the oil signal, the value of the motional averaging of the oil
diffusion and the time scale of the oil exchange (Aswitch) UpON increasing toluene
content.

In Figure 5.5 are highlighted the first few data points of the echo attenuation of
the oil signal (fast diffusing portion, see Figure 5.1) when the echo attenuation
remains unchanged, i.e. for A > Agyitch, for emulsions prepared between 5 and 55

wt% toluene.
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Figure 5.5. Fast diffusing portion of the echo attenuation of the oil signal above Agytcn for
emulsion samples prepared with toluene between 5 and 55 wt%. Lines to guide eyes only.

As mentioned in chapter 4, the fast diffusing part of the echo attenuation indicates
the presence of toluene molecules diffusing freely in the aqueous continuous
phase of the emulsions as toluene is partially soluble in water. For toluene
concentrations between 5 and 55 wt%, the contribution of the unrestricted
diffusion of toluene molecules in the continuous phase relative to the total
attenuation data decreases upon increasing oil content, i.e. upon decreasing the
volume fraction of continuous phase (Figure 5.5). The decrease is linear between
5 and ~25 wt% oil but becomes non linear between ~30 and ~55 wt% due to the
reduction of the number of data points leading to a higher uncertainty associated
with the quantitative data extracted from the inverse Laplace transform. At very
high toluene concentration, from ~65 to 70 wt%, this fast diffusing contribution
totally disappears.

The diffusion coefficients associated with the unrestricted motion of the toluene
molecules dissolved in the continuous phase were estimated using an inverse

Laplace transform and these are given in Table 5.1.
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Oil concentration (Wt%) | (D +0.1) x 10° m?s™
5 2.3
10 2.3
15 2.3
20 2.3
25 2.3
30 1.6
35 1.8
40 1.6
45 1.6
50 1.8
95 1.3
60 1.0
65 None
70 None

Table 5.1. Diffusion coefficient of toluene molecules dissolved in the aqueous continuous
phase as a function of oil concentration between 5 and 70 wt% obtained using an inverse
Laplace transform.

The diffusion coefficient of pure toluene dissolved directly in the continuous
phase is a decreasing function of oil concentration spanning from ~1 to ~2.3 x 10™
¥ m? s7%. This is mainly caused by obstruction effects of the surrounding droplets,
i.e. toluene molecules dissolved in the continuous phase are forced to move
around the droplets, which slows them down. As the number of droplets increases
with oil concentration so does the system tortuosity leading to a decreasing
apparent diffusion coefficient of the toluene molecules (Eqg. 3.14). Obstruction
effects of oil droplets similarly lead to a decrease of the apparent diffusion
coefficient associated with the unrestricted diffusion of the water molecules [40].
Additionally, the echo attenuation of the oil signal above Agwiwch, 1.6. When
motional averaging of the oil diffusion is measured, is also affected by toluene
concentration (Figure 5.6 and Figure 5.7).
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Figure 5.6. Diffusion echo attenuation of the oil signal above Ayt (Single exponential decay)
for emulsion samples prepared with toluene between 5 and 70 wt%b.
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Figure 5.7. Motional averaging of the oil diffusion versus oil concentration between 5 and 70
wt% for fresh toluene/Triton X-100/water emulsions.
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From 5 to 70 wt% toluene, the motional averaging estimated from the inverse
Laplace transforms varies between (1.3 + 0.3) x 10 and (1.0 + 0.5) x 107*° m?
st (Figure 5.7).

From 5 to ~55 wt% toluene, the value of the motional averaging is, within
uncertainty, independent of oil concentration with an average value of D = (1.5 =
0.1) x 10 m? s! despite the droplets having the same size over the entire
concentration range (Figure 4.1). Since the motional averaging is proportional to
the mean square displacement of the oil phase over the duration A, upon
increasing the droplet concentration and the frequency of collisions, individual oil
molecules are expected to exchange, on average, a larger number of times over
the same duration, leading to the motional averaging of the oil diffusion being an
increasing function of toluene concentration. Since this is not observed, oil
exchange must be reduced, i.e. exchange becomes more difficult upon increasing
oil concentration. The increase of the droplet encounter frequency is balanced by
a more rigid interfacial domain at higher oil content resulting in the motional
averaging remaining approximately constant upon increasing oil concentration.
Between ~60 and 70 wt% oil, the steep increase of the motional averaging value
from (3.2 £ 0.5) x 10™ to (1.0 + 0.5) x 10 m?*s 7 is related to the 60 % increase
of the mean droplet size as compared with the more dilute samples (Figure 4.1)
thereby increasing the contribution of oil diffusion within a single droplet before
exchanging. That is, larger oil droplets correlate to a longer distance travelled by
oil molecules within these droplets during oil exchange leading to a faster
motional averaging value.

The evolution of the diffusion spectrum of the dispersed oil phase is now
considered upon increasing the observation time, A, for times shorter than Asuitch,
i.e. before oil exchange is detected. Here, the polydispersity of the droplets and oil
swollen micelles is probed (Figure 5.8 and Figure 5.10)
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Figure 5.8. Diffusion spectra of the oil signal for emulsions prepared with toluene between 15
and 65 wt% toluene, A = 40 ms.

For A = 40 ms, upon increasing oil concentration from 15 to 65 wt%, the
amplitude of the peak corresponding to the fastest diffusion, centered between
~1.0 x 10° and ~2.3 x 10 m? s and attributed to the unrestricted diffusion of
toluene molecules in the continuous phase, is reduced until it totally disappears
from 65 wt% oil as discussed earlier (see Figure 5.5 and Table 5.1).

The position of the peak corresponding to the slowest diffusion, centered at ~4.0
x 10 m?s™ and associated with the restricted diffusion of the droplets between
~0.3 and ~0.5 um diameter (see section 5.2), remains unchanged from 15 to ~60
wt% toluene. Upon increasing concentration, the spacing between the droplets
decreases and restriction becomes enhanced. This should result in the peak
corresponding to the slowest diffusion being shifted to the left from 15 to ~60
wt% toluene. Because the peak corresponding to the slowest diffusion is close to
the spectrometer detection limit (~1 x 10™* m?s™) and is of very low intensity
relative to the other peaks, what is observed is that between ~55 and ~60 wt% oil,
the peak corresponding to the slowest diffusion is slightly shifted to higher
diffusion coefficients due to the decrease of the contribution of the restricted
diffusion of the droplets (droplets larger than ~0.5 um are no longer detected) and

the concomitant increase of the contribution of the restricted diffusion of oil
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molecules within droplets between ~0.3 and ~1 um in diameter (Eq. 3.15). The
detection of the restricted diffusion of the oil molecules within the droplets is in
agreement with the SLS data since the volume fraction of droplets between ~0.5
and 3 um diameter increases from ~60 wt% toluene (Figure 4.1).

Moving on to emulsions prepared with toluene between ~65 and 70 wt%, there is
no peak in the diffusion range of ~10™ m? s™ meaning that the diffusion
associated with the restricted diffusion of droplets larger than ~0.3 um is too slow
to be detected at A =40 ms in these highly packed samples.

The product DA for all the components of the peak associated with slowest
diffusion, centered now at ~3.0 x 107 m?s™, is an increasing function of A
(Figure 5.9) indicating that the smallest droplets still undergo unrestricted
diffusion since their diameter is smaller than the mean interdroplet spacing. Using
the Stokes-Einstein equation (Eg. 3.4), the unrestricted diffusion contribution to
this peak pertains to droplets between ~40 nm and ~0.4 um diameter for a 65 wt%

toluene emulsion.
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Figure 5.9. Plot of the product DA as a function of A for the low end tail, D, maximum,
Dmax and high end tail, Dign, Of the peak associated with slowest diffusion in the toluene
diffusion spectrum obtained for a fresh 65 wt% toluene sample.
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Despite the product DA being an increasing function of the observation time, A,
the peak corresponding to the slowest diffusion does shift to slower diffusion
coefficient values upon increasing A from 60 to 400 ms as illustrated by the
decrease of the slope in the plot DA vs A (Figure 5.9). This means that restricted
diffusion is also measured, corresponding to oil molecules diffusing within
droplets of ~0.7 to ~3 um diameter (Eg. 3.15) but is a minor contribution to the
overall peak intensity.

Moving on to the analysis of the middle peak for A = 40 ms (Figure 5.8), between
15 and ~55 wt% toluene, it is centered at ~1.5 x 10" m? s and represents the
unrestricted diffusion of oil swollen micelles and droplets up to ~0.2 um. Note
that the high end tail of this middle peak shifts to faster diffusion coefficients
upon increasing oil content because the peak corresponding to the fastest
diffusion, attributed to the unrestricted diffusion of toluene molecules in the
continuous phase, moves simultaneously to slower diffusion coefficients as a
result of the obstruction effects imposed by the presence of the droplets. When
two peaks are separated by less than an order of magnitude, a part of one peak
may be transferred to the other peak during the inverse Laplace transform, hence
boundaries and intensities are often misweighted.

Upon increasing oil concentration to 60 wt%, the inverse Laplace artifact is so
significant that the whole middle peak moves to faster diffusion coefficient values
with a concurrent increase of amplitude. From 65 wt% oil, the peak associated
with fastest diffusion has totally been incorporated into the middle peak to form
one single peak. On a first approach, one could think of the detection of the
restricted diffusion of oil molecules within very large droplets instead of an
inverse Laplace artifact to account for the shift of the middle peak to the right but
this would correspond to diffusion within droplets as large as 12 um diameter for
a 65 wt% toluene sample (Eqg. 3.15). This does not account for the SLS data
which do not indicate the presence of such large droplets until ~6 h post
emulsification. Moreover, the product DA for the middle peak between ~60 and
70 wt% is an increasing function of A, which points out that unrestricted diffusion
is still the main contributor of the peak. As such, between ~60 and 70 wt% oil, the

middle peak mainly represents the unrestricted diffusion in the continuous phase
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of both oil swollen micelles (10-30 nm diameter) and a portion of the toluene
molecules.

Upon increasing A to 60 ms, the diffusion coefficients corresponding to the
restricted diffusion of the droplets themselves are too slow to be detected except

for the lowest toluene concentration of 15 wt% (Figure 5.10)
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Figure 5.10. Diffusion spectra of the oil signal for emulsions prepared with toluene between
15 and 65 wt%, A = 60 ms. The fast diffusing peaks for both the 15 and 25 wt% oil samples
have been cut for better visualization of the remaining peaks.

From ~25 to ~50 wt% toluene, the motion of the dispersed oil phase is
represented by a single peak centered at ~1.0 x 10! m?s™ for A = 60 ms (Figure
5.10) including the unrestricted diffusion of the oil swollen micelles and droplets
up to ~0.15 um (see section 5.2).

From 55 to 65 wt% toluene, the further shift of the peak corresponding to the
fastest diffusion to slower diffusion coefficients led to the separation of the
middle peak into two distinct peaks. As such, the contribution of the unrestricted
diffusion of the smallest droplets (~40 nm - 0.4 um) coupled to the restricted

diffusion of oil molecules within the largest droplets (~0.7 to 3 um) become fully
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distinguished from that of the unrestricted diffusion of both the oil swollen
micelles and a portion of the toluene molecules in the continuous phase.

For toluene between 5 and ~50 wt%, the single diffusion peak progressively
narrows upon further increasing A until motional averaging of the oil diffusion is
measured. The process is slower between ~55 and 70 wt% oil, i.e. the peak
corresponding to the slowest diffusion continuously disappears before the middle
peak progressively narrows. Thus, based on a qualitative analysis of the diffusion
spectrum upon increasing A at very high oil content (55 — 70 wt%), the transition
from a multiexponential decay, when the individual droplet and molecule motions
are probed, to the motional averaging of the diffusion, occurs on a longer time
scale compared with the more diluted emulsions (5 — 55 wt%).

Taking a more quantitative approach, the plot of the switching time Aswitch Versus
oil concentration (Figure 5.11) stresses that the timescale of the oil exchange
between emulsion droplets is affected by the toluene concentration between 5 and
70 wt%.
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Figure 5.11. NMR switching time Aqyitch Versus oil concentration for fresh toluene/Triton X-
100/water emulsions prepared between 5 and 70 wt%o toluene.

Firstly, the time scale of the oil exchange, i.e. Aswitch, IS @n increasing function of

oil concentration, varying from ~300 ms to ~3 s. Upon increasing oil
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concentration from 5 to ~55 wt% oil, without concomitantly changing the droplet
size (see SLS data, Figure 4.1), the droplets must be closer to each other due to
the increased number of droplets present in the sample. This should lead to the
switching time Aswitch being a decreasing function of concentration as opposed to
the increasing function observed, since droplets will encounter each other on
average more frequently in more highly concentrated samples, hence all other
things being equal, oil transfer should be facilitated. The fact that the switching
time Agitch 1S an increasing function of concentration although the size
distribution is identical and the droplets are closer to each other indicates that the
characteristics of the emulsifier thin film, i.e. droplet-droplet and water-
emulsifier-oil interactions must be modified in this system upon varying oil
concentration. Since Aswitch measures the ease with which the oil exchange process
occurs, it must depend on the properties of the interfacial domain.

Despite maintaining a 1:5 surfactant-to-oil weight ratio and the same droplet size
distribution, three concentration domains have been previously identified within
the toluene concentration range of 5 to 55 wt% [41]. These three domains are a
low-oil content dispersed droplet O/W emulsion between 5 and ~25 wt% toluene,
a transition domain between ~25 and ~35 wt% toluene where a bicontinuous
microstructure can be stabilised at low energy input, using a vortex mixer, for 30
wt% oil [40] and a high-oil content dispersed droplet O/W emulsion between ~35
and ~55 wt% toluene. The low-oil content and high-oil content regions show
vastly different characteristics in terms of macroscopic phase separation
behaviour (detailed in chapter 6) and response to energy input [41] suggesting
that the properties of the interfacial domain, such as the degree of surfactant
packing at the oil/water interface, must be different in the two regions.

At very high toluene content, between ~60 and 70 wt% toluene, a fourth
concentration domain identified as a closed-cell biliquid foam superposed on a
dispersed droplet O/W has been previously investigated by Liu and coworkers
[40]. From Figure 5.11, a sharp increase of the switching time is observed from
~1.3 (60 wt%) to ~3 s (70 wt%). Several processes might contribute to this longer
time scale of the oil exchange compared to the more dilute emulsions since Aswitch
depends on both the rate of droplet diffusion and the properties of the interfacial
domain. The glassy structure of the closed-cell foam oil domains [40]
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considerably hinders the oil exchange process by providing a rigid interface and
the larger mean size of the oil droplets (Figure 4.1) leads to a slower average
droplet motion, hence the reduction of the rate of oil exchange. Finally, such a
high droplet packing must decrease the frequency of collisions, one droplet being
able to collide only with its close neighbours.

5.4. Addition of background electrolyte

Emulsion droplets carry a net charge even in the presence of a nonionic surfactant
such as Triton X-100 due to the adsorption of ions from the aqueous continuous
phase (mainly OH™ and H3O" ions for MilliQ water). Cations are more strongly
hydrated in bulk solution and so compete less effectively for surface sites than the
more weakly hydrated anions so preferential adsorption of anions usually leads to
a net negative charge on emulsion droplets. The negative charge at the surface of
oil droplets in toluene/Triton X-100/water emulsions was confirmed by
measuring the zeta potential of the droplets, i.e. the surface charge, upon varying
oil concentration using a Zetasizer nano-ZS from Malvern Instruments (section
3.4.2). Emulsions were placed in a folded capillary cell after being diluted 10, 40,
100 and 200 times for samples containing 5, 15, 40 and 55 wt% toluene,
respectively. The voltage applied was 148 V. The refractive index and absorption
coefficient of the dispersed phase were taken as 1.390 and 0.001, respectively.
The dispersant viscosity (0.8872 cP for water) was taken as the sample viscosity.
The zeta potential was calculated using the Smoluchowski model (f(K,) = 1.5)
(section 3.4.7.2).

The zeta potential values in Table 5.2 confirm that toluene/Triton X-100/water
emulsion droplets carry a small negative charge which is independent of oil
concentration between 5 and 55 wt% toluene. The mean zeta potential is —9.55 +
4 mV indicating that the stability of the droplets via electrostatic repulsion is, as
expected, weak since || < 30 mV is considered as a too weak charge to have a

significant effect on emulsion stability via electrostatic repulsion.
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Oil concentration wt% |5 15 40 55
Epotential / mV -8.75 -11.7 -8.10 —9.66

Table 5.2. Measurement of the zeta potential of emulsions prepared with 5, 15, 40 and 55
wt% toluene.

In order to assess the effect of salt on the dynamics of toluene/Triton X-100/water
emulsions, NaCl was solubilised in the aqueous phase of a 15 wt% toluene
emulsion at various concentrations prior to emulsification. For four different
electrolyte concentrations between 8.3 x 107 and 4.1 x 10~ mol L™, the zeta

potential of the droplets was measured (Table 5.3).

Celectroyte /| O 83x10° [25x10* [41x10" |4.1x107
mol L
Enact | MV ~11.7+0.8 | -10.640.7 | -9.5+0.6 |-8.6+0.9 | -5.940.8

Table 5.3. Zeta potential of a 15 wt% toluene emulsion upon addition of NaCl at various
concentrations between 8.3 x 107° and 4.1 x 10~° mol L™

From Table 5.3, it appears that the absolute value of the zeta potential for a 15
wt% toluene emulsion is a decreasing function of electrolyte concentration
between 8.3 x 10 and 4.1 x 10~ mol L™ This result is consistent with the
electrical double layer model from Stern (section 2.3.2) which suggests that in the
presence of electrolyte in the vicinity of negatively charged oil droplets (§ =
—11.7 + 0.8 mV without electrolyte, Table 5.3), cations (Na* in our experiments)
act as counterions within the Stern and diffuse layers to maintain electroneutrality
(Figure 2.7). As such, the charge at the droplet surface must decrease in absolute
value upon increasing electrolyte concentration. The zeta potential absolute value
decreases from 10.6 to 5.9 mV upon increasing electrolyte concentration between
8.3 x 10 and 4.1 x 10 mol L™, i.e. the zeta potential absolute values remain
smaller than ~30 mV, which indicates that electrostatic repulsive forces are still
negligible with respect to the stability of these emulsions.

In PFG-NMR experiments, an effect of NaCl addition on the oil exchange process
was detected. A switch between a single exponential and a multiexponential
decay of the echo attenuation as a function of the gradient strength was still
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measured in the presence of NaCl but the time scale of oil exchange (Aswitch) Was

altered upon varying electrolyte concentration (Table 5.4).

Celectroyte /| O 83x10° [25x10* [41x10" |4.1x107
mol L
AswitchNac1 | S 0.8 0.8 >3 1.8 1

Table 5.4. NMR switching time between a single and a multiexponential decay of the echo
attenuation of the oil signal for a 15 wt% toluene emulsion upon addition of NaCl between
8.3x 10°and 4.1x 10~ mol L™

In the absence of background electrolyte, the NMR switching time Agwitenh for a
toluene/Triton X-100/water emulsion prepared with 15 wt% toluene is ~800 ms
(Table 5.4). In the presence of NaCl at a concentration of ~8.3 x 10™° mol L™, no
change in the switching time was observed whereas upon increasing the salt
concentration to ~2.5 x 10 mol L™, no motional averaging of the oil diffusion
was detected for values of the observation time, A, up to ~3 s (upper limit of the
pulse sequence). Above this concentration, the switching time decreased passing
through ~1.8 s for a sodium chloride concentration of ~4.1 x 10~* mol L *down to
~1.0 s for a concentration of ~4.1 x 10~ mol L™

The addition of background electrolyte at low concentration may induce a
stabilising effect against oil exchange between emulsion droplets by acting as a
mechanical barrier, hence the observed increase of the time scale of oil exchange
to times longer than ~3 s. Upon further increasing electrolyte concentration above
~2.5 x 10~ mol L%, the corresponding decrease of the surface charge (Table 5.3)
may be enough to counter the steric repulsive effect of the NaCl adsorption layer,
hence the observed decrease of Aswitch back to values comparable to that measured

in the absence of electrolyte.

5.5. Discussion

The kinetics of the oil exchange occurring between emulsion droplets of the
ternary system toluene/Triton X-100/water have been monitored using PFG-
NMR. The time scale of oil exchange, determined by the switch between a
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multiexponential and a single exponential decay of the echo attenuation as a
function of gradient strength and defined as Aswitch, Spanned from ~300 ms to ~3 s
depending on oil concentration. In the literature, several workers have measured
the time scale of oil exchange occurring between microemulsion droplets (~1 to
~30 nm diameter) using mainly fluorescence quenching experiments, i.e. a probe
and a fluorescence quencher are confined within droplets of separately prepared
microemulsions and the rate-determining step of the fluorescence quenching is
the exchange between droplets. They report oil exchange arising from the
reversible coalescence of the microemulsion droplets occurring with time scales
spanning from a few microseconds to a few milliseconds for both O/W
microemulsions stabilised by nonionic surfactants [91, 99] and W/O
microemulsions stabilised by ionic surfactants [80]. Similar time scales have been
experimentally determined considering an oil exchange between microemulsion
droplets via oil permeation upon droplet collision [100].

In kinetically stabilised emulsion systems, Taisne and Cabane probed an oil
exchange following a temperature quench leading to droplet growth and occurring
via oil permeation upon droplet collision on the timescale of minutes [89]. The
time constant of the exchange spanned from ~2 min at 26°C to ~20 min at 20°C
(oil volume fraction of 0.2). Thus, the range of time scales of the oil exchange
probed in our toluene/Triton X-100/Awvater emulsion system is consistent with that
found in the literature, i.e. oil exchange occurs more slowly in emulsions than in
microemulsions due to a larger mean droplet size that leads to a slower mean
droplet motion based on the Stokes-Einstein equation (Eq. 3.4). To date, the time
scale of oil exchange occurring in an emulsion system via droplet contact (oil
permeation upon collision or reversible coalescence of the droplets) with no
concomitant droplet growth has not been reported.

Furthermore, the effect of droplet size on the rate of oil exchange was also
evidenced in our system upon varying toluene concentration. The analysis of the
diffusion spectrum and the SLS data both confirmed that the volume fraction of
droplets between ~0.5 and 3 um increased above ~55 wt% leading to a larger
motional averaging value of the oil diffusion and a much longer time scale of the
oil exchange (Aswitcn). In addition to droplet size, the time scale of oil exchange

depends on the mean interdroplet spacing as the frequency of collisions increases
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with droplet concentration leading to faster kinetics of the oil exchange process
[91, 94, 101]. In our emulsion system, the increase of the droplet collision
frequency was countered by the modification of the properties of the interfacial
domain with respect to oil exchange upon increasing droplet concentration as
evidenced by the motional averaging of the oil diffusion being independent of oil
concentration between 5 and ~55 wt%.

The properties of the interfacial thin film such as the surfactant rigidity, the
surfactant chain length, the degree of surfactant packing at the oil/water interface
or the presence of adsorbed ions at the interface are of fundamental importance in
defining the time scale of oil exchange. The surfactant molecular bending
elasticity is proportional to the activation energy of hole nucleation [102], which
iIs a rate-determining step for oil exchange occurring via either reversible
coalescence of the droplets or oil permeation upon droplet collision [78, 90].
Therefore, it is expected that the rate of oil exchange is a decreasing function of
the surfactant molecular bending elasticity as determined experimentally by
Fletcher and Horsup [94]. The surfactant chain length significantly affects the rate
of surfactant desorption upon hole formation [103], hence the rate of oil exchange
should be a decreasing function of surfactant chain length as confirmed
experimentally by Jada et al. [92].

The addition of a cosurfactant such as benzyl alcohol or hexanol residing at the
oil/water interface may interfere with the stabilising interactions between
surfactant molecules (e.g. AOT), hence increasing the rate of exchange [100]. The
presence of cosurfactant can also alter the rate of exchange by swelling the
surfactant head group more than the surfactant tail favouring a less negative (W/O
emulsions) or more positive (O/W emulsions) spontaneous curvature of the
surfactant film, hence facilitating (W/O emulsions) or hindering (O/W emulsions)
oil exchange since hole formation is always coupled with the surfactant molecules
being forced to adopt a curvature of opposite sign around the hole [80]. In O/W
emulsions this means the surfactant molecules must adopt a local highly negative
curvature around the hole as the tail region is locally expanded and the head
region is locally compressed (Figure 5.12).
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Compressed head region

Expanded tail region

Figure 5.12. Hole nucleation in an O/W emulsion.

Upon varying oil concentration from 5 to ~55 wt% in the toluene/Triton X-
100/water system while maintaining the same droplet size distribution and a
constant oil-to-surfactant weight ratio, the degree of surfactant packing at the
toluene/water interface, other controlling parameters (energy input, method of
formulation, temperature and nature of the constituents) being equal, is believed
to be an increasing function of oil concentration, leading to a more rigid interface
via enhanced steric stabilization. This accounts for the time scale of oil exchange
(Aswitcn) being an increasing function of oil concentration despite the droplets
being closer to each other.

The addition of salt ions causes the dehydration of the surfactant polar head
groups in either O/W and W/O emulsions, resulting in the decrease of both the
effective head group volume and the distance between the head groups [90]. The
decrease of the spacing between the surfactant head groups while maintaining the
same distance between the surfactant tails leads to a less positive equilibrium
curvature of the surfactant layer [104]. According to Kabalnov and Wennerstrom
[78], the rate of hole nucleation in O/W emulsions is proportional to the energy
barrier for the formation of local negative curvatures. As such, the addition of salt
in toluene/Triton X-100/water emulsions decreases the energy cost for hole
nucleation, which should facilitate oil exchange. Several investigations indicate
that the rate of oil exchange decreases upon increasing the ionic strength in both
O/W and W/O emulsion systems [86, 89, 100]. The decrease of the energy barrier
for oil exchange may be countered by the steric barrier formed by the salt ions
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bound to the surfactant thin film. These steric repulsive forces augment the
rigidity of the interfacial domain with regard to oil transfer.

On the other hand, our PFG-NMR data upon varying the observation time, A, are
similar to those obtained in porous systems where a fluid is able to flow within
interconnected pores. When restricted diffusion is probed, the plot of D(t)/Do,
where D(t) is the time dependent diffusion coefficient of the fluid and Dy is the
bulk diffusion coefficient, is a decreasing function of the observation time, A,
[105]. At short A values the diffusion coefficient is proportional to the surface-to-
volume ratio of the pore space [106, 107] whereas at long observation times, the
plot of D(t)/Dy versus A follows an asymptote which is proportional to the inverse
of the system tortuosity (Figure 5.13) [108-111].
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Figure 5.13. Time-dependent normalised diffusion coefficient for thermally polarised xenon
gas imbibed in randomly packed spherical glass beads taken from reference [111]. Beads
have uniform diameters, b, of 0.5, 1, 2 and 4 mm. The gas diffusion coefficient in the porous
medium is normalised to the gas bulk diffusion coefficient D,. The normalised diffusion
length is defined as (1/b)(Dot)".

In toluene/Triton X-100/water emulsions, a similar trend is observed for the
diffusion of the largest droplets which is restricted by the presence of other
droplets for observation times comprised between ~20 and ~50 ms (Figure 5.2
and Figure 5.3). In Figure 5.14 is plotted the apparent diffusion coefficient
associated with the peak corresponding to the slowest diffusion of the spectrum
(maximum of peak 1, Figure 5.2) as a function of the square root of the NMR

observation time, A, for a 40 wt% toluene emulsion. The range of observation
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times when restricted diffusion is detected is too limited (instrument limitations
on both the short and long sides) to explore this fully. However, the long time
limit lies around D = 1.0 x 10~ m?s™*, which is two orders of magnitude smaller
than the measured motional averaging of the oil diffusion (D = (1.5 + 0.3) x 107!
m? s for a 40 wt% toluene sample). Therefore, the motional averaging detected

in our system cannot be related to a porous medium effect.
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Figure 5.14. Apparent diffusion coefficient associated with the restricted diffusion of the

largest droplets as a function of the NMR observation time, A, for a 40 wt%o toluene
emulsion.

5.6. Conclusion

In conclusion, the time scale of the oil exchange occurring between droplets of
toluene/Triton X-100/water emulsions was determined using PFG-NMR,
spanning from ~300 ms to ~3 s. The switching time, Aswitch, defines the time of
the switch between a multiexponential decay, where the emulsion polydispersity
is probed, and a single exponential decay of the echo attenuation as a function of
the gradient strength, when motional averaging of the oil diffusion is detected, i.e.
oil exchange occurs on a time scale faster than Aswitch.

Analysis of the diffusion spectrum extracted from the multiexponential decay

attenuation data via an inverse Laplace transform suggests the presence of toluene
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molecules and oil swollen micelles (10 — 30 nm diameter) freely diffusing in the
aqueous continuous phase. Also, both the diffusion spectrum and the SLS data
indicate an increase of the volume fraction of droplets between ~0.5 and 3 um
diameter upon increasing toluene concentration above ~55 wt%. This results in
the corresponding increase of the motional averaging value of the oil diffusion,
which is proportional to the average distance travelled by oil molecules during oil
exchange, as well as a steep increase of the time scale of oil exchange.

Moreover, the effect of the properties of the interfacial domain on the kinetics of
oil exchange was probed upon varying toluene concentration from 5 to ~55 wt%
and through the addition of background electrolyte in the continuous phase before
emulsification. The increase of the surfactant packing at the oil/water interface
upon increasing toluene concentration from 5 to 55 wt% accounts for the
concomittant increase of the time scale of oil exchange (Aswitcn) Since the droplet
size and the oil-to-surfactant weight ratio remain unchanged whereas the droplets
become more concentrated. The variation of the interfacial domain rigidity upon
increasing oil content from 5 to ~55 wt% is consistent with the previous
identification of three concentration domains including a low-oil content
dispersed droplet O/W emulsion between 5 and ~25 wt% oil, a transition domain
between ~25 and ~35 wt% oil and a high-oil content dispersed droplet O/W
emulsion between ~35 and ~55 wt% oil [41].

Finally, the time scale of oil exchange could be manipulated by the addition of a
background electrolyte such as NaCl. The binding of the Na’ ions to the
surfactant layer resulted in the decrease of the rate of exchange due the increase
of the steric repulsive forces.
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Chapter 6 Ageing of toluene/Triton X-
100/water emulsions

6.1. Introduction

As Kkinetically stabilised systems, the microstructure and dynamics of emulsions
change with time. For any given system, droplets grow at a rate which depends on
the composition of the constituents, the initial droplet size distribution and the
droplet concentration as well as the properties of the interfacial domain
controlling the mutual interactions between oil, emulsifier and water. Once a
critical mean droplet size is reached upon ageing, emulsions macroscopically
phase separate into a more concentrated emulsion (an O/W for the toluene/Triton
X-100/water system), an expelled oil phase on the top and an expelled aqueous
phase at the bottom. This continues until total phase separation into isolated oil
and water domains, representing the equilibrium state of the system, occurs.

The investigation of emulsion ageing including how the droplet size distribution,
the rate of droplet growth and the dynamics of the oil phase vary with time and oil
concentration gives us an insight into the characteristics of the interfacial domain
in toluene/Triton X-100/water emulsions.

In a system destabilizing mainly via coalescence and where the properties of the
surfactant layer as well as the droplet size remain unchanged upon increasing oil
concentration, the rate of droplet growth is expected to be an increasing function
of the droplet collision frequency. Based on the macroscopic phase separation,
light scattering and PFG-NMR ageing data of toluene/Triton X-100/water
emulsions, the rate of coalescence is reported to be a decreasing function of the
droplet encounter frequency. One way to explain this outcome is to consider the
augmentation of the surfactant packing at the oil/water interface upon increasing

oil content.
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6.2. Macroscopic phase separation

In the previous chapter, the existence of four concentration domains was
highlighted, including a low-oil content region between 5 and ~25 wt% toluene, a
high-oil content region between ~35 and ~55 wt% toluene, a transition region
between ~25 and ~35 wt% oil and a closed-cell foam region between ~55 and 70
wt% [41]. Macroscopic phase separation experiments were performed with
respect to the aqueous phase containing water as well as toluene molecules and
toluene swollen micelles dissolved in the continuous phase. The phase separation
data upon increasing toluene concentration from 5 to 70 wt% are shown in Figure
6.1 (not all concentrations are shown for clarity).
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Figure 6.1. Amount of aqueous phase expelled as a function of time for toluene/Triton X-
100/water emulsions prepared with toluene between 5 and 70 wt%.

0 50

For the highest toluene concentration of 70 wt%, no macroscopic phase
separation is detected until ~18 days (432 h, 0.3 % water is expelled) after
emulsification (Figure 6.1). This is due to the sample’s low water volume fraction
(16.5%), the sample’s gel-like characteristics, which keeps the water phase
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trapped and the high stability of the interfacial domain due to the reduction of the
Laplace pressure and the formation of Plateau borders and indices [40].

The four separate emulsion domains are readily distinguished in this experiment.
Three groups corresponding to the low-oil content, high-oil content and transition
regions can be distinguished with respect to

1) the time corresponding to the beginning of the phase separation,

2) the duration of the initial fast phase separation, i.e. that corresponding to a
steep increase in the amount of expelled phase is observed,

3) the time tyaiic at which the phase separation considerably slows down, i.e. when
the amount of expelled phase remains reasonably constant and

4) the rate of macroscopic phase separation.

Given the droplet size distribution of toluene/Triton X-100/water emulsions
remains unchanged from 5 to 55 wt% toluene (Figure 4.1), the four parameters
mentioned above mainly depend on the droplet concentration and the surfactant
packing at the oil/water interface. Above 60 wt% toluene, the increase of the
mean droplet size (Figure 4.1) is expected to accelerate the destabilization process
as larger droplets grow faster than smaller droplets due to a larger surface contact
area with their neighbours.

For the subset of emulsions prepared with toluene between 40 and 65 wt%, the
plot of the amount of expelled aqueous phase versus time is shown in Figure 6.2
and the corresponding characteristic times are given in Table 6.1.
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Figure 6.2. Amount of aqueous phase expelled as a function of time for toluene/Triton X-
100/water emulsions prepared with toluene between 40 and 65 wt%o.

Toluene tstart of phase separation tsatic (£ 2)/ h Extent of phase
concentration / (x2)/h separation at teatic /
wt% %
40 10 480 61
45 11 460 48
50 7 432 42
55 10 400 35
60 9 383 30
65 8 320 24

Table 6.1. Characteristic times and amount of expelled aqueous phase during the
macroscopic phase separation process for emulsions between 40 and 65 wt% toluene.

The time, tsaic, taken to reach a nearly constant amount of expelled aqueous

phase, i.e.

when most of the phase separation process has proceeded, is a

decreasing function of oil concentration for samples within the high-oil content

domain in addition to those emulsions containing 60 to 65 wt% toluene (Table

6.1). This trend is expected since the time taken to reach the same extent of phase
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separation associated with a specific mean droplet size is proportional to droplet
collision frequency or droplet concentration.

In contrast, both the time at which macroscopic phase separation is detected,
spanning from ~7 to ~11 h post emulsification (Table 6.1), and the time of the
initial rapid phase separation (steep increase of the amount of expelled aqueous
phase around 24 h, Figure 6.2) are independent of oil concentration. However the
critical droplet size activating macroscopic phase separation is expected to be
reached more rapidly upon decreasing the interdroplet spacing and increasing
droplet concentration in a system where the oil-to-surfactant weight ratio is
maintained, i.e. the interfacial domain properties are equal. However, this
observation is in agreement with the data presented in chapter 5 considering the
time scale of the oil exchange process (NMR switching time, Asitcn) between
emulsion droplets upon increasing oil concentration (Figure 5.11). The decrease
of the rate of oil exchange upon increasing droplet concentration suggests that the
rigidity of the surfactant thin film, imposed by the surfactant packing at the
oil/water interface, rises with oil content despite the constant oil-to-surfactant
weight ratio. The fact that macroscopic phase separation, induced by a critical
mean droplet size, occurs at a time that is independent, as opposed to being a
decreasing function, of oil concentration from 40 to 65 wt% toluene further
supports this conclusion.

The phase separation data were normalised with respect to the extent of expelled
aqueous phase at tgaic (Figure 6.3). All data conform to a single curve indicating
that the rate of phase separation is independent of oil concentration from 40 to 65
wt% as opposed to being proportional to droplet concentration and to the initial
mean droplet size (the mean droplet size increases by 60 % from 60 wt% toluene,
Figure 4.1). Similarly, the observed trend of the rate of phase separation as a
function of oil content corroborates the idea of an increase of the surfactant
packing with oil concentration within the high-oil content region.
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Figure 6.3. Volume fraction of expelled aqueous phase normalised to the limiting value
measured at ty,yc as a function of time for toluene/Triton X-100/water emulsions prepared
with toluene between 40 and 65 wt%o.

For the emulsions of the low-oil content region, between 5 and ~20 wt% toluene,
the macroscopic phase separation data normalized to the extent of phase
separation measured at tgaic are shown in Figure 6.4 and the associated
characteristic times are given in Table 6.2.

Macroscopic phase separation is initiated between ~15 to ~24 h with the time of
the initial rapid phase separation being in the range of ~47 to ~93 h after emulsion
formation (Table 6.2). These times are longer than those of the high-oil content
region (Table 6.1), as expected in more diluted samples due to the larger average
interdroplet spacing and the concomitant decrease of the droplet encounter
frequency.

In contrast to the high-oil content region, the time at which macroscopic phase
separation begins and the time of the initial rapid phase separation are both
decreasing functions of oil concentration (Table 6.2) and the rate of phase
separation is a slightly rising function of oil concentration (Figure 6.4) within the
low-oil content domain. This indicates that interdroplet distance predominantly

contributes to the rate of phase separation in the early stages of destabilisation.
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Once the initial rapid phase separation has ended and the mean droplet spacing
has significantly decreased, the time, tsaic, t0 reach a nearly constant amount of
expelled aqueous phase, i.e. the time for complete phase separation to occur,
increases with oil content (Table 6.2). This suggests that once the macroscopic
phase separation is at an advanced stage, the properties of the surfactant layer
overcome interdroplet distance effects. In the literature, the same two regimes
have been identified for systems principally destabilizing via coalescence, i.e. at
low volume fraction of dispersed phase the droplet encounter frequency is the rate
determining step of emulsion destabilization whereas at higher droplet
concentration the properties of the film predominate [112, 113].

Although the times at which phase separation begins and those of the fast phase
separation are longer in the low oil content domain compared to the high oil
content region due to droplets being further apart from each other in the initial
stage of destabilisation, the times for complete phase separation to occur spanning
from ~186 to ~336 h at low oil concentration (Table 6.2) are shorter than at high
oil content (~320 to ~480 h, Table 6.1), which is consistent with the enhancement

of the interface coverage upon increasing oil concentration.
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Figure 6.4. Volume fraction of expelled aqueous phase normalised to the limiting value
measured at ty,yc as a function of time for toluene/Triton X-100/water emulsions prepared
with toluene between 5 and 20 wt%o.

Oil tstart of phase tinitial fast phase | tstatic (£ 2) /' h | Extent of phase
concentration | separation (£ 2) /| separation (£ 2) separation at
| Wwt% h /h tstatic / %
5 24 93 186 97
10 19 80 216 95
15 15 71 310 90
20 15 47 336 85

Table 6.2. Characteristic times of the phase separation process and maximum expelled
aqueous phase for emulsions between 5 and 20 wt%o toluene.

Finally, emulsions belonging to the transition concentration domain, between ~25
and ~35 wt% toluene, underline a phase separation behaviour similar to that of
the low-oil content domain, i.e. the time at which destabilization starts and the
time scale of the initial fast phase separation are concentration dependent (Figure
6.5 and Table 6.3).
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Figure 6.5. Percentage of expelled aqueous phase as a function of time for toluene/Triton X-
100/water emulsions prepared with toluene between 25 and 35 wt%o.

Oil tstart of phase tinitial fast phase | Ustatic (£ 2)/ 0 | Extent of phase
concentration | separation (£ 2) /| separation (£ 2) separation at
| Wwt% h /h tstatic / %
25 31 98 318 72
30 35 47 478 66
35 9 25 408 62

Table 6.3. Characteristic times of the phase separation process and maximum expelled
aqueous phase for emulsions between 25 and 35 wt%o toluene.

Destabilisation within samples prepared with toluene between 5 to 35 wt% are
distinguished from the high-oil content and the closed-cell foam regions. Two
emulsion layers are evident upon macroscopic phase separation at low oil content.
A top emulsion layer is separated from a more transparent bottom emulsion layer
via a clear interface (Figure 6.6).
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top emulsion layer

bottom emulsion layer

expelled aqueous phase

Figure 6.6. Emulsion prepared with 15 wt% toluene observed ~48 h post emulsification. This
picture is representative of emulsion samples between 5 and 35 wt% toluene.

The two emulsion layers could be separated through the use of a separating
funnel. Once separated, the size distributions were determined using SLS (Figure
6.7). The two droplet size distributions indicate the presence of a droplet size
gradient leading to the formation of two emulsion layers on top of each other. The
bottom emulsion layer contains the smallest droplets measuring between 35 nm
and 3 um diameter, most being smaller than ~0.4 um, whereas the top emulsion
layer comprises the full range of droplet sizes, i.e. between 35 nm and 20 pum.
During the phase separation process, as the mean droplet size increases, the
bottom emulsion layer progressively disappears while the extent of the top
emulsion layer in the experimental tube remains constant.

The fact that a droplet size gradient is not seen in the more concentrated
emulsions between 40 and 70 wt% and that the time required for this droplet size
gradient to be observed at low oil content is a decreasing function of oil
concentration (~15 to ~70 h, Table 6.4) confirms that the time to reach the same
extent of phase separation or mean droplet size depends on droplet concentration
in the early stages of destabilization for the low-oil content region.
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Figure 6.7. Droplet size distribution of the two emulsion layers observed after ~40 h for a
phase separated emulsion prepared with 20 wt% toluene and measured separately using

SLS.
Oil concentration / wt% taroplet size gradient / N
10 70
15 48
20 40
25 24
35 15

Table 6.4. Time of visualisation of a droplet size gradient upon varying oil concentration
between 10 and 35 wt%.

6.3. Destabilisation mechanisms

In order to determine the nature of the destabilisation mechanisms occurring in
the four concentration domains of the toluene/Triton X-100/water system,
emulsions prepared with 15, 25, 40 and 65 wt% toluene, representative of the
low-oil content, transition, high-oil content and closed cell foam domains,
respectively, were analysed using SLS to measure the droplet size distribution

over a period of 5 days.
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In Figure 6.8 is shown the droplet size distribution variation with time for a 40
wt% toluene emulsion. The distribution and the corresponding variation is
representative of all four concentration regions, i.e. the changes of the droplet size
distribution with time are independent of oil concentration, only the time scale at

which the transitions occur are concentration dependent.

——10min

Volume / %
-

0.01 0.1 1 10
Droplet diameter / um

Figure 6.8. Droplet size distribution of a 40 wt% toluene emulsion measured as a function of
time over 5 days using SLS. This size distribution is representative of emulsions between 5
and 70 wt% oil.

The droplet size distribution of the toluene/Triton X-100/water emulsions
becomes multimodal upon ageing including droplets as large as 16 um being
formed (Figure 6.8). For a 40 wt% toluene emulsion, during the first ~6 hours
following emulsification, oil droplets remain in the same size range as that
measured for freshly emulsified samples, i.e. between 35 nm and ~3 um diameter.
During this period, the distribution is bimodal with the increase of the number of
droplets measuring ~0.4 to ~3 um diameter, as seen by the growth of the peak

centered at ~1 um being at the expense of the number of droplets between ~35
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nm and ~0.35 um diameter, as observed by the concomitant reduction of the
amplitude of the peak centered at ~0.15 um.

From ~6 h onwards a third peak centered at ~8 um including droplets between
~3.5 and ~16 um diameter is detected. Once a critical mean droplet size has been
reached, corresponding to the presence of large oil droplets (~3.5-16 pum
diameter), the emulsion macroscopically phase separates; for a 40 wt% toluene
emulsion this occurs after ~10 h (Table 6.1). Finally, between ~6 and ~120 h, the
amplitude ratio of the peak centered at ~1 um to the peak centered at ~0.15 um
continues to increase coupled with a slight growth of the third peak.

The effect of oil concentration on the time scale of the main transitions observed
in the droplet size distribution over time are summarised in Table 6.5. The time at
which droplet growth starts, as detected by the variation of the SLS volume-based
mean droplet size, spanning from ~15 to ~45 min post emulsification, is a slightly
decreasing function of oil content, which is consistent with the mean interdroplet
distance also being a decreasing function of oil concentration.

While droplet concentration may account for the time scale of the formation of
the largest droplets (~3.5-16 um diameter) being a decreasing function of oil
concentration from ~68 to ~6 h, it cannot solely explain the much slower growth
of these larger droplets in the 15 wt% toluene sample, i.e. around ~68 h.

On the other hand, the time at which phase separation begins is proportional to
the emulsion mean droplet size. Here, the variation of the volume-based mean
droplet size with oil content in the early stages of destabilization, e.g. between
~0.50 and ~0.97 um after 6 h, fits well with the corresponding time at which

phase separation starts (Table 6.5.).

Oil concentration / wt% 15 25 40 65
taroplet growth (£15) / min 45 30 30 15
tappearance of 3rd peak (~8 um) (£2) / h 68 8 6 6
tmacroscopic phase separation (£2) / h 15 31 10 8

Volume-based mean droplet diameter after | 0.63 0.50 0.97 0.95
6 h (£0.10) / um

Table 6.5. Characteristic times and SLS volume based mean droplet diameter measured
after 6 h for emulsions prepared with 15, 25, 40 and 65 wt%o toluene.
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The mechanism of destabilization may be probed by fitting the mean droplet size
versus time data. The volume-based mean droplet diameter was measured every
15 minutes during the first 6 hours after emulsion fabrication. Raw data are
shown in Figure 6.9 for 15, 25, 40 and 65 wt% toluene emulsions representative
of the four concentration domains. Due to the large sample volume required to
perform a single SLS measurement (from ~0.5 to ~3.5 mL depending on the oil
concentration), SLS measurements using the same sample could not be performed
for times longer than 6 h.

From Figure 6.9, the volume-based mean droplet diameter of the 15, 25 and 40
wt% oil emulsion samples, plotted against time, follow similar trends over the
first 6 hour period as opposed to the 65 wt% oil sample. In this highly
concentrated sample, the plot follows the same trend as the other three
concentrations from ~1 to 6 h with droplet growth following a different
mechanism during the first hour of the emulsion destabilization. Note that for all
of the emulsions droplets begin to grow within the first ~30 minutes after

fabrication.
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Figure 6.9. SLS volume-based mean droplet diameter plotted against time for 15, 25, 40 and
65 wt% toluene samples.
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Three potential mechanisms for droplet growth must be considered; (i)
coalescence, (ii) standard Ostwald ripening and (iii) enhanced Ostwald ripening.
When coalescence is the dominant destabilization mechanism, the plot of 1/d?
(where d is the volume-based mean droplet diameter) is linear with respect to time
[114, 115].

On the other hand, if Ostwald ripening is the driving force for instability, the
droplet growth is described by a d*-linear dependence [116, 117] and for example
in the presence of oil swollen micelles, which may act as oil carriers (enhanced
Ostwald ripening), droplet growth follows a d*-linear relationship against time
[84, 118].

Applying these three fits to the raw data, the plot of d versus time is best fit by a
1/d? linear dependence for times between ~30 min and 6 h for the 15, 25 and 40
wt% oil samples and between ~1 and 6 h for the 65 wt% toluene emulsions
(Figure 6.10). This linear dependence coupled with the increase of the sample
polydispersity over time (the size distribution becomes multimodal, Figure 6.8)
indicates that coalescence is the dominant mechanism for droplet growth in the
low-oil content, high-oil content and transition regions during the 6 hours

following emulsification.
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Figure 6.10. Inverse of the square volume-based mean droplet diameter plotted against time
for 15, 25, 40 and 65 wt% toluene samples.

In an emulsion destabilizing via coalescence, the mean droplet diameter varies
with time according to Eq. 6.1 [115];

1
Fi ? = (6.1)

where d is the average droplet diameter after a time t, do is the average mean
droplet diameter at t = 0 and w is the frequency of film rupture per unit of the
film surface.

In Table 6.6 is summarized the frequency of film rupture per unit of the film
surface or frequency of coalescence based on the linear fits shown in Figure 6.10
upon increasing toluene concentration from 15 to 65 wt%. The rate of coalescence
is expected to be an increasing function of the droplet concentration and the initial
mean droplet size. By contrast, considering the 15, 40 and 65 wt% toluene
emulsions, the frequency of coalescence is a decreasing function of oil
concentration varying from 0.86 + 0.03 to 0.58 + 0.02 to 0.18 + 0.01 um™? h'*;
this despite the droplet concentration increasing for emulsions prepared with oil
between 15 to 40 wt% (the droplet size distribution remains unchanged for fresh
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samples between 5 and ~55 wt% toluene, Figure 4.1) and the initial mean droplet
size increasing by 60 % from 15 and 40 to 65 wt% oil (Figure 4.1). The frequency
of coalescence for the 25 wt% toluene emulsions, belonging to the transition
region between the low-oil content and high-oil content domains, is the largest of

all the four concentrations investigated here, i.e. @=1.12 +0.05 ym > h™,

Oil concentration / wt% Frequency of coalescence /
um?Zh™
15 0.86 + 0.03
25 1.12 £ 0.05
40 0.58 + 0.02
65 0.18 £+ 0.01

Table 6.6. Rate of coalescence during the first 6 hours following emulsification for emulsions
prepared with 15, 25, 40 and 65 wt%b toluene.

For the 65 wt% toluene emulsions, droplets mainly grow via coalescence for
times between ~1 and 6 h (Figure 6.10) whereas a different destabilization
mechanism describes the increase of d from ~10 min to ~1 h. Sufficient data
could not be obtained within the first hour to categorically determine the
destabilization mechanism; both standard and enhanced Ostwald ripening fit the

data (Figure 6.11). The corresponding ripening rates are presented in Table 6.7.
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Figure 6.11. Square and cubic volume-based mean droplet diameter plotted against time for
a 65 wt% toluene emulsion between 10 min and 1 h post emulsification.

Ripening rate
Enhanced Ostwald ripening (d°) | 0.198 +0.017 um*h*

Standard Ostwald ripening (d°) | 0.138 +0.009 um® h™

Table 6.7. Ripening rates based on the linear fits for standard and enhanced Ostwald
ripening mechanisms.

Droplet growth mainly occurs via coalescence during the first 6 hours following
emulsion formation in all four concentration domains, with the exception that
some form of Ostwald ripening takes place in the first hour following
emulsification in a 65 wt% oil emulsion, representative of the closed-cell foam
region. The fact that emulsion destabilization is driven by the same mechanism,
I.e. coalescence, in both the low-oil content and high-oil content domains during
the first 6 hours following emulsification suggest that the droplet growth
mechanism is not related to the differences observed in the oil exchange lifetime
between the two domains (Figure 5.11). This further supports the idea that the
characteristics of the emulsifier thin film are different in the two domains and

influence the droplet-droplet interactions.
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6.4. PFG-NMR ageing experiments

As toluene/Triton X-100/water emulsions age, macroscopic phase separation
occurs and the continuous aqueous phase is progressively expelled from the
emulsion, resulting in an increasingly concentrated upper emulsion phase. That is,
upon ageing an emulsion becomes progressively depleted in both toluene
molecules and oil swollen micelles as both are expelled with the water.

The decrease in the toluene molecule concentration in the continuous phase of an
aged emulsion is apparent by the reduction of the fast diffusing portion of the
echo attenuation of the oil signal detected in the upper concentrated emulsion
only (Figure 6.12). The fast diffusing contribution corresponding to the
unrestricted diffusion of toluene molecules dissolved directly in the continuous
phase is significantly reduced in the upper concentrated emulsion aged for 15
days as compared with a freshly emulsified sample. This is due to the reduction of
the total volume fraction of toluene dissolved in the continuous phase since by 15

days most of the aqueous phase has been expelled upon phase separation.

m  fresh emulsion
05 4 aged emulsion

0  1x10™2x10" 3x10" 4x10™ 5x10" 6x10™ 7x10™ 8x10™ 9x10™
YOS (A-3)/sm”

Figure 6.12. Echo attenuation of the oil signal for a 15 wt% toluene emulsion freshly
emulsified and aged of 15 days (upper concentrated emulsion only); A = 100 ms.
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In Figure 6.13 are presented the echo attenuations of the oil signal for a fresh 40
wt% toluene emulsion, the concentrated upper emulsion after ageing for 1 month
and the corresponding expelled aqueous phase. Upon probing a phase separated
40 wt% toluene emulsion aged for 1 month independently of the expelled phase,
it is clearly seen that in comparison with the fresh sample, the fast diffusing
contribution associated with unrestricted diffusion of toluene molecules in the
continuous phase has completely disappeared for all values of A (Figure 6.13 only
shows A = 100 ms), as expected since most of the aqueous phase has been
expelled after a month.

On the contrary, in the expelled aqueous phase of the 1 month old emulsion, the
contribution of the unrestricted diffusion of toluene molecules increases compared
with the fresh sample, as expected since toluene molecules now represent a larger
proportion of the total volume of the sample.

The echo attenuation data follow a multiexponential decay as a function of
gradient strength at A = 100 ms for both a fresh and a 1 month old sample
whereas the echo attenuation of the corresponding expelled aqueous phase is a
biexponential decay for all values of A comprised between 6.3 and 3 s (Figure
6.13). This indicates that in the expelled aqueous phase the unrestricted diffusion
of both toluene molecules (fast contribution) and oil swollen micelles (slow

contribution) are measured.
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Figure 6.13. Echo attenuation of the oil signal for a freshly emulsified 40 wt%o toluene
emulsion, A = 100 ms, a 40 wt% toluene emulsion aged of 1 month, A =100 ms and the
expelled aqueous phase of a 40 wt% toluene emulsion aged of 1 month for A between 6.3 ms
and 3s.

The diffusion coefficients associated with the unrestricted diffusion of oil swollen
micelles in the expelled aqueous phase upon macroscopic phase separation were
calculated via an inverse Laplace transform for emulsions prepared with toluene
between 15 and 60 wt% (Figure 6.14). The diffusion coefficients lie between (1.7
+0.3) x 107 (60 wt%) and (3.0 + 0.3) x 10 m?s™ (30 wt%). Using the Stokes-
Einstein equation (Eq. 3.4), this diffusion coefficient range corresponds to a size
range of 15 to 26 nm in diameter, which fits reasonably well with the size range
of the oil swollen micelles detected by DLS (9-30 nm, Figure 4.4).

In emulsions of the low-oil content and transition regions between 15 and 35 wt%
toluene, the diffusion coefficient remains approximately constant at an average
value of D = (2.7 £0.1) x 10! m?s™ whereas it is a decreasing function of oil
concentration spanning from (2.4 + 0.3) x 10™ to (1.7 £ 0.3) x 10 m*s* at
higher oil content between 40 and 60 wt% toluene. This indicates that at high
droplet concentration, oil swollen micelles associated with slower diffusion

coefficients are on average larger in comparison with the more dilute emulsions.
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Figure 6.14. Diffusion coefficients of the oil signal measured in the expelled aqueous phase of
aged emulsions prepared with toluene between 15 and 60 wt% for A between 6.3 ms and 3's.

The effect of emulsion age on the diffusion spectrum of the oil phase was
evaluated by performing PGSTE experiments continuously during 70 h under a
constant observation time, A =60 ms.

Four emulsion samples, prepared with 15, 25, 40 and 65 wt% toluene, were
placed in the spectrometer and left unperturbed during the ageing experiment, i.e.
the coil was detecting FID signals from both the upper concentrated emulsion and

the bottom expelled aqueous phase (Figure 6.15).

g concentrated aged
emulsion
detection coil

U'—’ expelled aqueous phase

Figure 6.15. Position of a phase separated emulsion sample with respect to the spectrometer
detection coil upon PFG-NMR ageing experiments.

As described in detail in chapter 5, the peaks of the diffusion spectrum may be

associated with eight possible motions: unrestricted diffusion of oil droplets,
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unrestricted diffusion of oil swollen micelles, unrestricted diffusion of oil
molecules within oil droplets, unrestricted diffusion of oil molecules within oil
swollen micelles, restricted diffusion of oil droplets, restricted diffusion of oil
swollen micelles, restricted diffusion of oil molecules within oil droplets and
restricted diffusion of oil molecules within oil swollen micelles. A reminder that
unrestricted diffusion of oil molecules confined within droplets and oil swollen
micelles measuring ~9 nm to ~16 um diameter upon ageing cannot be detected in
our experiments. However, in aged emulsions, given the increase of the average
droplet size over time, restricted diffusion of oil molecules within droplets can be
measured.

In Figure 6.16 are illustrated the diffusion spectra of a 15 wt% toluene emulsion
at A =60 ms for 70 h.
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Figure 6.16. Diffusion spectra of the oil signal for a 15 wt% toluene emulsion over 70 h,
A= 60 ms.

The peak associated with the fastest diffusion in the spectra, centred between ~2.3
and ~2.6 x 10 m® s, pertains to the unrestricted diffusion of toluene molecules

dissolved directly in the continuous phase. From 35 min to 70 h, the amplitude of
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this peak slightly increases as the volume fraction of expelled aqueous phase in
the detection volume increases upon macroscopic phase separation (Figure 6.15).

Thirty five minutes following emulsification, while the emulsion is still fresh, the
diffusion spectrum comprises two peaks centered at ~1.3 x 10** m*s™ (middle
peak) and ~3.6 x 10 m® s (peak associated with slowest diffusion),
respectively (Figure 6.17). For A = 60 ms, the middle peak with limits ~3.0 x
10 and ~4.0 x 10" m? s corresponds to the unrestricted diffusion of oil
swollen micelles (10-30 nm) and droplets from ~40 nm to 0.2 um. The peak
associated with slowest diffusion with limits ~1.0 x 102 and ~1.2 x 10? m?*s™*
refers to the restricted diffusion of droplets measuring 0.3 to 0.5 um diameter
(droplets larger than ~0.5 um are not detected by the instrument in fresh samples
as they represent only a small volume fraction).

Upon ageing up to ~22 h, the amplitude of the peak corresponding to slowest
diffusion associated with the restricted diffusion of the largest droplets increases
whereas the amplitude of the middle peak decreases. This is consistent with the
increase of the number of droplets measuring between ~0.3 and 3 um at the
expense of those measuring between ~40 nm and ~0.2 um (Figure 6.8).
Additionally, at 22 h the middle peak splits into two peaks centered at ~7.0 x
107" (middle left peak) and ~2.0 x 107 m? s™*(middle right peak).

From 22 to 40 h, the middle left peak shifts to slower diffusion coefficient values
and is centred at ~2.7 x 107* m*s™* by 40 h. This indicates that the diffusion of
the smallest droplets (40 nm — 0.2 um) also becomes restricted as the emulsion
undergoes macroscopic phase separation (initiated around 15 h for a 15 wt%
toluene sample).

From 22 to 48 h, upon increasing phase separation, the volume fraction of the
expelled aqueous phase in the detection volume increases at the expense of that of
the upper aged emulsion (Figure 6.15). As such, the amplitude of the peak
associated with slowest diffusion, representing the restricted diffusion of the
largest droplets, decreases. On the other hand, the middle right peak, centered
around 2.0 x 10 m® st at 22 h, grows and slightly shifts to fastest diffusion
coefficient values as it becomes fully separated from the middle left peak. This
indicates that the middle right peak, centered at 2.7 x 10 m? s™ after 48 h,

corresponds to pure unrestricted diffusion of the oil swollen micelles.
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At 43 h, the middle left peak associated with the restricted diffusion of the
smallest droplets (40 nm — 0.2 um) continues to shift to slower diffusion
coefficients and merges with the peak corresponding to slowest diffusion since
the inverse Laplace transform cannot differentiate peaks that are separated by less
than an order of magnitude. Therefore from 43 h, the restricted diffusion of the
droplets in the aged sample is represented by a single peak (peak associated with
slowest diffusion) which shifts slightly to slower diffusion coefficients for times
up to 48 h as the droplets are increasingly packed upon phase separation leading
to a smaller displacement travelled during 60 ms.

At 52 h and up to 70 h, the coil is unable to detect a signal from the upper aged
emulsion as it now represents only a small fraction of the total volume. Hence,
only unrestricted diffusion of the toluene molecules and the oil swollen micelles

in the expelled aqueous phase are detected.
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Figure 6.17. Diffusion spectra of the oil signal between 1 x 107 and 1 x 10™° m?s™ for a 15
wt% toluene emulsion over 70 h, A = 60 ms.

Upon increasing toluene concentration to 25 wt%, the diffusion spectra recorded
for times up to 35 h are similar to those of the 15 wt% toluene emulsion.

However, since the oil volume fraction has increased, the restricted diffusion of
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oil molecules within droplets is now detected as both the peak corresponding to
slowest diffusion and the middle peak shift to faster diffusion coefficient values
from 35 to 70 h (Figure 6.18). This is evidence that restricted diffusion of oil
molecules within the growing droplets is being measured since oil moves a longer
distance associated with faster diffusion coefficient values during 60 ms. Using
Eq. 3.15, the peak associated with slowest diffusion mainly corresponds to the
restricted diffusion of toluene molecules within droplets between 0.2 and 3 um
while the middle peak corresponds to the restricted diffusion within droplets
measuring 3.5 to 16 um, fitting perfectly the size range measured by SLS upon

ageing (Figure 6.8).
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Figure 6.18. Diffusion spectra of the oil signal between 3 x 107 and 2 x 10™° m?s™ for a 25
wt% toluene emulsion between 35 and 70 h, A = 60 ms.

Considering the 40 wt% toluene emulsions, the variation of diffusion spectra of

the oil with time for A = 60 ms are shown in Figure 6.19.
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Figure 6.19. Diffusion spectrum of the oil signal for a 40 wt% toluene emulsion over 70 h,
A =60 ms.

The peak associated with slowest diffusion centred around 4 x 10 m* s and
associated with the restricted diffusion of the largest droplets is not detected since
it now lies below the detection limit of the instrument in this more concentrated
sample. As such, the diffusion spectrum recorded 35 min after emulsification is
comprised of only two peaks centered at ~1.5 x 10™** m? s (middle peak) and
~2.0 x 10° m? s (peak corresponding to fastest diffusion). In this sample
restricted diffusion of oil molecules within droplets is detected as early as 90 min
post emulsification due to a larger oil volume fraction. This results in the
appearance of a peak centred at ~3.0 x 10™* m? s which is attributed to the
restricted diffusion of oil molecules within droplets measuring 0.3 to 1 um
diameter (Eq. 3.15). This peak starts to shift to faster diffusion coefficient values
from ~12 h, emphasising the occurrence of droplet growth, for times up to 70 h
(by 70 h this peak pertains to the restricted diffusion of oil within droplets
between 1 and 2.5 um diameter).

Considering the peak associated with fastest diffusion, centered at ~2.0 x 107 m?
s!, and associated with the unrestricted diffusion of toluene molecules dissolved

directly in the continuous phase, its amplitude decreases over time and by 18 h it
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has totally disappeared. This indicates that after macroscopic phase separation is
initiated (~10 h for a 40 wt% toluene emulsion), the volume fraction of expelled
phase is negligible and cannot be detected by the coil. However, after 36 h the
volume of expelled phase has increased sufficiently, resulting in the reappearance
of this peak, centered at ~2.0 x 107° m®s™.

With the peaks associated with fastest and slowest diffusions accounted for, the
remaining peaks need to be considered. In addition to the peak centered at ~1.0 x
10 m? s corresponding to the unrestricted diffusion of oil swollen micelles
and the restricted diffusion of droplets up to 0.2 um at t = 1 h 30 min, a fourth
peak with limits of ~3.0 x 10! and ~1.0 x 107 m?s™ is detected. The increase
of the amplitude of the peak centered at ~4.5 x 107 m? s™* over time coupled
with its shift to faster diffusion coefficients is suggestive of restricted diffusion of
oil molecules within the largest droplets (8 to 19 um diameter, Eq. 3.15). This is
in agreement with the SLS data (Figure 6.8).

On the other hand, the shift of the peak initially centered at ~1.0 x 10 m*s™* to
faster diffusion coefficients may be attributed to two contributions including the
increase of the signal from the expelled bottom phase at the expense of the signal
from the upper emulsion and the detection of the restricted diffusion of oil
molecules within medium size droplets (3 to 7 um, Eq. 3.15).

Finally, the diffusion spectra of the highly concentrated 65 wt% toluene emulsion

upon ageing (A = 60 ms) are shown in Figure 6.20.
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Figure 6.20. Diffusion spectra of the oil signal for a 65 wt% toluene emulsion over 70 h,
A= 60 ms.

Thirty five minutes following emulsification, three peaks centered at ~3.8 x 107,
~4.7 x 10 and ~7.3 x 107*° m*s* are present in the distribution. The associated
motions have been described in chapter 5. Briefly, the peak centered at ~3.8 x
10 m? s is the combination of the unrestricted diffusion of the smallest
droplets (40 nm to ~0.2 um) and the restricted diffusion of the oil within the
medium size droplets (~1 to ~3 um diameter). The most intense peak centered at
~4.7 x 10" m? s is the superposition of the unrestricted diffusion of the oil
swollen micelles and a part of the unrestricted diffusion of toluene molecules
dissolved in the continuous phase. The peak associated with fastest diffusion,
centered at ~7.3 x 10° m®s™*, which is not always apparent in the spectrum at A
= 60 ms, corresponds to the unrestricted diffusion of toluene molecules dissolved
in the continuous phase.

Upon ageing, the contribution of the diffusion within the largest droplets (the
restricted diffusion of the droplets larger than ~0.3 um diameter lies below the
detection limit of the spectrometer) in the diffusion spectra is significant
compared with that of the diffusion of the smallest droplets, as expected, since the
amplitude of the NMR signal is proportional to volume. Note that the restricted
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diffusion of oil within droplets between 0.5 and 1.5 um diameter (fourth peak
centered at ~7.0 x 10 m?s™) is detected only 75 min following emulsification
for two reasons. The first is that the droplets involved in this motion may not
represent a sufficiently large volume fraction to be detected and the second is that
the corresponding diffusion peak is located too close to the detection limit of the
instrument at 35 min (slower diffusion coefficients).

By 5 h, the peaks initially centered at ~7.0 x 10 and ~8.5 x 10 m?s™ (t=1h
15 min) have merged to a single peak centered at ~7.5 x 107 m?s™* attributed to
the restricted diffusion of toluene molecules within droplets measuring ~1 to ~5
um diameter.

As far as the most intense peak centered at ~4.7 x 10 m?s™ at t = 35 min is
concerned, it moves to faster diffusion coefficients between 35 min and 5 h
mainly because it progressively incorporates the peak corresponding to the fastest
diffusion coefficients (pure unrestricted diffusion of the oil molecules dissolved
in the continuous phase). However, upon ageing between 5 and 70 h, the
restricted diffusion of the oil within the largest droplets up to ~16 um becomes a
significant contribution of this peak, resulting in an increase of amplitude.
Because of the shift of the most intense peak to faster diffusion coefficients, a
peak centered at ~6.0 x 10™ m?s™ and associated with the unrestricted diffusion
of the oil swollen micelles as well as the restricted diffusion of the oil within
droplets between 5 to 11 um becomes separated from the most intense peak by
~22 h. The most intense peak overweights the presence of very large droplets in
the system, i.e. between 12 and 16 um (see SLS data, Figure 6.8).

From the above analysis with an observation time, A = 60 ms, the NMR diffusion
spectra fit well the SLS droplet size distribution measured upon ageing for the
four concentration domains.

Emulsion age significantly affects the time scale at which oil exchange between
droplets occurs in the system, i.e. the NMR switching time, Aswitch, between a
multiexponential and a single exponential decay varies as a function of time
(Figure 6.21).
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Figure 6.21. NMR switching time between a multiexponential and a single exponential decay
as a function of emulsion’s age for toluene concentration of 15, 25, 40 and 65 wt%o.

The switching time, Aswicch, Was measured for 15, 25, 40 and 65 wt% toluene
emulsions that were left unperturbed in the spectrometer for 70 h (Figure 6.15 and
Figure 6.21). This switching time was determined as the time for which the echo
attenuation of the oil signal changes from a multiexponential to a single
exponential decay as a function of gradient strength upon increasing the
observation time, A, as seen in Figure 5.1.

Note that the measurement of Agwitch Was not possible over the entire 70 h period
for both the 15 and 25 wt% toluene emulsions due to the appearance of a droplet
size gradient (Figure 6.6). In the 15 wt% oil sample, the spectrometer coil detects
a signal mainly from the bottom emulsion layer, i.e. the smallest droplets of the
system (Figure 6.7), and the expelled aqueous phase between ~40 and ~70 h. As
such, during that period the measured value of Agwich IS €rroneous since the
detection volume of the coil does not include the whole volume of emulsion. The
same is true for a 25 wt% oil sample between ~7 and ~35 h.

Despite the “gap” in the NMR data shown in Figure 6.21 for both the 15 and 25
wt% oil samples, for the four oil concentrations investigated, Aswich IS an

increasing function of emulsion age.
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For the highest toluene concentration investigated, i.e. 65 Wt%, Aswitch INCreases
from ~2.2 s around 30 min following emulsification to ~3.0 s after ~6.25 h
(Figure 6.21). For times longer than ~6.75 h, Aswiteh IS longer than the longest
observation time available (~3.0 s) therefore it cannot be determined and the echo
attenuation follows a multiexponential decay as a function of gradient strength for
all values of A.

Upon decreasing oil concentration to 40 wt% toluene, Aswitch Changes from ~1.3 s
(t = ~30 min) to ~2.2 s (t = ~46 to 70 h). For a 25 wt% oil emulsion, Aswitch
increases from ~0.8 (t = ~30 min) to ~1.4 s (t = ~66 to 70 h). Finally, in a 15 wt%
oil, Aswitch changes from ~0.8 to ~1 s over a 26 h period (Aswiten Could not be
determined for times longer than ~42 h due to the occurrence of a droplet size
gradient).

The motional rate of a droplet is proportional to the droplet size as seen by the
Stokes-Einstein equation (Eq. 3.4). As the emulsion mean droplet size increases
upon ageing, droplets move and interact with each other, on average, more slowly
as compared with the fresh emulsions, resulting in the decrease of the droplet
encounter frequency, hence the decrease of the rate of oil exchange via
permeation and/or reversible coalescence. This is consistent with Aswitcn being an
increasing function of the emulsion age as seen here (Figure 6.21).

Moreover, it is known from the measurement of both the motional averaging of
the oil diffusion and the value of Agwitcn UpON increasing the droplet collision
frequency from 5 to ~55 wt% toluene using PFG-NMR (Figure 5.7 and Figure
5.11), that the rigidity of the interfacial region, determined by the surfactant
packing at the oil/water interface, significantly hinders the oil transfer through
steric repulsive forces.

In Figure 6.22 is plotted Aswich Versus the SLS volume-based mean droplet
diameter for a 65 wt% toluene emulsion. The observation time, Agwitcn, 1S linearly
dependent on the emulsion mean droplet size within the first 6 hours following
emulsion formation, i.e. before macroscopic phase separation begins from ~8 h.
This is consistent with the time scale of the oil exchange being inversely
proportional to the droplet collision frequency while maintaining a constant

surfactant packing within the first 6 hours following emulsification.
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Figure 6.22. NMR switching time versus SLS mean droplet diameter within the first 6 hours
following emulsification for an emulsion prepared with 65 wt% toluene.

For the 40 wt% toluene emulsions, the Aswitch Versus SLS volume-based mean
droplet size plot is consistent with a linear relationship only within the first ~4 h
following emulsification (Figure 6.23). This suggests that the increase of the
mean droplet size superposed to the concomitant decrease of the droplet collision
frequency is no longer the sole contribution to the variation of the time scale of
the oil exchange process once macroscopic phase separation has been initiated
(from ~10 h). The decrease of the mean interdroplet spacing upon phase
separation, as the aqueous continuous phase is continuously expelled, facilitates
the oil exchange process and leads to the increase of the rate of exchange as seen

by the slowdown of the Agwitch function over time from ~4 to ~70 h (Figure 6.24).
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Figure 6.23. NMR switching time versus SLS mean droplet diameter within the first 4 hours
following emulsification for an emulsion prepared with 40 wt% toluene.

2.3 )
29 ] w12
2.1 : {11 §
n ] -~
B 2.0 ./Juiﬂ —nm 410 F:,
£ 19 / Jog B
()] ] ; .S
é - 1 1 —m— switching time 108 g
8 1.7— -*.LI*I—III—I _ 07 =
S 16] | —u—mean droplet diameter ] ~' 9
» 1ls Jos S
1.5— m ¥ ) @
H Jos 2
L 4‘ /'! Macroscopic phase separation '
131 / 104
12 | I T T T T T T T T T 03

0 5101520 25 30 35 40 45 50 55 60 65 70 75
Time/h

Figure 6.24. NMR switching time and SLS mean droplet diameter versus time for an
emulsion prepared with 40 wt% toluene.
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For the more dilute samples, the switching time remains unchanged within the
first few hours of the emulsion life, e.g. Aswiten = 0.8 s within the first 24 hours
following emulsion formation for a 15 wt% toluene sample, despite droplet
growth occurring (Figure 6.25) and macroscopic phase separation being initiated
(note that due to the presence of a droplet size gradient, a complete investigation
of the dependence of the switching time on the droplet size was not possible).
These data suggest that the increase of the emulsion mean droplet size and the
concomitant decrease of the droplet encounter frequency upon ageing has a
limited impact on the rate of oil exchange at low oil content. This corroborates the
very low droplet coverage, facilitating oil exchange, in both the low-oil content
and transition regions as compared with the high-oil content and closed-cell foam

domains.
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Figure 6.25. NMR switching time and SLS mean droplet diameter versus time for a 15 and
25 wt% oil emulsions.

In similarity with the switching time, the motional averaging of the oil diffusion,
calculated by an inverse Laplace transform based on the single exponential decay
raw data, varied with emulsion age (Figure 6.26). At very high concentration, 65
Wt% toluene, the motional averaging of the oil rises from ~5.0 x 107! (~30 min)
to ~6.3 x 10 m?s™* (3 h 15 min to 6 h) and from ~1.5 x 10™** (~30 min) to ~4.7
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x 10" m? s (~50 to 70 h) for a 40 wt% toluene emulsion. For the 25 wt%
toluene emulsions, the motional averaging increases from ~1.5 x 107! (~30 min)
to ~3.7 x 107 m?s™ (~65 to 70 h). Finally at lower oil content, 15 wt% toluene,
the motional averaging initially at ~1.3x 107" m?* s rises to ~1.9 x 107 m?s*
(~14 to 42 h). For all four toluene concentrations investigated, the motional
averaging of the oil diffusion increases with emulsion age which is consistent
with the mean droplet size increasing with emulsion age leading to oil molecules
being able to travel a longer distance within the droplets over the same duration
before exchanging.

Furthermore, the motional averaging of the oil diffusion increases with oil
concentration in aged emulsions (Figure 6.26) as opposed to being independent of
oil concentration as seen in fresh samples between 5 and ~55 wt% oil (Figure
5.7). This suggests that the balance between the increase of the droplet
concentration, facilitating oil exchange, and the enhancement of the surfactant
packing, hindering oil exchange, changes with ageing. For a given concentration,
the decrease of the mean interdroplet spacing upon macroscopic phase separation
leads to the further increase of the droplet collision frequency. This results in the
kinetic stabilisation of the system via the enhancement of the surfactant packing
at the oil/water interface similarly to that observed upon increasing oil content in
fresh emulsions from 5 to ~55 wt% toluene. The variation of the droplet coverage
with ageing may proceed via the reservoir of surfactant molecules within oil
swollen micelles. The reduction of the number of oil swollen micelles upon phase
separation, as these are progressively expelled from the emulsion phase, may
account for a weaker enhancement of the surfactant packing at the interface.
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Figure 6.26. Motional averaging of the oil diffusion plotted against time, calculated by an
inverse Laplace transform for emulsions prepared with 15, 25, 40 and 65 wt% toluene, A >
Aswitch-

6.5. Discussion

Ageing experiments allow us to probe how the microstructure of toluene/Triton
X-100/water emulsions is adjusted by energy input to optimize the stability of the
oil droplets upon decreasing the mean interdroplet distance. At low oil content
between 5 and 20 wt%, the contribution of the droplet collision frequency in
controlling the rate of macroscopic phase separation predominates over the
droplet coverage in the early stages of emulsion destabilization as seen by the
time at which macroscopic phase separation is initiated and the time of the rapid
increase of the amount of expelled aqueous phase being both decreasing functions
of oil concentration between 5 and 20 wt%.

Upon decreasing the mean interdroplet distance, i.e. in the more concentrated
emulsions between 40 and 70 wt% toluene or in the final stage of phase
separation at lower oil content once most of the aqueous phase has been expelled,
the contribution of the interface properties (surfactant packing) in controlling the
rate of phase separation is enhanced as confirmed by the macroscopic phase
separation data. The time to reach complete phase separation is an increasing
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function of oil concentration between 5 and 20 wt% toluene and at high oil
content from 40 to 65 wt% toluene the time at which phase separation is initiated
is constant and the times to reach complete phase separation are on average longer
than those of the more diluted samples.

The SLS time data indicate that toluene/Triton X-100/water emulsions mainly
destabilize via a coalescence mechanism independently of oil concentration
although the contribution of Ostwald ripening is significant within the first hour
of the emulsion life for the highly concentrated samples (65 wt% oil). These data
are consistent with the trends observed in the literature. As a polar and a
moderately water-soluble oil, toluene is expected to generate O/W emulsions that
are unstable with regard to coalescence as opposed to water-soluble oils of lower
polarity which are more stable with respect to coalescence but more unstable with
regard to Ostwald ripening [119]. Additionally, Georgieva et al. [120] found
similar unstability mechanisms in highly concentrated O/W emulsions. In the first
stages of destabilization, Ostwald ripening is the predominant mechanism because
of the small droplet size and the high Laplace pressure. Once a critical droplet
size is reached, coalescence becomes the main destabilization mechanism.

The quantitative analysis of the SLS experiments with regard to toluene/Triton X-
100/water emulsions indicates that the frequency of coalescence is a decreasing
function of toluene concentration within the first 6 h following emulsification
(Table 6.6). In a 15 wt% toluene sample, droplets coalesce at a rate of 0.86 + 0.03
um? h™ as compared with 0.58 + 0.02 um2 h™* for a 40 wt% toluene emulsion
despite droplets being closer to each other and colliding more frequently. At very
high oil content between 60 and 70 wt%, droplets are on average 60 % larger than
in the more dilute samples (Figure 4.1). This should lead to an increase of the rate
of coalescence because larger droplets coalesce faster with others than do small
ones due to a larger surface contact area with their neighbours [121]. However,
the rate of coalescence measured for a 65 wt% toluene sample is 0.18 + 0.01 um >
h™*. Therefore, these data corroborate that the enhancement of the surfactant
packing at the interface upon increasing toluene content occurs as suggested by
the concomitant increase of the time scale of the oil exchange measured by PFG-
NMR (Aswitcn Versus toluene concentration, Figure 5.11) as well as the

macroscopic phase separation data. Upon increasing oil concentration, a higher
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degree of surfactant packing increases the stability of the droplets by providing a
more robust steric repulsive barrier and decreasing the interfacial tension between
toluene and water [113].

It is widely accepted that the HLB number introduced by Griffin [5] cannot be
used as the only indicator to predict the spontaneous mean curvature of a
surfactant layer. In addition to the chemical structure, the geometry and the size of
the molecules of the surfactant film, those of the dispersed phase and the
spontaneous mean curvature of the film can be affected, for example, by the
temperature [122, 123], the addition of a background electrolyte or the
composition of the system [124, 125] particularly through mutual interactions
between oil, surfactant and water molecules and the hydration of the surfactant
head groups [126]. The balance between the dipole-dipole repulsive forces of the
surfactant headgroups, the steric repulsive forces between the surfactant tails and
the hydrophobic attractive forces between the surfactant tails defines the most
energetically favourable surfactant packing and the film equilibrium mean
curvature. Israelachvili et al. [127] introduced the concept of critical packing
parameter (CPP) to describe the curvature of a surfactant layer at equilibrium in
empty micelles, oil swollen micelles or microemulsion droplets. CPP is defined
as

cPP=_Y_ (6.2)

where v is the volume of the surfactant tail chain, ao is the equilibrium area per
surfactant head at the interface and I isthe length of the fully extended tail.

The CPP has been widely used as a simple tool to characterize the self-assembly
of surfactants [128, 129]. This parameter is not simply dependant of the
geometrical shape and size of the surfactant molecules [104]. Indeed, the
parameters v and | depend on the strength of the steric repulsive forces between
the surfactant tails and between the surfactant tails and the oil molecules confined
within the droplets. The equilibrium area per surfactant head group ap is
controlled by the balance between the hydrophilic repulsive forces between the

headgroups and the attractive forces between the hydrophobic chains. Hence, the
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CPP, inversely proportional to the HLB value, gives an insight of the spontaneous
mean curvature of the surfactant layer.

The PFG-NMR data associated with the unrestricted motion of the oil swollen
micelles in toluene/Triton X-100/water emulsions indicate that the oil swollen
micelles get larger upon increasing toluene content. As oil swollen micelles are
thermodynamically stable, the mean curvature of the Triton X-100 layer in the oil
swollen micelles is the equilibrium curvature. Therefore, the equilibrium
curvature of the Triton X-100 layer becomes less positive upon increasing toluene
concentration. It is more energetically favorable for the Triton X-100 layer to
curve less towards the oil upon increasing toluene content due to the dehydration
of the ethylene oxide head groups upon decreasing the water concentration,
resulting in the decrease of the distance between the head groups while the
distance between the tails is maintained [104]. A less positive equilibrium
curvature of the Triton X-100 layer should lead to oil exchange (via oil
permeation or reversible coalescence) and destabilization via coalescence being
facilitated since the rate of hole nucleation is proportional to the energy barrier for
the formation of a local negative curvature [78]. However, instead of converting
to a W/O emulsion described by a negative mean curvature, the O/W system is
kinetically stabilized at high oil content by the enhancement of the surfactant
packing at the interface in order to counter the augmentation of the droplet
encounter frequency. The augmentation of the steric repulsive forces imposed by
a higher surfactant packing predominates over the decrease of the energy barrier
for hole nucleation, hence the observed decrease of the rate of coalescence and oil
exchange upon increasing oil concentration.

Moreover, the increase of the size of the oil swollen micelles upon increasing oil
content, as measured by PFG-NMR, also corroborates the increase of the
surfactant packing at the droplet surface. Assuming the volume of oil solubilised
within the micelles remains unchanged, the decrease of the surface area of the
micelles upon increasing toluene concentration confirms that more surfactant is
available to be placed at the oil/water interface.

Oil swollen micelles can be formed in the continuous phase of emulsions if there
is an excess of surfactant molecules once the surface of the droplets is covered.
The driving force for the formation of oil swollen micelles is the tendency of the
surfactant layer to adopt its equilibrium mean curvature [84]. As such, oil swollen
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micelles act as a surfactant reservoir to adjust the amount of surfactant required at
the interface over time. As the mean interdroplet spacing decreases upon
macroscopic phase separation, oil droplets are stabilized by steric repulsion due to
the enhancement of the surfactant packing. However, the oil swollen micelles are
progressively expelled from the emulsion phase upon phase separation and so
does the reservoir of surfactant molecules. This results in the motional averaging
of the oil diffusion being an increasing function of oil concentration upon ageing.
There are several examples in the literature of the manipulation of the surfactant
packing at the surface of emulsion droplets upon changing the composition of the
system. For example, Oehlke et al. [130] investigated corn oil-in-water emulsions
stabilized by two different ionic emulsifiers, sodium dodecyl sulfate (SDS) and
cetyl trimethyl ammonium bromide (CTAB). The concentration of emulsifier
within the interfacial region and in the continuous phase under the form of
micelles and monomers were measured using small angle neutron scattering,
ultrafiltration and dialysis. The surfactant headgroup area as was calculated based
on the concentration of surfactants at the interface coupled to the total interfacial
area measured by DLS. They found that as continues to decrease upon increasing
the total CTAB concentration in the system even after oil swollen micelles
solubilised in the continuous phase have been formed. On the contrary with SDS,
once oil swollen micelles have been formed, maximum coverage of the interface
is achieved resulting in the surfactant head group area as being independent of the
total surfactant concentration introduced in the system.

The solubilisation of cosurfactants, such as long chain alcohols, in the oil phase of
O/W emulsions before emulsification can lead to the transfer of additional
surfactant molecules from the oil swollen micelles to the interfacial region. For
example in the study of James-Smith et al. [131] the addition of dodecanol in
hexadecane-in-water emulsions imposes a 23 % increase in the amount of SDS
available for the droplet surface as measured by ultrafiltration since the total
interfacial area is enhanced and the mean droplet size decreases. This is due to the
shielding of the electrostatic repulsion between SDS headgroups, the
maximization of the van der Waals attractive interactions between the
hydrophobic tails and the ion-dipole interactions among the polar groups OH and
SO, providing a greater stability of the interfacial film by increasing the
surfactant packing at the interface.
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In the toluene/Triton X-100/water emulsions of the transition region between ~25
and ~35 wt% toluene, these are associated with the fastest rates of coalescence
(1.12 +0.05 pm ™ h™* for a 25 wt% toluene sample, Table 6.6), hence the smallest
surfactant packing at the interface highlighting the significant instability of these
samples. This is consistent with the previous study of Liu et al. [40], in which a
bicontinuous toluene/Triton X-100/water emulsion with a zero mean curvature
could be stabilized at low energy input with 30 wt% toluene indicating that the
spontaneous mean curvature of Triton X-100 progressively becomes less positive
upon increasing toluene concentration from 5 to 30 wt%. The surfactant layer
within this transition region of ~25 to ~35 wt% toluene is very unstable since it
does not preferentially curve towards the oil or towards the water. In this region
the curvature strongly depends on the bending elasticity of the monolayer [132].
Finally, the emulsion mean droplet size is an important determinant of the rate of
oil exchange as seen by Asitch being an increasing function of droplet size. At
high oil content, the time scale of the oil exchange is proportional to the mean
droplet size or inversely proportional to the droplet collision frequency for a given
concentration whereas at low oil content, the surfactant packing is so weak that
the rate of oil exchange is unaffected by an increase in the mean droplet size.

6.6. Conclusion

Comparing toluene/Triton X-100/water emulsions of the low-oil content region (5
to ~20 wt% oil) to those of the high-oil content (~40 to ~55 wt% oil) and closed-
cell foam (~60 to 70 wt% oil) domains, the packing of Triton X-100 molecules at
the surface of oil droplets is enhanced as evidenced by the macroscopic phase
separation data and the rate of coalescence upon increasing toluene concentration.
The observed increase of the surfactant packing upon increasing oil content
results from the kinetic stabilization of the system against the augmentation of the
droplet collision frequency coupled to the reduction of the energy cost for hole
nucleation. The decrease of the energy barrier to oil exchange originates from the
spontaneous mean curvature of the Triton X-100 layer becoming less positive
upon dehydration of the surfactant head groups as evidenced by the oil swollen

micelles getting larger with oil concentration.
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The rate of oil transfer between droplets decreases upon the ageing of emulsions
due to droplets becoming larger, hence diffusing more slowly, as seen by the

NMR switching time, Aswitch, Deing an increasing function of emulsion age.
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Chapter 7 Variation of the nature of the
oil in oil/Triton X-100/water emulsions

7.1. Introduction

Changing the nature of the oil from toluene to p-xylene to octane in oil/Triton X-
100/water emulsions allows the specific interaction between Triton X-100 and the
oil to be probed and the stability of the surfactant thin film to be manipulated.
From toluene to p-xylene, the addition of one methyl group to the oil molecule
affects the properties of the interfacial domain resulting in the modification of the
microstructure and the stability of these emulsions. The characteristics of the
interface are controlled by the oil molecular size, the degree of penetration of the
oil molecules into the interfacial thin film and the mutual chemical affinities
between the oil, the surfactant and the water molecules [3, 104].

In this chapter is described how the droplet size distribution and the macroscopic
stabilities of p-xylene emulsions are affected by the variation of oil concentration
from 2.5 to 70 wt% in comparison with the toluene system.

Moreover, the occurrence of oil exchange between droplets of oil/Triton X-
100/water emulsions, where the oil is p-xylene or octane, is reported. Combined
with the toluene system data already reported in the previous chapters, this
suggests that the process of oil transfer via oil permeation upon droplet collision
or reversible coalescence of the droplets, independent of emulsion destabilization,
may be a universal process. The increase of the time scale of the oil
transfer, Aswitch, 85 Measured by PFG-NMR, from toluene to p-xylene to octane,
emphasizes the significant role of the oil/emulsifier interactions in controlling the
Kinetics of the exchange process.
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7.2. The microstructure of p-xylene/Triton X-
100/water emulsions

Emulsions of the ternary system p-xylene/Triton X-100/water with an oil-to-
surfactant weight ratio of 5:1 were prepared according to the same emulsification
method used for the toluene system described in section 3.3. The nature of the
continuous phase was confirmed by the solubilisation of a water soluble dye in
the emulsion samples as well as the determination of the diffusion coefficient of
the water phase using a PGSTE pulse sequence (see section 3.4.3.3); the p-xylene
based emulsions were of the O/W type between 2.5 and 70 wt% oil.

7.2.1. Droplet size distribution

The volume-based droplet size distributions of p-xylene/Triton X-100/water
emulsions prepared with p-xylene between 2.5 and 70 wt% were measured by
SLS (Figure 7.1) using a refractive index and an absorption coefficient of 1.390

and 0.001, respectively, and considering the droplets with irregular shapes.
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Figure 7.1. Droplet size distributions of emulsions between 2.5 and 70 wt% p-xylene using
SLS.
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The droplet size distributions of the p-xylene emulsions indicate the presence of
droplets measuring between ~35 nm and ~2 to ~3 um diameter, as for the toluene
system. In contrast, however, the volume-based mean droplet size now depends
on p-xylene concentration. For the toluene system the size distribution is
independent of toluene concentration between 5 and ~55 wt% (Figure 4.1).

Upon increasing p-xylene concentration, the number of larger droplets from ~0.3
to ~3 um diameter continuously increases at the expense of the number of smaller
droplets from ~35 nm to ~0.25 um diameter leading to the increase of the
volume-based mean droplet diameter (Table 7.1) and the distribution becoming
occasionally bimodal. It is hypothesized that the two modes are always present
however it is not always possible to resolve these two close peaks, as such the
size distribution appears either bimodal with two distinct maxima (e.g. 25 wt% p-
xylene, Figure 7.1) or monomodal with a maximum value being the average of
two maxima (e.g. 45 wt% p-xylene, Figure 7.1). This limited ability to resolve the
two modes results in the calculated volume-based mean droplet diameters being
under estimated from 40 to 65 wt% oil (Table 7.1).

Comparing the p-xylene and toluene systems with respect to the microstructure,
the volume-based mean droplet size of p-xylene emulsions ranges from 0.27 +
0.10 to 0.53 = 0.10 pm upon increasing oil concentration from 2.5 to 70 wt%.
This is ~14 to ~138 % larger than that of the toluene emulsions (Table 7.1) and is

additionally a function of oil concentration.
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Oil concentration / wt% | Volume-mean p-xylene | Volume-mean toluene
droplet diameter droplet diameter
+0.10/ um +0.10 / um

2.5 0.27

5} 0.27 0.18
10 0.44 0.21
15 0.39 0.28
25 0.45 0.24
30 0.50 0.21
35 0.51 0.25
40 0.30 0.18
45 0.39 0.24
50 0.33 0.29
95 0.42 0.22
60 0.45 0.37
65 0.42 0.36
70 0.53 0.37

Table 7.1. SLS volume-based mean droplet diameter for emulsions prepared with p-xylene
or toluene between 2.5 and 70 wt%.

The p-xylene emulsions also contain oil swollen micelles dispersed in the
aqueous continuous phase as evidenced by the DLS measurements (Figure 7.2)
performed on the expelled aqueous bottom phase of a separated aged emulsion
(the refractive index and absorption coefficient of the oil phase were taken as
1.390 and 0.001, respectively). Micelles span from ~6 to ~50 nm with a mean
diameter of 18 £ 5 nm for emulsions prepared with 20, 35 and 40 wt% p-xylene,
in similarity to the size distributions measured for the toluene system (Figure 4.4).
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Figure 7.2. Size distributions of the expelled aqueous phase of aged emulsions prepared with
20, 35 and 40 wt% p-xylene using DLS.

7.2.2. Macroscopic phase separation

The macroscopic phase separation data for emulsions prepared with p-xylene
between 2.5 and 70 wt% are depicted by the plot of the amount of expelled
aqueous phase as a function of time (Figure 7.3, not all concentrations are shown
for clarity). As for the toluene system, concentration domains are differentiated
according to the time of the beginning of the phase separation, the time of the
initial fast phase separation (steep increase in the amount of expelled phase) and
the time, tsaiic, at which the amount of expelled phase remains nearly constant.
The p-xylene system comprises five concentration domains: 2.5 to 5 wt%, 10 to
20 wt%, 25 to 35 wt%, 40 to 55 wt% and 65 to 70 wt% oil with transition
concentrations being observed for 7.5, 23 and 60 wt% oil. That is, one additional
domain (2.5 to 5 wt% oil) is evident compared with the toluene system (Figure
6.1).
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Figure 7.3. Amount of expelled aqueous phase as a function of time for p-xylene/Triton X-
100/water emulsions prepared with p-xylene between 2.5 and 70 wt%b.

The first of these concentration domains occurs at very low oil concentrations,
between 2.5 and 5 wt% p-xylene. In this region, the time to reach the same extent
of phase separation associated to a specific mean droplet size, e.g. the time of the
initial rapid phase separation or tsaic, IS an increasing function of oil concentration
(Figure 7.4 and Table 7.2) despite increasing the droplet collision frequency as
the size distribution remains nearly unchanged (Figure 7.1and Table 7.1).

Between 7.5 and 23 wt% p-xylene, the plots of the amount of expelled aqueous
phase versus time (Figure 7.5) follow a much slower separation trend compared
to the other p-xylene concentrations (Figure 7.3). Considering the plot of the
volume fraction of expelled aqueous phase normalized to the extent of phase
separation at tgagic for p-xylene concentrations between 10 and 20 wt% (Figure
7.6) in comparison with the corresponding low concentration region of the
toluene system (Figure 6.4), the phase separation process occurs on a much
slower time scale. Here, p-xylene droplets are more stable with respect to
emulsion destabilization with phase separation being completed within ~690 to
~800 h (Table 7.2) as compared with ~186 to ~336 h in the toluene system (Table

6.2). Moreover, these p-xylene emulsions follow similar phase separation
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behaviours, as seen by the times of both the beginning of phase separation and the
initial fast phase separation being constant (Figure 7.6 and Table 7.2), whereas in
the toluene system a variation with increasing oil concentration is evident.

From 25 to 35 wt% (3rd concentration domain) and from 40 to 55 wt% p-xylene
(4" concentration domain) (Figure 7.7 and Figure 7.8), although emulsions begin
to phase separate faster (~2.5 to ~25 h, Table 7.2) than the corresponding samples
in the toluene system (~7 to ~35 h, Table 6.1 and Table 6.3), the overall
macroscopic process spanning from ~504 to ~649 h (Table 7.2) takes more time
than in the toluene system (~318 to ~480 h). This indicates that the mean droplet
size of the p-xylene emulsions remains larger than that of the toluene emulsions
within the first few hours following emulsification for the more concentrated
samples, resulting in the observed shorter times for the start of phase separation.
However, the longer rate of droplet growth leading to a longer destabilization
process measured in the p-xylene system for all concentrations compared to the
toluene system is controlled by the properties of the interfacial membrane which
are vastly different in the two oil systems.

Finally, the 65 and 70 wt% p-xylene emulsions do not phase-separate prior to ~1
month after emulsification (Figure 7.3) which makes them more stable than the
corresponding samples in the toluene system which start to destabilize by 8 h and
18 days, respectively.
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Oil tstart of phase tinitial fast phase tstatic / h
concentration separation/ N separation/ N
[ wt%

2.5 91 137 150

3.75 68 240 285
5 46 300 337
1.5 46 626 674
10 25 552 800
15 24 552 800
20 24 552 690
23 46 724 958
25 17 45 504
30 15 23 552
35 25 27 649
40 6 46 552
45 6 22 552
50 2.5 21 551
95 3 45 551
60 20 45 740

100/water system between 2.5 and 60 wt% p-xylene.
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Table 7.2. Characteristic times of the macroscopic phase separation process for the four
concentration domains and the three transition concentrations of the p-xylene/Triton X-
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Figure 7.4. Volume fraction of expelled aqueous phase normalised to the limiting value
measured at ty,gc as a function of time for p-xylene/Triton X-100/water emulsions prepared
with p-xylene between 2.5 and 5 wt%.
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Figure 7.5. Amount of expelled aqueous phase as a function of time for p-xylene/Triton X-
100/water emulsions prepared with p-xylene between 7.5 and 23 wt%b.
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Figure 7.6. Volume fraction of expelled aqueous phase normalised to the limiting value
measured at ty,gc as a function of time for p-xylene/Triton X-100/water emulsions prepared
with p-xylene between 10 and 20 wt%.
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Figure 7.7. Volume fraction of expelled aqueous phase normalised to the limiting value
measured at ty,gc as a function of time for p-xylene/Triton X-100/water emulsions prepared
with p-xylene between 25 and 35 wt%.
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measured at ty,gc as a function of time for p-xylene/Triton X-100/water emulsions prepared
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In order to assess how the oil exchange process probed in toluene emulsions is
affected by the nature of the oil, laser scanning confocal microscopy and cryo-
SEM experiments were performed on oil/Triton X-100/water emulsions where the

oil is p-xylene or octane.
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7.3. Effect of the oil on the dynamics of oil
transfer

7.3.1. Laser scanning confocal microscopy

Upon replacing toluene with either p-xylene or octane (note that O/W emulsions
can only be formed between 40 and 60 wt% oil in the octane system [133]), oil
exchange between dispersed droplets with no concomitant variation of the droplet
size still occurs as probed by laser scanning confocal microscopy. After mixing
separately prepared red and green fluorescing emulsions according to the
experimental protocol detailed in section 4.3, all oil droplets emit yellow
fluorescence resulting from the solubilisation of the two dyes in the same oil
environment within ~10 min of mixing and ~30 min after emulsification (Figure
7.9 and Figure 7.10).

After mixing the two individually labelled emulsions in both the p-xylene and
octane systems, the droplet size distribution remains unchanged and corresponds
well to the SLS data for freshly emulsified samples with or without dye addition.
In the 2D confocal images of the 65 wt% p-xylene emulsions (Figure 7.9), most
of the droplets are between ~0.6 and ~1 um diameter (note that the microscope
resolution is ~200 nm), which fits reasonably well the SLS data (Figure 7.1). The
optical cross-sections for the 40 wt% octane emulsions (Figure 7.10) indicate the
presence of droplets measuring ~0.6 to ~1.3 um diameter, which is consistent
with the SLS data presented by Liu and coworkers (Figure 4 in the reference
[133]).
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Figure 7.9. 2D confocal microscopy optical cross-sections 256x256 (x100 objective, zoom
factor 4) of fresh 65 wt% p-xylene emulsions labelled with Nile red (a) and 4-(4-
methoxybenzylamino)-7-nitrobenzofurazan (b). Snapshot (c) results from the mixing of the
red fluorescing (a) and the green fluorescing (b) emulsions.
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Figure 7.10. 2D confocal microscopy optical cross-sections 256x256 (x100 objective, zoom
factor 4) of fresh 40 wt% octane emulsions labelled with BODIPY 665/676 (a) and BODIPY
493/503 (b). Snapshot (c) results from the mixing of the red fluorescing (a) and the green
fluorescing (b) emulsion.

The confocal microscopy data provide evidence that oil exchange between
emulsion droplets that does not lead to droplet growth, occurs in the three ternary
systems: oil/Triton X-100/water where the oil is one of toluene, p-xylene or
octane. However, this technique does not highlight any effect of the nature of the
oil on the dynamics of oil transfer. As such, cryo-SEM was performed on p-
xylene and octane emulsions in order to examine the internal microstructure on a

faster experimental time scale, i.e. the freezing time was ~1 s.
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7.3.2. Cryo-SEM

The cryo-SEM micrographs presented in Figure 7.11 to Figure 7.13 for fresh and
aged 40 wt% and aged 15 wt% p-xylene emulsions indicate significant droplet
interaction within the SEM experimental time scale, i.e. the freezing time. Evident
is the formation of a network of partially coalesced droplets irrespective of the
age of the emulsion. As it is the case for the toluene system, this network of p-
xylene droplets is not representative of the droplet size distribution measured by
SLS (Figure 7.1 for fresh samples) and cannot be the result of irreversible
coalescence given the stability of the samples (the 15 and 40 wt% p-xylene
emulsions start to phase-separate only after ~24 and ~6 h, respectively, Table
7.2).

Consider the cryo-SEM images for a freshly emulsified 40 wt% octane sample as
shown in Figure 7.14 and Figure 7.15. The internal microstructure of the
emulsion is strikingly different to that of both the toluene and p-xylene systems.
Within the ~1 s freezing time, octane droplets maintain their integrity and there is
no indication of any direct contact or formation of a network of interconnected
droplets. This suggests that oil transfer in the octane system occurs on a much
longer time scale than in either the p-xylene or toluene systems, though still faster

than ~10 min as evidenced from the confocal microscopy data.
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Figure 7.11. Cryo-SEM image of a freshly emulsified 40 wt% p-xylene emulsion (x20000).

NONE SEI 50KV 5,000 1um WD 9.8min:

Figure 7.12. Cryo-SEM image of a 15 wt% p-xylene emulsion aged for 4 h (x5000).
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Figure 7.14. Cryo-SEM image of a freshly emulsified 40 wt% octane emulsion (x5000).

199



Figure 7.15. Cryo-SEM image of a freshly emulsified 40 wt% octane emulsion (x10000).

7.3.3. PFG-NMR

The microstructure and dynamics of the oil phase in p-xylene emulsions were
monitored upon varying the NMR observation time, A, using a PGSTE pulse
sequence (see section 3.4.3.3). The switch between a single exponential decay as
a function of gradient strength, where motional averaging of the oil diffusion is
measured, and a multiexponential decay, where the motions of droplets and oil
molecules are probed, upon decreasing A occurs at Aswitch defined as the time scale

of the oil exchange.

7.3.3.1. Microstructure

The diffusion echo attenuations of the oil signal for toluene and p-xylene
emulsions prepared with, for example 40 wt% oil (Figure 7.16), may be directly
compared. At long observation times, A = 1.3 s, for toluene and A = 1.5 s for p-
xylene, i.e. where motional averaging is observed, the fast contribution,
associated with the unrestricted diffusion of oil molecules dissolved directly in

the aqueous continuous phase, is more important in toluene as compared with p-
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xylene emulsions. This observation is consistent with the lower solubility of p-
xylene in water compared to toluene, hence decreasing the volume fraction of oil

molecules dissolved directly in the water phase.

A=40ms toluene
A=40ms p-xylene
A=1.3s toluene
A=15s p-xylene

In (/1))

35 T T T T T T T T T T T T T T T 1
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Figure 7.16. Diffusion echo attenuation of the oil signal for a fresh 40 wt% toluene emulsion
observed at A = 40 ms (multiexponential decay) and A = 1.3 s (Aswitch, Single exponential
decay) and for a fresh 40 wt% p-xylene emulsion observed at A = 40 ms (multiexponential
decay) and A = 1.5 s (Aswitcn, Single exponential decay).

For short observation times, A, the echo attenuation of the oil signal decays as a
multiexponential consistent with the polydispersity of the samples. For a given
observation time, A, when a multiexponential decay is measured, the attenuation
data of the p-xylene emulsions decay more slowly than for the toluene system
(see A = 40 ms, Figure 7.16). The diffusion spectra extracted from the
mutiexponential attenuation data of a 40 wt% p-xylene emulsion upon varying A

using an inverse Laplace transform are given in Figure 7.17.
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Figure 7.17. Diffusion spectra of the oil signal as a function of A for a fresh 40 wt% p-xylene
emulsion.

For A = 40 ms, the diffusion spectrum of the oil phase comprises three peaks
centred at ~D = 1.6 x 10™°, ~6.7 x 10 *?and ~ 5.5 x 10* m?s™, respectively.

The peak associated with fastest diffusion is attributed, as for the toluene system,
to the unrestricted diffusion of p-xylene molecules dissolved directly in the
aqueous continuous phase.

Likewise, the peak associated with intermediate diffusion, with limits ~2.5 x 1072
and ~1.5 x 107 m? s, corresponds to pure unrestricted diffusion as evidenced
by the mean square displacements of the oil associated with all the components of
this peak (<Z*> = 2DA) being increasing functions of A (Figure 7.18). Using the
Stokes-Einstein equation (Eg. 3.4), this peak represents the unrestricted diffusion
of droplets from ~30 nm to ~0.2 um diameter. Note that in contrast to the toluene
system, this peak does not include the unrestricted diffusion of oil swollen
micelles (6-50 nm diameter, Figure 7.2). A small peak centered at ~3.7 x 10" m?
s appears only occasionally in the diffusion spectrum, e.g. for A = 100 ms in
Figure 7.17, representing the unrestricted diffusion of oil swollen micelles from

~6 to ~20 nm diameter (Eq. 3.4). The occasional detection of this peak is due to
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the very small amount, volume-wise, of the oil swollen micelles solubilised in the
aqueous continuous phase of p-xylene emulsions as compared with the toluene

system.
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Figure 7.18. Plot of the product DA as a function of A for the low end tail D)y, maximum
Dmax and high end tail Dyign 0f the middle peak in the p-xylene diffusion spectra obtained for a
fresh 40 wt% oil emulsion.

The peak associated with the slowest diffusion of the spectrum, centred at ~5.5 x
102 m?s™ for A = 40 ms, is a combination of unrestricted (fast end tail) and
restricted diffusion (slow end tail) as seen in Figure 7.19. The mean square
displacement of the oil associated with the fast end tail of this peak is an
increasing function of A indicating that pure unrestricted diffusion is probed
whereas the mean square displacement associated with the slow end tail is
constant, i.e. the corresponding motion is restricted for A > 40 ms. This results in
the mean square displacement of the oil corresponding to the maximum of this
peak being an attenuated rising function of A. For A = 40 ms, when the diffusion
of the oil is unrestricted, the peak associated with slowest diffusion represents the
unrestricted motion of droplets from ~0.3 to ~1.7 um diameter (Eq. 3.4). Note
that droplets larger than ~1.7 um represent a volume fraction which is too small
to be detected by the spectrometer. For longer observation times, the diffusion of

the largest droplets becomes restricted by the presence of the other droplets, hence
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the low end tail of the peak associated with slowest diffusion moves to slower
diffusion coefficients. As such, the analysis of the diffusion spectrum of the oil
for short values of A is consistent with the SLS data (Figure 7.1), i.e. there is a
larger number of medium size droplets (~0.3 to 1.5 um diameter) in p-xylene than
in toluene emulsions resulting in their motions being detected in fresh samples.

Upon increasing A, the contribution of the peak associated with slowest diffusion
is increasingly reduced, as for the toluene system, and by 600 ms restricted
diffusion is no longer detected as it now lies below the instrument detection limit.
From A = 600 ms, the peak centered at ~6.7 x 1072 m?s™* progressively narrows
but is never a single delta function even when the echo attenuation decays as a

single exponential, i.e. for A > 1.5 s (Figure 7.17).
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Figure 7.19. Plot of the product DA as a function of A for the low end tail D)y, maximum
Dmax and high end tail Dyign Of the peak associated with the slowest diffusion in the p-xylene
diffusion spectra obtained for a fresh 40 wt% oil emulsions.

7.3.3.2. Dynamics

In Figure 7.20 is shown the time scale of the oil exchange, Aswitch, determined by
PFG-NMR (switching time between a multiexponential and a single exponential
decay of the echo attenuation of the oil signal as a function of gradient strength)
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upon varying oil concentration for p-xylene emulsions in comparison with the

toluene system.
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Figure 7.20. NMR switching time Aqyitch Versus oil concentration for fresh p-xylene and
toluene-based emulsions between 2.5 and 70 wt% oil.
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Between 2.5 and 60 wt% p-xylene, Aswitch Varies between ~1 and ~2.3 s, i.e. the
time scale of the oil exchange occurring between p-xylene droplets is on average
800 ms longer than for the toluene system. This is in agreement with the mean
droplet size in the p-xylene system being on average larger than in the toluene
system as evidenced by SLS (Figure 7.1). Hence, p-xylene droplets move and
interact with each other, on average, more slowly than toluene droplets leading to
the reduction of the collision frequency.

Considering those emulsions prepared with p-xylene between 65 and 70 wt%, the
echo attenuation of the oil signal as a function of the gradient strength is
multiexponential up to ~3 s. However, it is known, based on the confocal
microscopy experiments where all droplets fluoresced yellow within ~10 min of
mixing two separately labelled samples, with no change of the droplet size
distribution (Figure 7.9), that oil exchange continues to occur at very high p-
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xylene concentration. As such, the time constant of the oil transfer in these
samples is longer than the longest NMR observation time available.

Overall, the switching time is an increasing function of p-xylene concentration
from 2.5 to 60 wt% (Figure 7.20). The increase of the mean droplet size upon
increasing p-xylene concentration (see SLS data, Figure 7.1) may partially
account for the time scale of oil exchange being an increasing function of oil
concentration since the droplet encounter frequency decreases.

Moreover, the four concentration regions apparent from the macroscopic phase
separation data between 2.5 and 60 wt% p-xylene can also been distinguished in
the plot of Aswitcn VErsus p-xylene concentration though the boundaries are slightly
shifted. Based on the macroscopic phase separation data, these four concentration
domains are 2.5 to 5 wt%, 10 to 20 wt%, 25 to 35wt% and 40 to 55 wt% oil. The
inspection of the PFG-NMR data in Figure 7.20 indicates that these appear as 2.5
to 5 wt%, 10 to 25 wt%, 30 to 40 wt% and 45 to 60 wt% oil. This suggests that
the factors controlling the rate of oil exchange and those controlling the rate of
droplet growth are similar.

Measurement of the diffusion coefficients of the oil swollen micelles diffusing
freely in the expelled aqueous continuous phase of aged p-xylene emulsions
suggests that these get larger upon increasing p-xylene concentration (Figure
7.21). The diffusion coefficient corresponding to the unrestricted diffusion of the
p-xylene swollen micelles upon increasing oil concentration was calculated using
an inverse Laplace transform based on the signal from the expelled aqueous phase
of phase separated emulsions. The diffusion coefficients span from (2.8 £ 0.3) x
10 to (1.2 +0.3) x 10" m?s ™t upon increasing p-xylene concentration from 15
to 40 wt% and correspond to a size range of 16 to 36 nm diameter (Eq. 3.4) fitting
well with the size range measured by DLS (6 to 50 nm, Figure 7.2). The diffusion
coefficient of the oil swollen micelles is a decreasing function of p-xylene
concentration between 15 and 40 wt% indicating that the size of the oil swollen

micelles increases with oil content.
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Figure 7.21. Diffusion coefficients of the oil signal detected in the expelled aqueous phase of
aged emulsions prepared with p-xylene between 15 and 40 wt% for A between 6.3 ms and 3 s.

From the echo attenuations of 40 wt% oil emulsions (Figure 7.16) decaying as
single exponentials for A > Agwitch, 1.6. A > 1.3 sand A > 1.5 s for toluene and p-
xylene, respectively, the diffusion coefficient value associated with the motional
averaging (slowest slope) of the oil diffusion in the p-xylene system is smaller
than for the toluene system. This trend is true for all p-xylene concentrations
between 5 and 60 wt% as seen in Figure 7.22.
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Figure 7.22. Motional averaging of the oil diffusion versus oil concentration for toluene and
p-xylene-based emulsions.

The motional averaging of the oil diffusion in p-xylene emulsions is independent
of oil concentration with a mean value of <D> = (7.5 + 0.3) x 10 m?s™ as
compared with <D> = (1.5 + 0.2) x 10** m? s between 5 and 55 wt% oil in
toluene emulsions. This quantitatively shows that p-xylene molecules exchange a
fewer number of times over the same duration as compared with toluene
molecules at equal oil concentration. This partly reflects the smaller droplet
collision frequency in p-xylene emulsions as a result of the augmentation of the
mean droplet size.

The increase of the mean droplet size with oil content in p-xylene emulsions
(Figure 7.1) results in the decrease of the droplet encounter frequency superposed
to oil molecules being able to travel a longer distance within the droplets over the
same time period before exchanging. This leads to the motional averaging of the
p-xylene diffusion, proportional to the distance travelled by the oil molecules per
unit time, being constant upon increasing oil content (Figure 7.22) as the decrease
of the collision frequency is countered by the increase in the mean droplet size.
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7.4. Discussion

From the laser scanning confocal microscopy data, oil exchange, which is not
coupled to droplet growth, occurs in three different systems of oil/Triton X-
100/water emulsions where the oil is one of toluene, p-xylene or octane. In
Chapter 6, it was evidenced that coalescence was the main destabilization
mechanism within the first 6 hours following emulsification for toluene
emulsions, independently of oil concentration, in addition to Ostwald ripening
occurring within the first hour of the emulsion life for the highly concentrated
samples (65 wt% toluene).

Furthermore, octane-in-water emulsions, stabilized by Triton X-100, destabilize
via an enhanced Ostwald ripening mechanism within the first 6 hours following
emulsification, independently of oil concentration [49]. Therefore, oil exchange is
observed in three oil systems that destabilize via different mechanisms. This
strongly confirms that such an oil transfer does not pertain to emulsion
destabilization but rather occurs as a separate process.

From the determination of the switching time, Aswiwch, USing PFG-NMR, for
toluene and p-xylene emulsions prepared with oil concentrations between 2.5 and
70 wt%, it is evident that the time scale of the oil exchange increases from toluene
to p-xylene by ~800 ms (Figure 7.20). This is consistent with the mean droplet
size of the p-xylene emulsions being on average larger than the toluene emulsions
as demonstrated by the SLS data (Figure 7.1), resulting in the decrease of the
droplet encounter frequency at equal oil concentration since droplets move on
average more slowly. As such, a slower rate of oil exchange is observed which is
also in agreement with the smaller value of the motional averaging of the oil
diffusion in the p-xylene system measured by PFG-NMR for concentrations
between 5 and 60 wt% p-xylene (Figure 7.22).

Similarly, O/W emulsions in the octane/Triton X-100/water system, prepared
according to the same emulsification method as for the toluene and p-xylene
systems (see section 3.3), were investigated using SLS and PFG-NMR [133].
Octane emulsions could be prepared only between 40 and 60 wt% oil. Octane
droplets are on average larger as compared with the toluene and p-xylene systems.

From 40 to 50 wt% octane, droplets are comprised between ~0.3 and ~3.5 um
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diameter with a maximum at ~1.2 um. For 55 wt% octane, the maximum shifts to
~1.5 um with droplets as large as 5 um being formed. For 60 wt% octane, the
maximum shifts to 1.8 um with droplets as large as ~8 um being present.
Additionally, PFG-NMR experiments show that no motional averaging of the
octane diffusion is detected for times up to ~2 s [133]. Since oil exchange does
occur in octane emulsions, as evidenced by our confocal microscopy data for a 40
wt% octane sample (Figure 7.10), the time constant for the oil transfer is therefore
longer than ~2 s. The cryo-SEM micrographs of octane emulsions (Figure 7.14
and Figure 7.15) also indicate, at least qualitatively, that the time scale of the oil
exchange process is the longest of the three oil systems since no direct droplet
contact is observed within the ~1 s of the experimental time scale.

The increase of the mean droplet size observed in oil/Triton X-100/water
emulsions in the order of toluene to p-xylene to octane contributes to the decrease
of the rate of oil exchange in the same order as a result of the decrease of the
droplet collision frequency. However droplet size cannot be the sole contributor
to the decrease of the rate of oil exchange. From the data reported in chapter 6 it
was evidenced that the properties of the interfacial domain, including the
surfactant packing at the oil/water interface, are of fundamental importance in
controlling the time scale of the oil exchange. In an oil transfer occurring either
via oil permeation upon droplet collision or reversible coalescence of the droplets,
the time scale of such an exchange process is expected to also depend on the
mutual interactions between the oil and the Triton X-100 molecules.

The macroscopic phase separation data of the p-xylene emulsions indicate that the
rate of phase separation resulting from droplet growth is slower than that of the
toluene emulsions as seen by the times to reach complete phase separation.
Toluene emulsions phase separate between ~186 to ~480 h (Table 6.1 to Table
6.3) whereas it takes ~337 to ~800 h for the p-xylene emulsions (Table 7.2)
between 5 and 60 wt% oil. Coalescence is assumed to be the main destabilization
mechanism of the p-xylene emulsions, as for the toluene emulsions, based on the
strong similarities between these two oil systems with respect to macroscopic
phase separation (most of the aqueous continuous phase is expelled within a short
period of time of a few hours, Figure 6.1 and Figure 7.3) and evolution of the
droplet size distribution with time (Figure 6.8 and Figure 7.23). Hence, the
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respective rates of phase separation of the toluene and p-xylene systems are not
consistent with the normal situation where the rate of droplet growth via a
coalescence mechanism is proportional to the initial mean droplet size [121].
Therefore, the Triton X-100 layer covering p-xylene droplets must be more rigid
with respect to oil transfer leading to emulsion destabilisation as compared with
the layer covering toluene droplets.
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Figure 7.23. Droplet size distributions of a 50 wt% p-xylene emulsion as a function of time
using SLS.

In an enhanced Ostwald ripening mechanism, the rate of droplet growth is mainly
controlled by the interactions between the oil and the surfactant molecules upon
oil transfer occurring between oil droplets and oil swollen micelles [49, 84].
Considering the macroscopic phase separation behaviour of the octane/Triton X-
100/water emulsions, destabilizing via enhanced Ostwald ripening, the rates of
phase separation, resulting from droplet growth, are slower than those of the
toluene and p-xylene systems. Indeed, the time to reach complete phase
separation in octane emulsions is ~600 h, independently of oil concentration
(Figure 7.24), as compared with ~550 h in the p-xylene system from 40 to 55 wt%
p-xylene (Table 7.2) and ~383 to ~480 h in the toluene system from 40 to 60 wt%
toluene (Table 6.1). Based on these data, the Triton X-100 membrane is more

robust, with respect to oil transfer leading to emulsion destabilization, in the order
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of toluene to p-xylene to octane. The same analysis can be applied to the oil
transfer occurring via oil permeation or reversible coalescence since it was
observed experimentally that the parameters affecting the rate of droplet growth,
e.g. oil content, are similar to those affecting the rate of oil exchange. The
mechanisms of oil permeation, reversible coalescence, irreversible coalescence
and enhanced Ostwald ripening all involve the formation of transient holes in the
emulsifier thin film, the kinetics of which may control the rate of oil transfer

leading or not to droplet growth.
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Figure 7.24. Amount of expelled aqueous phase as a function of time taken from reference
[49], for octane/Triton X-100/water emulsions prepared with Triton X-100 between 8 and 12
wt% while maintaining the octane-to-Triton X-100 weight ratio to 5:1.

Kabalnov and Wennerstrom [78] argue that the surfactant spontaneous curvature
affects both the self-assembly of the surfactant molecules in the phase diagram as
well as the stability of emulsions. The energy cost for hole nucleation in emulsion
systems, where the surfactant curvature is not at equilibrium, depends on the
surfactant equilibrium curvature. Schmitt et al. [90] suggest that oils with the
longest hydrophobic chains hardly penetrate into the surfactant layer, hence
maintaining a highly positive spontaneous mean curvature of the surfactant layer
in O/W emulsions. The interfacial membrane is then well stabilized against hole
nucleation (step required for oil permeation or reversible coalescence) due to the
large energy barrier for the formation of holes since it requires the surfactant layer
to adopt a local negative mean curvature around the hole [90, 102]. On the
contrary, short oil chains are able to swell the surfactant layer and increase the
distance between the surfactant tails while maintaining the same distance between
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the surfactant head groups, hence imposing a less positive spontaneous curvature
in O/W emulsions and reducing the activation energy for hole nucleation and oil
transfer [78]. For example, Schmitt et al. experimentally verified that the rate of
coalescence, limited by the rate of hole nucleation, is a decreasing function of the
hydrocarbon chain length from heptane through to dodecane in concentrated
alkane-in-water emulsions stabilized by a mixture of Ci2Es and CioEs [134].
Likewise, Schmitt et al. determined that the rate of permeation-driven Ostwald
ripening, where oil transfer occurs upon collision via the transposition of two
transient holes, is also a decreasing function of the alkane chain length in O/W
emulsions [90].

Several studies have focused on the effect of oil/emulsifier/water interactions on
the rate of emulsion destabilization via Ostwald ripening [116, 117, 135]. The
Lifshitz-Slyozov-Wagner model [116, 117] predicts that the rate of standard
Ostwald ripening is an increasing function of the oil/water interfacial tension in
addition to the oil molar volume, the diffusion coefficient and the solubility of the
oil in the aqueous continuous phase. Weiss and coworkers experimentally
measured faster ripening rates in the sterically stabilized O/W emulsions with the
highest interfacial tensions [135]. Furthermore, the Kinetics of solubilisation of oil
molecules from emulsion droplets into oil swollen micelles upon enhanced
Ostwald ripening have been largely investigated [118, 136-138]. Three
solubilisation mechanisms have been proposed including the direct solubilisation
of oil molecules in the aqueous phase followed by the incorporation into micelles,
the fusion/fission of an oil droplet with a micelle and the spontaneous “budding-
off” of oil and surfactant molecules from a droplet to form a micelle [139, 140].
Weiss and coworkers [84] found that the solubilisation rate and maximum
solubilising capacity of the micelles is a decreasing function of the hydrocarbon
chain length and is larger for unsaturated than for saturated hydrocarbons of the
same chain length in alkane-in-water emulsions stabilized by a nonionic
surfactant using light scattering techniques and turbidity experiments.
Considering either a fusion/fission or a “budding-off” mechanism for oils with
low water solubilities, oil molecules confined within the hydrophobic interior of
the droplets must cross the more polar environment associated with the surfactant
headgroups before being incorporated into the micelles. As such, they suggested
that the rate of oil transfer is increasingly facilitated upon decreasing the
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hydrocarbon chain length or increasing the chain polarity due to unsaturation
because of the concomitant decrease of the energy barrier associated with the
exposure of nonpolar molecules to a more polar environment. Additionally, upon
increasing the alkane chain length there is a decrease of the configurational
entropy associated with the restricted volume available to larger hydrocarbons
within the micelles and the concomitant increase of the protrusion of the chains
into the polar environment of the surfactant layer, which is energetically
unfavorable.

Toluene molecules are able to readily swell the Triton X-100 layer due to the
stabilizing interactions between their respective aromatic rings. From toluene to
octane in oil/Triton X-100/water emulsions, the chemical affinity for Triton X-
100 decreases because of the loss of the stabilizing interactions between the
aromatic rings. This is experimentally verified by the higher solubility of Triton
X-100 in toluene than in octane. Moreover, using p-xylene instead of toluene
increases the effective volume of the oil and reduces its ability to penetrate the
surfactant brush. As such, from toluene to p-xylene to octane the ability of the oil
to penetrate the Triton X-100 layer decreases. This leads to the concomitant
decrease of the distance between the Triton X-100 chains while maintaining the
same distance between the head groups, resulting in a more positive spontaneous
curvature of the Triton X-100 layer and the increase of the activation energy for
hole nucleation in the order of toluene to p-xylene to octane. This corroborates the
observed slower rates of oil exchange in the same order.

Considering the octane emulsions stabilized by Triton X-100, only the emulsions
prepared with oil between 40 and 60 wt% could be formed, i.e. three of the four
microstructures obtained with toluene upon varying oil content (low-oil content,
bicontinuous and closed-cell foam) could not be realised and the minimum energy
input required to form stable emulsions was larger [133]. The reduction of the
number of microstructures obtained using octane instead of toluene is consistent
with the oil/water interfacial tension being augmented from toluene (y = 36.1
mN/m, 298K, [141]) to n-octane (¥ = 51.29 mN/m, 298K, [142]). As such, the
interface can be more easily manipulated in toluene emulsions including strongly
positive mean curvature (low-oil content region), zero mean curvature at low

energy input (bicontinuous), through to less positive curvature (high-oil content
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region). Systems with very low interfacial tensions such as microemulsions are
able to manipulate the surfactant mean curvature from highly positive through to
highly negative coupled to a zero curvature bicontinous microemulsion in
between simply by a small change in composition [143]. Because of the high
octane/water interfacial tension, it would be energetically unfavorable for the
octane system to form a low-surfactant packing microstructure at low oil content
as for the toluene system.

However, the increase of the oil/water interfacial tension from toluene to p-xylene
(y = 37.77 mN/m, 298K, [144]) alone does not account for the observed
augmentation of the number of microstructures from four to five based on the
macroscopic phase separation data. This may be due to the p-xylene system
having a larger Gibbs elasticity, defined as the capacity of films to increase their
tension upon stretching and indicative of the film stability [145].

The diffusion spectra extracted from the multiexponential decay attenuations,
associated with the p-xylene emulsions upon varying the NMR observation time,
indicate that the volume-weighted signal of the oil swollen micelles is not always
apparent in the spectra for the same emulsion sample, as opposed to the toluene
emulsions. As such, the number of oil swollen micelles in the aqueous continuous
phase most likely decreases upon using p-xylene instead of toluene, which is
consistent with more surfactant being situated at the droplet interface for all oil
concentrations in the p-xylene emulsions. Oil swollen micelles can be formed in
the continuous phase of emulsions if there is an excess of surfactant molecules
once the surface of the droplets is covered. The driving force for the formation of
oil swollen micelles is the tendency of the surfactant layer to adopt its equilibrium
mean curvature [84]. The decrease of the number of oil swollen micelles in the p-
xylene system as compared with the toluene system, despite the same oil-to-
surfactant weight ratio and a larger interfacial area, suggests that the surfactant
packing at the surface of the p-xylene droplets is more important. This also
corroborates the observed slower rates of both oil exchange and macroscopic
phase separation as there is an increase in the steric repulsive forces between the
oil droplets from toluene to p-xylene.

The three oil/Triton X-100/water emulsion systems where the oil is toluene, p-

xylene or octane have vastly different properties with respect to the Triton X-100
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layer and mutual oil/Triton X-100/water interactions, as evidenced by the nature
of the destabilization mechanisms, the diversity of the microstructures realized,
the surfactant packing at the surface of the oil droplets and the Triton X-100
equilibrium mean curvature. Despite these striking differences, oil exchange via
oil permeation upon collision or reversible coalescence of the droplets does occur
in these three oil systems, suggesting the universality of the oil exchange process
in kinetically stabilized emulsion systems. This is an important contribution to the

general knowledge associated with the dynamics of colloidal systems.

7.5. Conclusion

Oil exchange between emulsion droplets via oil permeation or reversible
coalescence was observed by confocal microscopy in oil/Triton X-100/water
emulsions where the oil is one of toluene, p-xylene or octane. The characteristics
of the Triton X-100 layer in these three oil systems are very different in terms of
molecular packing and spontaneous mean curvature which are controlled by the
oil/Triton X-100/water mutual interactions. Therefore, these three systems have
different droplet size distributions, microstructures and mechanisms of instability
including coalescence and enhanced Ostwald ripening. However, they all undergo
oil exchange, suggesting the universality of such a process in kinetically
stabilized emulsion systems.

While the increase of the mean droplet size contributes to the increase of the time
scale of oil exchange, Aswitch, from toluene to p-xylene to octane as measured by
PFG-NMR, the macroscopic phase separation data reveal that the Triton X-100
surfactant layer is more robust with respect to oil transfer in the same order. This
may be explained in terms of the spontaneous mean curvature of the surfactant
layer becoming more positive from toluene to p-xylene to octane due to the
decrease of the oil penetration into the surfactant brush, hence increasing the
energy barrier for hole nucleation required in the oil exchange process.
Additionally, evidence is provided for the surfactant coverage being denser at the
surface of p-xylene droplets as compared with toluene droplets based on the
reduction of the number of oil swollen micelles resulting in oil transfer being
further hindered.
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Chapter 8 General conclusion and future
work

8.1. General conclusion

The O/W emulsion system oil/Triton X-100/water was investigated, where the oil
is one of toluene, p-xylene or octane. Triton X-100 is a nonionic surfactant.
Through this study, a better understanding of the correlations between the
microstructure and the dynamics of this ternary system was gained upon varying
oil concentration, droplet size, emulsion age, oil type and ionic strength while
maintaining the oil-to-surfactant weight ratio, temperature, energy input and
emulsification method constant.

The occurrence of an oil exchange between oil droplets, for three different oil
types, that has not been reported previously in kinetically stabilized emulsion
systems, is evidenced. Such an oil transfer occurs independently of emulsion
destabilization and does not lead to droplet growth.

Confocal microscopy data for toluene, p-xylene and octane emulsions indicate
that oil droplets emit yellow fluorescence within ~10 min of mixing two
separately prepared emulsions, labelled with a red and a green-fluorescing dye,
respectively, with no concomitant variation of the droplet size. This yellow
fluorescence is due to the solubilisation of the two water-insoluble dyes within the
same droplets via oil exchange.

Furthermore, PFG-NMR experiments performed on toluene and p-xylene
emulsions at long observation times, A, demonstrate that an oil transfer between
the droplets occurs faster than the experimental time scale. A motional averaging
of the oil diffusion was measured, i.e. the echo attenuation of the oil signal decays
as a single exponential as a function of the gradient strength. The motions of the
individual droplets and oil molecules are described by a unique diffusion
coefficient (motional averaging value) as if all oil molecules experience the same
environment, belying the system polydispersity.

Moreover, cryo-SEM micrographs reveal an extensive droplet contact within the

~1 s of the experimental time scale (freezing time) for both the toluene and the p-
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xylene systems. Superposing the data collected from the three different
techniques, two possible mechanisms for such an oil exchange are hypothesized.
The first one is the permeation of oil molecules upon droplet collision through
transient holes in the surfactant film. The second is the reversible coalescence or
partial coalescence of the droplets involving the fusion/fission of the interfacial
membrane.

The time scale of the oil exchange in toluene and p-xylene emulsions was
determined using PFG-NMR. Upon decreasing the NMR observation time, A, a
switch between a single exponential decay and a multiexponential decay,
mirroring the emulsion droplet size distribution, as a function of the gradient
strength, occurred at time, Aswiwch, defined as the time constant of the oil transfer.
This time constant depends on the emulsion microstructure, e.g. the droplet size
distribution, the surfactant packing at the oil/water interface and the surfactant
equilibrium mean curvature. In particular, the properties of the Triton X-100 layer
can be manipulated through the variation of oil type, oil concentration or ionic
strength, resulting in the modification of the rate of oil exchange.

The microstructure of toluene emulsions upon increasing oil content was
investigated. Based on SLS data, the droplet size distribution remains unchanged
from 5 to ~55 wt% toluene, including droplets between ~35 nm to ~3 um
diameter. By contrast, the volume-mean droplet size increases by ~60% for
toluene concentrations larger than ~60 wt%. Moreover, the presence of oil
swollen micelles (9-30 nm diameter) in the aqueous continuous phase, due to an
excess of surfactant molecules, was detected by DLS and PFG-NMR.
Additionally, four concentration domains, associated with distinct
microstructures, have been previously identified by Liu and coworkers [40]
including a low-oil content region between 5 and ~20 wt% oil, a high-oil content
region between ~40 and ~55 wt% oil, a transition region in between from ~25 to
~35 wt% oil and a closed-cell foam region above ~60 wt% oil.

In toluene emulsions, the time scale of the oil exchange, Aswitch, 1S @n increasing
function of oil concentration from ~300 ms to ~3 s between 5 and 70 wt% oil, as
evidenced by PFG-NMR. From SLS data the droplet size distribution of the
toluene emulsions remains unchanged between 5 and ~55 wt% oil. Therefore,

increasing toluene concentration from 5 to 55 wt% leads to the increase of the
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droplet concentration and the droplet collision frequency. These data lead to the
expectation that the time scale of the oil exchange would be a decreasing function
of the droplet encounter frequency in a system where the oil-to-surfactant weight
ratio is maintained. Since this is not the case, the enhancement of the Triton X-
100 packing at the surface of the toluene droplets upon increasing oil
concentration must account for Aswitcn being an increasing function of toluene
concentration via the reinforcement of the steric repulsion between the oil
droplets. The increase of the surfactant packing with oil content also corroborates
the motional averaging value of the oil diffusion, proportional to the mean
distance travelled by the oil molecules during exchange, being independent of
toluene concentration between 5 and 55 wt%.

In addition to the PFG-NMR data, SLS data of aged emulsions indicate that
coalescence is the main destabilization mechanism for the toluene emulsions
within the first 6 hours following emulsification, independently of oil
concentration. In a system maintaining a constant surfactant packing, the rate of
coalescence is expected to be proportional to both the droplet collision frequency
and the initial mean droplet size. However, the rate of coalescence in toluene
emulsions is a decreasing function of both the droplet concentration (from 0.86 +
0.03 um? h™ for a 15 wt% toluene sample to 0.58 + 0.02 um ™ h™* for a 40 wt%
toluene sample) and the initial mean droplet size (0.18 + 0.01 um™ h™* for a 65
wt% toluene sample). This quantitatively shows that the Triton X-100 layer is
increasingly robust with respect to oil transfer via coalescence upon increasing
toluene concentration, supporting the statement of the enhancement of the
surfactant packing. The same trend is observed with the rates of macroscopic
phase separation.

The measurement of the diffusion coefficients associated with the unrestricted
diffusion of the oil swollen micelles in the expelled aqueous continuous phase of
phase separated toluene emulsions indicates that the spontaneous mean curvature
of the Triton X-100 layer becomes less positive upon increasing toluene
concentration as the oil swollen micelles get larger. This is caused by the
dehydration of the Triton X-100 head groups upon decreasing the water volume
fraction. These dehydration effects facilitate oil exchange by decreasing the

energy barrier for the formation of transient holes (local negative curvatures).

219



However, a decrease of the rate of oil exchange is observed upon increasing
toluene content and decreasing the mean interdroplet spacing because the system
is kinetically stabilized by the enhancement of the Triton X-100 packing at the
oil/water interface, providing a stronger steric repulsive barrier between the oil
droplets.

The addition of NaCl in the aqueous continuous phase of toluene emulsions prior
to emulsification leads to the decrease of the rate of oil exchange. In the same
way to that is observed upon increasing toluene concentration, the presence of
Na" and CI” ions results in the dehydration of the Triton X-100 head groups,
hence a less positive spontaneous curvature. However, these dehydration effects,
facilitating oil exchange, are countered by the strong binding of the Na" ions to
the surfactant layer, increasing the steric repulsive forces between the oil droplets.
The effect of the nature of the oil, from toluene to p-xylene to octane, on the
microstructure and the rate of oil exchange of the oil/Triton X-100/water
emulsions was also investigated. Considering first the microstructure of the p-
xylene emulsions as compared with the toluene emulsions, the addition of one
methyl group resulted in one additional concentration domain at low oil
concentration between 2.5 and 5 wt% p-xylene as seen from the macroscopic
phase separation data. With regard to the droplet size distribution, the volume-
based mean droplet size is an increasing function of p-xylene concentration from
2.5 to 70 wt% although droplets are still in the range of ~35 nm to ~3 um
diameter. Furthermore, the time scale of the oil exchange, Aswitch, iNCreases by
~800 ms as compared with the toluene system, spanning from ~1 to ~2.3 s
between 2.5 and 60 wt% p-xylene.

Octane emulsions can only be formed between 40 and 60 wt% oil. Octane
droplets are, on average, larger as compared with both the toluene and the p-
xylene emulsions. Regarding the dynamics of the system, PFG-NMR experiments
performed by Liu and coworkers [133] indicate that the time scale of the oil
exchange must be longer than ~2 s since no motional averaging of the oil
diffusion is detected over this time frame despite oil exchange occurring, as
evidenced from the confocal microscopy data.

The rate of oil exchange is inversely proportional to droplet size due to the

concomitant decrease of the droplet collision frequency, as evidenced by Aswitch
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being an increasing function of the mean droplet size. Although the increase of
the mean droplet size from toluene to p-xylene to octane emulsions contributes to
the decrease of the rate of oil exchange in the same order at equal oil
concentration, this cannot be the sole contributor to this behaviour. The specific
interactions between the oil and the Triton X-100 molecules also control the time
scale of the oil exchange. The respective macroscopic stabilities of these three oil
systems, destabilizing either via coalescence or enhanced Ostwald ripening,
indicate that the Triton X-100 layer is increasingly robust with respect to oil
transfer. Hence, the effects of oil penetration into the surfactant brush must be
considered. The increase of the oil molecular size, from toluene to p-xylene, as
well as the loss of the stabilizing interactions between the oil and the surfactant
respective aromatic rings, from toluene or p-xylene to octane, results in the
decrease of the oil penetration into the Triton X-100 layer. Therefore, the
surfactant spontaneous curvature becomes more positive and the energy cost for
the formation of holes increases from toluene to p-xylene to octane, leading to the
decrease of the rate of oil exchange in the same order.

Oil exchange between emulsion droplets occurs via an oil permeation or a
reversible coalescence mechanism in three oil systems that have vastly different
microstructures, including droplet size distribution, surfactant packing at the
oil/water interface and surfactant equilibrium mean curvature, as well as different
mutual interactions between oil, Triton X-100 and water molecules. This leads to
different destabilization mechanisms and diversities of microstructures upon
varying oil content. Despite the properties of these three oil systems being
significantly different, they all undergo oil exchange, suggesting the universality
of such a process in kinetically stabilized emulsion systems. This is a significant
breakthrough to the general knowledge of emulsion dynamics since these can no
longer be solely depicted and driven by the balance between attractive forces (van
der Waals forces) and electrostatic repulsive forces, as first suggested by the
DLVO theory. Kinetic forces including all the repulsive forces stabilising the
system against droplet growth (e.g. hydration forces, thermal fluctuations etc)
must be incorporated into the general theoretical description of emulsion
dynamics. These kinetic forces must drive the observed oil exchange process
occurring with no concomittant droplet growth. Furthermore, evidence for such
an oil exchange occurring between oil droplets has significant consequences with
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respect to industrial applications using emulsions as carriers of hydrophobic
materials. The understanding of such an oil exchange and how this process affects
the physicochemical properties of emulsion systems is crucial in order to control
and manipulate the distribution of hydrophobic substances, e.g. drugs, fragrances
etc, within the dispersed oil phase.

8.2. Future work

One of the possible future challenges is finding an oil/Triton X-100/water system
with much slower dynamics of oil exchange in order to distinguish which of oil
permeation or reversible coalescence is the dominant mechanism for oil transfer.
For example, a system for which the oil exchange would occur on a time scale
longer than ~10 minutes may enable us to visualise the membrane fusion between
a red-fluorescing and a green-fluorescing oil droplet under the confocal
microscope though it might still be difficult to distinguish a droplet encounter
pair, for which permeation can occur, from two partially coalesced droplets.

There are different ways of decreasing the rate of oil exchange as compared with
toluene, p-xylene and octane emulsions. For example, the use of aromatic oils
with longer lateral alkyl chains, e.g. tert-butylbenzene, or longer straight
hydrocarbon oils, e.g. hexadecane, may result in the decrease of the rate of oil
exchange by several orders of magnitude. This would be achieved by decreasing
the penetration of the oil into the Triton X-100 layer in order to impose a more
positive surfactant equilibrium mean curvature, hence increase the energy cost for
the formation of local negative curvatures to form a hole.

An alternative method to decrease the rate of oil exchange without changing the
oil type would be to probe the oil exchange at lower temperatures. The effect of
temperature on the time scale of permeation-controlled Ostwald ripening in O/W
emulsions has already been observed by Taisne and Cabane [89]. This time scale
increased from 2 min at 26°C to 20 min at 20°C to 3 h at 14°C. A lower
temperature leads to a higher activation energy for the formation of holes at the
surface of the emulsifier film, hence a decrease in the rate of oil transfer.

In order to gain further understanding about the enhancement of the surfactant
packing upon increasing oil content in toluene/Triton X-100/water emulsions, it
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would be interesting to quantify the degree of packing at the interface. For
example, the area occupied by each Triton X-100 molecule upon increasing
toluene concentration could be determined using small angle scattering techniques
[130, 146]. Alternatively, the measurement of the total droplet surface area by
DLS coupled to the concentration of surfactant molecules at the oil/water
interface using filtration techniques [130, 131] can also lead to the determination
of the surfactant packing.

Additionally the enhancement of the surfactant packing upon increasing oil
concentration in toluene-in-water emulsions could be monitored by NMR spin
relaxation experiments in the same way to those performed by Choudhury and
Schonhoff to probe the dynamics of phenol exchange in dispersions of hollow
polyelectrolyte capsules between a free site and a capsule-bound site [147]. For
toluene/Triton X-100/water emulsions, the spin-lattice (T1) and spin-spin (T2)
relaxation constants could be measured using an inversion recovery and a CPMG
experiment, respectively, upon varying oil content. The echo decay of the
surfactant T, and T, constants is expected to be single exponential as a result of
the fast exchange of the surfactant between the droplet surface and the continuous
phase, leading to the average of the contributions of the droplet-bound and free
sites being detected. The decrease of the surfactant mobility upon increasing
packing at the surface of the oil droplets should result in significantly shorter T
and T, measured values.

Furthermore two-dimensional diffusion exchange spectroscopy experiments
(DEXSY) may provide additional evidence for the increase of surfactant packing
in toluene/Triton X-100/water emulsions upon increasing oil content [148]. In
these experiments surfactant diffusion is measured in two dimensions after
waiting a variable time (called “mixing time”) between data points. If exchange of
surfactant molecules between the interface and the bulk occurs over the
experimental mixing time, off diagonal features may be observed in the two-
dimensional diffusion spectrum as a result of the change of environment of the
surfactant spins. The diffusion coefficients associated with this anisotropy as well
as the time scale of the exchange between the interface and the bulk may change
upon increasing surfactant packing at the interface. This would be indicative of
the enhancement of surfactant packing in toluene/Triton X-100/water emulsions

upon increasing oil concentration. However note that both spin relaxation and
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DEXSY experiments could not be performed using oil/Triton X-100/water
emulsions where oil is toluene, p-xylene or octane due to the low intensity of the
Triton X-100 signal as well as the superposition of the surfactant and oil peaks in
the NMR spectra.

Finally, the occurrence of oil exchange via an oil permeation or a reversible
coalescence mechanism is evidenced for oil/Triton X-100/water emulsions where
the oil is one of toluene, p-xylene or octane. Despite the significant differences in
the properties of these three oil systems in terms of microstructures and
destabilization mechanisms, they all undergo oil exchange, indicative of the
process universality with respect to oil type. To push the investigation further, it
is required to probe the universality of the oil exchange with regard to surfactant

type as well.
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