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Abstract

Emulsions and emulsion-based systems constitute a great proportion of many consumer
products; from milk, spreads and sauces to hand creams and paints. Current emulsification
methods such as high shear mixing, colloid milling or high-pressure homogenisation are
based on the dissipation of high amounts of energy to randomly disrupt emulsion droplets
resulting in an emulsion product with a non-uniform microstructure that could be subject to
destabilisation. Membrane emulsification has emerged as a promising, low-energy technique
to manufacture emulsion droplets one at a time in a controlled manner. This is possible by
introducing the dispersed phase through the pores of a membrane in the continuous phase and
adjusting the transmembrane pressure and shear close to the membrane surface. Despite the
positive performance of membrane emulsification on the stabilisation of conventional
emulsions with emulsifiers, fabrication of stable Pickering (i.e. colloidal particle-stabilised)
emulsions through this technique is restricted by the poor mixing environment in the
continuous phase and the limited diffusivity and interfacial tension lowering capacity of the

colloidal species.

This thesis advances the knowledge on the droplet formation mechanisms and the process
limitations encountered during the production of Pickering emulsions via a rotating
membrane emulsification set-up, and linking these with the stability of the subsequent
emulsions produced. Extending this knowledge, particles that demonstrate poor Pickering
performance are combined with a surfactant (Tween 20) or dairy protein (WPI) to exploit
their synergism towards effective particle-stabilisation of emulsions. Apart from membrane
rotational velocity and transmembrane pressure, the membrane properties (material and pore

size/ porosity) are expected to have a profound effect on operational attributes; thus oil



throughput and energy consumption have been studied to assess the overall performance of
rotating membrane emulsification towards manufacturing of stable ‘Pickering’ type

emulsions.
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Chapter 1

Introduction



1.1. Background and motivation

Emulsions compose a large proportion of everyday products that are available to consumers;
e.g. personal care and cosmetic products (shampoo, toothpaste, lotions), foods (spreads,
mayonnaise, margarine) and pharmaceuticals (ointments, creams). These are complex
structures, but in essence, they all consist of a liquid phase that is dispersed in the form of
immiscible droplets within another external liquid phase. For example, mayonnaise is an oil-
in-water emulsion (O/W), and butter is water-in-oil (W/O) emulsion, but the internal phase

may also comprise more phases thus multiple emulsions exist either O/W/O or W/O/W.

Due to the thermodynamic incompatibility of both liquid phases, destabilisation is inevitable
and these will ultimately separate over time. Phase separation results in alterations to the
sensory characteristics of the product; e.g. reduced mouthfeel, loss of flavour or unwanted

release of functional ingredients that are undesirable for the consumer.

Emulsifiers have been widely used to delay this process of separation by ‘coating’ the droplet
surface and inducing a type of barrier between droplets, thus rendering the emulsion
kinetically stable. For similar reason, particulate structures have been utilised to substitute
classic emulsifiers in the sense of providing extended stability because they are able to attach
strongly at the oil-water interface creating a more robust solid barrier than classic emulsifiers

that tend to migrate and deform.

Particle-stabilised emulsions or ‘Pickering” emulsions have been extensively studied for these
unique attributes they offer [1, 2]. Although various types and shapes of particulates can be
used as Pickering stabilisers, many of the studies focus on particles with specifically designed

surface properties such as chemically modified or inorganic particles which consumers may



not find attractive particularly in a food emulsion, because they are associated with possible

side effects [3].

Arguably, because of the increasing awareness of the health risks of artificial ingredients the
consumers’ preference has shifted towards more “clean label” products with natural
ingredients. Naturally occurring particulates could be a viable and sustainable alternative as
they are abundant in nature and inexpensive; e.g. cellulose and flavonoids. The question then

is ‘How to make such emulsions?’

Traditionally, high shear mixers, ultrasound and high-pressure homogenisers or
microfluidisers are used to dissipate large amounts of energy to repeatedly break down the
emulsion through turbulent mixing into small droplets. However, one of the disadvantages of
these methods is that a large proportion of the dissipated energy is lost in the form of heat in
the bulk emulsion potentially harming sensitive ingredients and altering the viscosity. Another
disadvantage is that the high dissipation of energy and highly turbulent environment may
result in violent collisions of droplets that could initiate destabilisation mechanisms.
Furthermore, the random droplet breakage favours the formation of non-uniform sized

droplets that could be a source of destabilisation through Ostwald ripening.

Alternatively, droplets may be formed utilising a bottom-up approach. The new interfacial
area is created from zero and one drop forms at a time enabling the production of uniform
droplets with controlled size [4, 5]. For the past 30 years, such novel methods, e.g.
microchannels and membrane emulsification have been developed for production of a wide
variety of emulsion structures. Those methods are promising especially for multiple
emulsions that are sensitive in processing and can be used for controlled delivery of actives.

In microchannel emulsification droplets are formed by adjusting the flow rates of the phases



that are introduced by two individual channels into a junction. These techniques have been
found to utilise up to 4 orders of magnitude less energy than conventional high energy
methods [6]. In direct membrane emulsification, the dispersed phase is injected through the
pores of a membrane to the external phase. Droplet characteristics such as drop size and
uniformity are controlled by the dispersed phase flux, the magnitude of shear forces and the
membrane properties [7]. However, the downside is the low production rate firstly because of
the inherent resistance of the narrow capillaries, and secondly because low flux is essential to
maintain a uniform drop size [8]. In this thesis, a rotating membrane emulsification (RME)
set-up is used where the dispersed phase is pushed through a porous membrane into an
external phase. This configuration was developed 12 years ago by Schadler and Windhab and
is relatively novel [9]. The balance of forces applying on the droplet during rotation will
determine whether the droplet will remain attached to the membrane surface or it will detach
and this can be manipulated by adjusting the rotational velocity and the transmembrane

pressure.

Given the ability of membrane emulsification to control emulsion microstructure as well as
the established capacity of a range of colloidal particles (synthetically or naturally derived) to
enhance emulsion stability via high-energy methods [10, 11], the potential to produce stable
particle-stabilised emulsions via membrane emulsification seemed promising. However, the
low diffusivity and minimal capacity of the colloidal particles to reduce interfacial tension are
limiting factors in the effort to stabilise such emulsions, particularly via a low-energy process
such as membrane emulsification [12, 13]. A feasible strategy to improve emulsion stability is
the combination of particles and emulsifiers. Although this has been widely investigated in
high-energy emulsification methods [14], it has only been used once in membrane

emulsification and stability of subsequent emulsions was not considered [15]. Furthermore,



sustainable sources of colloidal particles and emulsifiers have never been used in a similar

set-up.

Should these challenges are addressed, RME could be a viable alternative to traditional
emulsification techniques for the production of extra stable edible Pickering emulsions from
sustainable sources. Extending the applicability of this process, more complex structures
incorporating sensitive materials such as ‘clean label” multiple emulsions for targeted delivery

of actives or flavours could be fabricated in a controlled manner.

1.2. Aims and objectives

The overall aim of this thesis was to improve the performance of RME for the production of
stable edible emulsions of narrow droplet size distribution from sustainable sources utilising
less energy than conventional emulsification techniques. The individual aims and objectives

are outlined:

e Evaluation of the possibility that colloidal particles of demonstrated Pickering
functionality can produce stable Pickering O/W emulsions via RME, by studying the
effect of formulation (particle type/ concentration) and process (rotational velocity,
transmembrane pressure) on the droplet size and uniformity over time.

e Identification of possible co-stabilisation strategies for the particles that failed to
effectively stabilise emulsions alone via RME by combining these with different
emulsifiers. Evaluation of the optimum particle/emulsifier type and ratio by studying
their effect on the droplet size and uniformity over time.

e Improvement of the RME process performance for the production of stable emulsions

co-stabilised by particles and emulsifiers by studying the influence of transmembrane



pressure, membrane (SPG vs Stainless Steel) and fouling on the droplet size and
uniformity over time.

Evaluation of the RME process as an alternative to high-energy methods for
production of stable Pickering emulsions; RME was compared with high shear mixing
(HSM) in terms of process efficiency (throughput, energy consumption) and emulsion

microstructure (droplet size and uniformity).

1.3. Thesis layout

The work presented in this thesis follows the alternative format and it is essentially organised

into seven chapters. Three experimental chapters (Chapters 3, 4 and 5), are presented in the

form of res earch papers, each comprising an introductory section, materials and methods,

results and discussion and finally the conclusions. A synopsis of all chapters is given below:

Chapter 1 briefly introduces the context, motivation and challenges addressed in this
study setting the aims and objectives of the research.

Chapter 2 provides the theoretical background on Pickering emulsions and
emulsification processes with a special focus and updated literature review on the
rotating membrane emulsification process.

Chapter 3 discusses the methods and materials used to carry out experimental work.
Fundamentals of microstructure characterisation and relevant equations are described.
Chapter 4 investigates the potential of a range of commercially available colloidal
particles to stabilise Pickering emulsions through RME. The effect of formulation
(particle type and concentration) and processing conditions (rotational velocity,

transmembrane pressure) on the emulsion microstructure and stability is demonstrated.



Chapter 5 advances the knowledge built on Chapter 4 deploying a co-stabilisation
approach (particle and emulsifier) for production of stable co-stabilised emulsions.
Two types of particles and emulsifiers are investigated and the effect of emulsifier
concentration on emulsion microstructure is demonstrated.

Chapter 6 focuses on the influence of processing conditions such as membrane
type/material, transmembrane pressure on the microstructure of emulsions co-
stabilised by colloidal particles and emulsifiers. The RME process efficiency is
evaluated in terms of production rate, energy consumption and compared with a high
shear mixer.

Chapter 7 presents the concluding remarks obtained from the results of this work and

discusses possible suggestions and recommendations for future work.

1.4. Dissemination of research

Data and discussions within this thesis have been disseminated as follows:

Publications

Arkoumanis, P.G. Norton, I.T. and Spyropoulos, F. (2019). Pickering particle and
emulsifier co-stabilised emulsions produced via rotating membrane emulsification.
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 568, pp. 481-492
Arkoumanis, P.G., Norton, I.T. and Spyropoulos, F. (2019). Surfactant-free Pickering
emulsions via rotating membrane emulsification. RSC Soft Matter; in review

Arkoumanis, P.G., Norton, I.T. and Spyropoulos, F. (2019). Process performance of a
rotating membrane for production of emulsions co-stabilised by Pickering particles

and emulsifiers. Journal of Membrane Science; in preparation



Presentations

Arkoumanis P., Gonzalez-Espinosa Y., Mills T., Norton I, Spyropoulos
F. “Membrane emulsification for production of food-grade emulsions”. Oral
presentation at Manufacturing Food Futures Conference, Loughborough, March 2016
Arkoumanis P., Norton I., Spyropoulos F. “Food-grade Pickering emulsions via
rotating membrane emulsification”. Oral & poster presentation at Manufacturing Food
Futures Conference, University of Birmingham, March 2017

Arkoumanis P., Norton I., Spyropoulos F. “Food-grade Pickering emulsions via
rotating membrane emulsification”. 1% International Conference on Sustainable
Energy and Resource Use in Food Chains, Windsor, April 2017.

Arkoumanis P., Norton I., Spyropoulos F., April 2017. “Food-grade Pickering
emulsions via rotating membrane emulsification”. 11" European PhD Workshop on
Food Engineering and Technology, Nestle Product Technology Centre, Singen, April

2017.



Chapter 2

Literature Review



2.1. Emulsions and (in)stability

Emulsions are colloidal dispersions that consist of droplets of a liquid phase (dispersed) that
are incorporated into another external phase (continuous), with both phases being immiscible,
such as oil and water [16]. Many pharmaceutical, cosmetic and food products are emulsions
and they are daily consumed by people; for example hand creams, salad dressings, sauces,
beverages even milk which is a natural emulsion consisting of fat globules dispersed within a
protein-rich (among other nutrients) water phase. Emulsions may be simple such as oil-in-
water (O/W) and water-in-oil (W/O), but they can also form more complex structures that
consist of droplets comprising one or more phases and these are known as multiple emulsions
[17, 18]. These structures are of great interest in the pharmaceutical and food industry as they
can be excellent carriers of multiple hydrophilic/lipophilic active ingredients (e.g. flavours,
nutrients, drugs) and they can be designed to release them upon modification of the pH or the
temperature [19, 20]. Another class of emulsions is water-in-water (W/W) emulsions that
comprise two aqueous phases that are immiscible as a result of the segregative phase
separation of two or more thermodynamically incompatible hydrophilic molecules in the
aqueous mixture [21, 22]. Emulsions can also be classified according to their droplet size and
their thermodynamic stability. (Macro)emulsions, such as the ones studied in this thesis, have
typically droplet size between 1 — 100 um whereas nanoemulsions (also referred as
miniemulsions) possess smaller droplet size usually 20 — 200 nm [23, 24]. Both types of
emulsions are thermodynamically unstable and they require mechanical energy input to form
droplets, unlike microemulsions that form spontaneously and they are thermodynamically
stable due to the presence of co-surfactants that interpolate with the surfactants thereby
affecting droplet curvature. The latter behave as monophasic systems and their droplet size is

so small (less than 100 nm) that they appear transparent to the naked eye [25-27].
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Because both phases of the emulsion (oil and water) are thermodynamically incompatible the
system will strive to reach its thermodynamic equilibrium which is the state with the

minimum surface free energy (4G):

AG = yAA (2.1)

According to Eqg. (2.1) [28] and depending on the interfacial tension between the two phases
(y), the interfacial free energy is minimised by reducing the interfacial area between the two
liquids (4A) and this triggers destabilisation phenomena that will eventually lead to phase
separation. An overview of the destabilisation mechanisms is depicted in Fig. 2.1.
Gravitational separation occurs when the droplets have a lower density than the surrounding
liquid and therefore head upward or downward. This is usually the case for O/W emulsions
and the mechanism is also called creaming. For instance, creaming occurs if fresh milk is not
homogenised. Fat globules have a low density which results in the formation of a thick cream
layer that comprises most of the fat content [29]. If the droplets have a higher density than the
surrounding liquid sedimentation occurs. This gravitational separation mechanism is very
typical for W/O emulsions. Flocculation happens when two or more droplets come together
in the form of an aggregate, but where the initial droplets retain their individual integrity. This
process is mainly controlled by attractive and repulsive forces acting between the droplets. If
the attractive forces between droplets dominate then flocculation occurs [30]. In coalescence,
two or more droplets come together and merge to form a single larger droplet. During
Ostwald ripening large droplets grow at the expense of smaller ones due to the difference in
the Laplace pressure [31]. Lastly, phase inversion occurs when an O/W emulsion transforms
to W/O or the other way around. Understanding the destabilisation process could help to

identify the factors that initiated destabilisation and design a better strategy to stabilise
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emulsions, however this is difficult because different destabilisation mechanisms are involved

not only in a consecutive manner but also simultaneously [32, 33].
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Fig. 2.1: Schematic representation of O/W emulsion destabilisation mechanisms (adapted

from [32]).

2.2. Emulsifiers

Despite the thermodynamic incompatibility between the two phases (oil-water), emulsions
can be rendered Kinetically stable by the adsorption of emulsifiers at the oil-water interface.
Emulsifiers are surface active molecules that have a double task, lowering the interfacial
tension to facilitate droplet break-up and thus droplet formation and providing a physical
barrier for keeping droplets apart to hinder destabilisation phenomena; i.e. coalescence,

flocculation. The physical barrier between the droplets may be induced by the repulsive forces
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between the charged domains of the emulsifiers adsorbed to droplets or it could be of steric

origin (overlapping of electronic clouds of approaching emulsifiers) or both [31, 34].

Emulsifiers are amphiphilic entities that comprise hydrophobic and hydrophilic domains and
can be divided in two classes: surfactants and biopolymers. At this point, it should be stressed
that colloidal particles are occasionally considered as emulsifiers because of their capacity to
adsorb to oil-water interfaces, yet the mechanism of adsorption is different from classic
emulsifiers (surfactants and certain biopolymers) as they have not been found to cause a
substantial decrease in interfacial tension [2, 35]. Therefore the function of colloidal particles

as emulsifiers is discussed in a separate section.

2.2.1. Surfactants

Surfactants are low molecular weight entities consisting of a hydrophilic head and a lipophilic
tail and may be derived from nature or composed in the lab. These, according to the existence
(or not) of a charge in their hydrophilic domain, can be further distinguished in cationic,

anionic, nonionic and zwitterionic [36].

The need to evaluate which surfactants are suitable to stabilise particular types of emulsions
was substantiated early by Griffin et al. with the HLB value [37]. The HLB value
(hydrophilic-lipophilic balance) is a parameter commonly used to classify surfactants and
their solubility in a solvent. Surfactants with high HLB value are more hydrophilic and they
perform better when placed in the aqueous phase while low HLB indicates a surfactant with
affinity to the organic phase. This is an extension of the Bancroft rule that defines the medium
in which the surfactant is more soluble as the continuous phase [38]. Therefore by knowing
the HLB value of a mixture of surfactants it can be determined at which concentration each

should be used to produce an O/W or O/W emulsion.
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When the concentration of surfactant in a solution exceeds a specific concentration, surfactant
monomers start to form micelles and this value is called critical micelle concentration (CMC).
The CMC in aqueous solutions depends on the type of surfactant, temperature and the pH and
ionic strength of the system [39]. For instance, CMC of ionic surfactants reaches a minimum
at ambient temperature and then follows an increasing trend with increasing temperature
whereas for nonionic surfactants the CMC decreases with increasing temperature [40, 41]. As
soon as a new surface is created surfactant molecules diffuse from the bulk to the interface to
restore equilibrium (Cpuik = Csurface). FOr concentrations above the CMC, surfactant micelles
serve as carriers of surfactant monomers diffusing through the interfacial film and they
dissociate in surfactant monomers [42, 43]. Upon adsorption, surfactants reorganise and form
aggregates (depending on their charge and physicochemical properties) and as a result
monolayers or multiple layers form. These cover the surface area of droplets providing steric

and electrostatic stabilisation (i.e. ionic surfactants) between droplets.

In traditional emulsification the interfacial are is created abruptly and excess surfactant is
required to adsorb fast to the new interface and prevent droplets from recoalescence due to,
the high shear conditions. In membrane emulsification however, the interfacial area increases
in a slower rate and therefore less surfactant is needed. This means that, at a surfactant
concentration close to the CMC, membrane emulsification can be more efficient in the

emulsifier usage [44].

2.2.2. Biopolymers

Proteins mainly represent biopolymers as another class of emulsifiers. There are also some
polysaccharides that have been reported to possess surface-active domains owing to their

small protein content such as gum arabic, sugar beet pectin and citrus pectin [34]. Proteins are
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high molecular weight amphiphilic polymers commonly used as emulsifiers in food;
especially dairy proteins. These can be classified as globular and flexible random coil [45].
Globular proteins have a spherical shape, they consist mostly of hydrophobic parts located in
the core of the protein while the polar groups are located at the external of the molecule thus
they are compactly folded and they are not so surface active [46]. An example of globular
milk protein is B-lactoglobulin which is the main constituent of WPI. Whey Protein Isolate
(WPI) is a concentrated and spray-dried milk powder derived from cheese whey liquid and
comprising mainly two globular proteins B-lactoglobulin and a-lactalbumin (over 90 wt. % of
dry matter). Random coil proteins have no fixed structure and it varies between molecules and
time, e.g. Sodium Caseinate (NaCas) which is a treated casein protein [47]. The most surface
active protein in NaCas is B-casein. The proteins that approach to the oil-water interface
undergo a degree of unfolding (depending on their structure) and after adsorption they change
conformation to occupy as much space as possible, thus creating a viscoelastic film
surrounding the droplet [48, 49]. However, random coil proteins incur fast structural
rearrangements upon adsorption whereas for globular proteins such as WPI this can be
continued even for a long time following adsorption. After adsorption, the hydrophobic
groups of the proteins are bound in the organic phase whereas hydrophilic groups direct
towards the water phase [50]. Protein-protein interactions on the droplet surface as well as
between proteins adsorbed on different droplets will determine the occurrence of
destabilisation. The charge of the proteins may result in electrostatic repulsion or attraction
between the protein molecules and thus between droplets. At a pH below the isoelectric point
(IEP) of the protein, the protein carries a positive charge whereas at pH above the protein

molecules are negatively charged [51]. As a consequence, at a pH above or below the IEP
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emulsions are electrostatically stabilised while at pH close to the IEP flocculation of droplets

and creaming may occur.

2.3. Colloidal particles

Colloidal particles have been seen to stabilise oil-water and air-water interfaces since the
reports of Ramsden and S.U. Pickering in the early 20" century [52, 53]. However, emulsions
stabilised by colloidal particles (i.e. Pickering emulsions) started to receive significant
attention in the past two decades because of their exceptional long-term stability compared to
that of the conventional, emulsifier-stabilised ones; a result of the strong adsorption of
particles at the oil-water interface that creates a solid mechanical barrier against coalescence

[10].

Colloidal particles have been distinguished for their potential to produce multiple Pickering
emulsions with higher stability than conventional multiple emulsions stabilised by classic
emulsifiers [54]. For example, in W/O/W or O/W/O emulsions the droplets of the internal
phase are very unstable, especially in case of high internal phase fraction, and they are subject
to coalescence that eventually leads to breakage of the internal structure and formation of
simple emulsions. This has been attributed to the diffusion of low molecular weight
emulsifiers through the inner and outer interfaces of the double emulsion droplet [35]. On the
contrary, colloidal particles are anchored on the specific surfaces providing a mechanical
barrier that protects droplets from coalescence and enhances overall stability. There are
reports of studies that used mixtures of colloidal particles and emulsifiers to stabilise inner
and outer interfaces of droplets of W/O/W emulsions (microcrystalline cellulose and span)
and O/W/O (hydrophobic silica, hydrophilic silica particles and surfactant) [55, 56]. However,

only one study reports stabilisation of multiple emulsions only by particles. Binks et al.
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produced stable O/W/O emulsions employing hydrophilic (water soluble) and hydrophobic

(oil soluble) silica particles for stabilisation of inner and outer droplets respectively [54].

2.3.1. Pickering stabilisation

The mechanism of Pickering stabilisation comprises three basic steps that are very similar to
the classic emulsifier adsorption; however, the last step differentiates this class of emulsions.
The particle is first transferred from the bulk phase to the sub-surface via convective transport
and then it reaches close to the oil-water interface where particle-particle electrostatic
interactions will determine whether the transportation will be either diffusion controlled or
barrier controlled [15, 43]. The final step comprises the removal of water between the particle
and the oil surfaces and the strength of the adsorption will be determined by the particle size,
the wettability of the particle (contact angle) and the interfacial tension between the phases.
These factors are all incorporated in the following equation that describes the free energy of

adsorption of a particle [57]:

AF 445 = ity (1 — |cosB|)? (2.2)

where r, is the particle size, y the interfacial tension and 6 the contact angle formed between
the particle and the two immiscible phases, oil and water. As it can be seen from Eq. (2.2) the
large particles induce a greater energy barrier for desorption and the adsorption is stronger

when both phases equally wet the particle, that is 6= 90°.

As long as the particles are partly wetted by oil and water then it is possible to form a
Pickering emulsion [10, 46]. Depending on the contact angle it can be determined which
particles are available for a particular type of emulsion. If 6 < 90° the particle is more

hydrophilic and the curvature of the interface will encourage formation of O/W emulsion
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whereas if 6 > 90° the O/W the particle will be wetted more by the oil phase and these
particles are more suitable for W/O emulsions (Fig. 2.2). Chevalier et al. discuss that the
adsorption energy will always be much larger than the thermal energy kgT, even for a particle
as small as 1 nm [57]. However, the wettability of the particle is very influential as well. For
example, for a small particle of 10 nm in diameter that is wetted equally by toluene and water
(6=90°, y=36 mN m™) the energy of adsorption will be the highest and about 2000 times
larger than the thermal energy (=kgT). However, this can change if the particle is too
hydrophilic (0°<6<20°) or too hydrophobic (160°<6<180°) as the energy may drop lower than

kgT and the particle will desorb from the interface resulting in unstable emulsion [1].

oil

water
oil oil
water water

Fig. 2.2: Schematic representation of colloidal particles adsorbed at a planar oil-water
interface for different contact angles measured through the water phase (top. Positioning
of particles at the curved oil-water interface of O/W (6, < 90°) and W/O (6, > 90°)

emulsions (bottom). Adapted from [1].
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2.3.2. Stability conferred by colloidal particles

Despite the limited interfacial tension lowering capacity of particles, particle-stabilised
emulsions are stable because they affect AG by essentially reducing 44 (Eq. (2.1)). By
adsorbing at the oil-water interface particles reduce the area of contact between the two
phases thus also ‘artificially’ reducing 44 and therefore A4G. Three methods are distinguished
by which stabilisation of droplets is imparted by colloidal particles [10]. The first and
idealised method is that the particles form mono- or multiple tightly packed layers around the
dispersed droplets. The strength of the steric barrier depends on how difficult it is to remove
particles from the interface, thus the greatest the adsorption energy, the stronger the steric
barrier. However at the same time, the steric barrier is more effective (and thus the
approaching droplets are kept at a longer distance) when the particles are wetted preferentially
by the continuous phase. Therefore, according to Dickinson et al., stable Pickering emulsions
can be produced as long as the contact angle is close to, but not 0° or 180° as this will allow
permanent adsorption and maximum steric effect [10]. The second method is the bridging of
particles and this can be conceptualised as particles that are ‘shared’ between two droplets.
This is very common in emulsions that do not have a sufficient amount of particles resulting
in bridging flocculation of droplets. Steric stabilisation in this case is provided by hindering
the adsorbed particles from escaping from the bridging layer. Finally, the last method is the
steric hindrance provided to the droplets by a three-dimensional network of weak flocculated
particles in the continuous phase. This is common in Pickering emulsions with an excess
concentration of particles as the adsorbed particles and the flocculated particles in the
continuous phase are held together with interparticle interactions. Extra stability is provided
from these networks as their presence in the continuous phase increases the viscosity of the

emulsion and prevents coalescence of droplets [57, 58]. It should be noted that, because
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particles are not amphiphilic molecules they are not able to lower the interfacial tension thus
the emulsion droplet size will be solely influenced by the emulsification technique and the
energy it dissipates in the emulsion for droplet break-up. However, because of the high
mechanical strength provided by the particles surrounding the droplets, it is possible to

produce stable Pickering emulsions with large enough droplet size.

2.3.3. Edible colloidal particles

Understanding of Pickering stabilisation has been linked with the use of inorganic particles
such as silica and polystyrene latex. These types of particles are rigid, commercially available
and they come at a range of sizes and surface properties, so their Pickering performance can
be conveniently predicted. However, because inorganic particles are not biodegradable and
they pose potential health risks, their use in foods and pharmaceuticals has been criticised
[59]. As such, research interest is gradually focusing on colloidal particles that can be
assembled by edible materials and function as Pickering stabilisers in food emulsion based
systems. As for all particles, in order to deliver optimum Pickering functionality, these food-
grade particles should be wetted by both phases and their size should be significantly smaller
(minimum one order of magnitude) than the desired emulsion droplet size [60]. Because of
their organic composition that is of protein, carbohydrate or lipid origin, they tend to be
soluble in either the oil or water phase [2, 60]. Therefore, a few methods have been developed
to impart the desired size (e.g. acid hydrolysis of cellulose crystals to obtain small cellulose
particles), wettability and surface properties (e.g. chemical modification through esterification
of starch granules or forming complex systems with surfactants through a synergistic effect to

tune their wettability) [61].
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Fig. 2.3: Chemical structures of cellulose (A), hydroxypropyl methyl cellulose (B) and rutin

hydrate (C) (adopted by supplier's MSDS documentation).

The inherent organic nature of these polymers that comprise hydrophilic/ hydrophobic groups
is causing them to adopt a non-spherical shape when dispersed in a solvent that barely
resembles the idealised spherical shape of Pickering particles [1, 62]. For example, very
hydrophobic polymers dispersed in water will tend to aggregate due to hydrophobic attraction
exposing their hydrophilic domains and they adopt colloidal particle behaviour. Depending on
the intramolecular structure and physicochemical properties of the polymer, exposure of
hydrophobic/ hydrophilic domains will determine the overall wettability and thus the capacity
to stabilise O/W or W/O emulsions. For example, unmodified cellulose is a hydrophilic
molecule with a linear backbone consisting of (1,4)-glucose units capable of stabilising O/W
emulsions and because of its semi-crystalline structure, it forms rod-shaped particles once

dispersed in the water phase [63]. However, as it has been mentioned the performance of a
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particle as a Pickering stabiliser is linked to its wettability so if this is too hydrophilic it could
result in weak adsorption and loss of stability. Therefore, the surface of cellulose is modified
to render the molecule more hydrophobic. An example of modified cellulose that is broadly
used in the food and pharmaceutical industry for its viscosity enhancing properties and
emulsifying capacity is hydroxypropyl methylcellulose (HPMC) [64]. HPMC is derived by
incorporation of methyl (hydrophobic) and hydroxypropyl (hydrophilic) groups to the
unhydroglucose backbone imparting a level of hydrophobicity to the molecule thus making it
able to adsorb to fluid interfaces [65]. In the same work, it is shown that the methyl:
hydroxylpropyl ratio suggests an indication of the hydrophobicity of the molecule, e.g.
HPMC with high ratio incorporates more methyl than hydroxypropyl groups thus it is more

hydrophobic and possesses lower molecular weight.

Rutin is a glucoside that consists of the flavonoid quercetin and rutinose which is a
disaccharide comprised of rhamnose and glucose; it is derived from buckwheat, citrus fruits
and peels and it is distinguished by its green-yellowish pigment [66]. Apart from the health
and nutritious benefits, rutin as most of the flavonoids has antimicrobial and antioxidant
properties and the latter is of great importance in emulsions as it can be used to inhibit lipid
oxidation [67-69]. The presence of hydroxyl groups imparts the hydrophilic character and the
rings impart hydrophobicity to rutin as it can be seen by the chemical structure of the
molecule (Fig. 2.3). Therefore, similarly to HPMC, once dispersed in the water rutin forms
aggregates that resemble the behaviour of colloidal particles so theoretically they can adsorb
and stabilise fluid interface. To date, only a few studies have reported on the emulsifying
capacity of rutin and its efficacy to promote stability of emulsions. Murray et al. investigated
the capacity of a range of flavonoids to stabilise O/W emulsions and he showed that rutin

(dispersed in the water phase) is a good stabiliser due to its moderate partition coefficient,

22



whereas flavonoids that are too hydrophilic or too hydrophobic produced unstable emulsions
[70]. The same group also reported on the effect of the pH of the rutin aqueous suspension on
the emulsifying capacity of rutin. They found that emulsions with smaller droplet size were
produced at the native pH, but this may be related to the low surface charge of the particles
that, according to Luo et al., makes them more surface active [71]. Next step was to evaluate
the potential of rutin to improve the oxidative stability of O/W emulsions [72]. The authors
found that the addition of rutin partially replaced WPI at the oil-water interface and enhanced
emulsion stability whilst reducing oxidation upon storage at 50 °C. This study showcased that
rutin could be a good alternative to protein for hindering lipid oxidation during thermal
processing because proteins denature at high temperature and their antioxidative properties

are lost.

Admittedly, utilisation of such particles as Pickering stabilisers offers prolonged stability plus
they are sources of nutrients, thus enhancing the nutritional value of emulsions. Another
potential for these particulates is the production of responsive ‘Pickering-like’ emulsions for
the controlled release and delivery of two different active ingredients. In recent work,
Spyropoulos et al. showed that it is possible to encapsulate a hydrophobic active ingredient in
oil droplets that are stabilised with electrostatic protein-polysaccharide complexes (Sodium
caseinate/chitosan) which contain a secondary hydrophilic ingredient [73]. The latter is
released when the complexes collapse upon an increase in pH, triggering also sustained
release of the hydrophobic ingredient to the continuous phase. The suggested approach may
be adopted for the design and development of Pickering type emulsion structures for the

release and delivery of multiple actives.
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2.3.4.Combination of colloidal particles and emulsifiers

2.3.4.1. Silica particles as co-stabilisers

As it was mentioned earlier, a level of hydrophobicity of the particles is essential to ensure
they partially wet the oil/water phases otherwise the particle may desorb from the interface
and diffuse away to the medium where it is preferentially wetted. Various techniques have
been used to modify the surface of particles as per their hydrophobicity thereby increasing
their performance as Pickering stabilisers. For example, it is reported that the pH of
hydrophilic silica aqueous dispersions was adjusted to 2 because at higher pH unstable
emulsions were produced, apparently as a result of the tendency of the particles to reside in
the aqueous phase [74, 75]. Another option is the chemical grafting of small molecules or
polymers on the surface of the particles by covalent bonding that allows particles to be
stimuli-responsive (pH, ionic strength) [76]. Lastly, molecular adsorption of low molecular
weight ionic emulsifiers on the charged particle surface may result in the formation of
modified particles with enhanced wettability; thus achieving contact angles closer to 90° that
is associated with higher energy of adsorption and effective stabilisation of emulsions (Eq.
(2.2)). Such adsorption could involve electrostatic or hydrophobic interactions. In the first
case particles and emulsifiers need to possess opposite surface charges; for example,
negatively charged particles interact with anionic sodium dodecyl sulphate (SDS), or
positively charged particles with cationic hexadecyltrimethylammonium bromide (CTAB).
Nevertheless, emulsifiers may also adsorb to particles via hydrophobic interactions between
the lipophilic tail of the emulsifier and the hydrophobic surface of the particle. Alternatively,
if the particle surface is hydrophilic, emulsifiers may adsorb via their hydrophilic head group
while their lipophilic tails protruding in the continuous phase [77]. Particle: emulsifier ratio

will determine the extent of surface modification of the particle. Binks et al. discuss that
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cationic emulsifiers are able to electrostatically adsorb to hydrophilic silica particles and alter
their wettability forming monolayers with their lipophilic tail protruding in the water phase
[14]. However, this is subject to change when the emulsifier concentration in the system
increases leading to formation of bilayers and even multilayers that will turn the particle

surface from hydrophobic to hydrophilic and so on.

Such particle-emulsifier interactions have been found to promote the stability of emulsions
stabilised by both species in a synergistic manner. This has been described in the work of
Midmore et al. who used a combination of weakly flocculated hydrophilic silica particles and
nonionic emulsifiers (mixed in the aqueous phase) to stabilise O/W emulsions covering a
range of HLB values [56]. When the emulsifier adsorbed to the silica surface and emulsifier
was kept at low concentration (where emulsifier alone cannot stabilise emulsion), silica
particles governed emulsion stability and stable emulsions were produced. A further increase
in the emulsifier concentration above a critical value resulted in reduced emulsion stability.
However, when interactions between the species were limited, unstable emulsions were

produced.

Indeed, the protocol of mixing particles and emulsifiers was found to be important in the
imparted emulsion stability. Hydrophilic silica particles were used in conjunction with
oleymamine or lecithin (charged zwitterionic emulsifiers introduced in the oil phase) to
stabilise O/W emulsion [78]. This study concluded that the positioning of silica particles
together with the emulsifier in the oil phase favoured synergistic long-term stabilisation.
When introduced in the water phase, the electrostatic repulsion between the negatively
charged silica particles and the negatively charged oil surface and the low attachment energy

resulted in the loss of the synergistic effect.
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Despite the abundance of literature regarding the synergism between particles-emulsifiers for
co-stabilisation of emulsions, the detailed steps of the co-stabilisation mechanism was
described later by Pichot et al. [79]. The authors discussed the effect of the presence of
monoolein in mixtures with hydrophilic silica particles on the coalescence stability of the
subsequent emulsions and demonstrated that stabilisation of oil droplets progresses in two
stages First the low molecular weight surfactant (monoolein) adsorbs to the droplet surface
providing temporary stability and promoting droplet break-up. Next, silica particles adsorb
and induce long-term stability. At this point, the particle: emulsifier ratio will determine the
morphology of the oil droplets emulsion stability and this was discussed in an extension of the
previous study by the same authors [80]. Low emulsifier concentrations of O/W emulsifiers
(Tween 60, NaCas) in aqueous mixtures with silica particles resulted in droplets smaller than
emulsions stabilised by each of the individual species alone. At moderate emulsifier
concentration, the droplet size increased due to rearrangement of silica particles in the
presence of more emulsifier molecules (competition of species to the oil-water interface).
Finally, at high emulsifier concentrations the droplet size and morphology matched with the
droplets generated solely by emulsifier, confirming the hypothesis that silica particles were

displaced from the interface.

Contrary to the common perception that co-stabilisation is imparted by the adsorption of
particles and emulsifiers at the oil-water interface, an alternative ‘non Pic