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Abstract 

The behaviour of different particle types at oil-water, oil-oil and liquid (and/or oil)-air 

interfaces in terms of the type of materials they stabilise has been studied. For the oil-water 

interfaces, oil-in-water o/w Pickering emulsions (composed of tricaprylin or Miglyol 812N 

and water) were stabilised using rod- and cube-shaped CaCO3 particles. For the oil-oil 

interfaces, oil-in-oil o/o and oil-in-oil-in-oil o/o/o Pickering emulsions, comprising solely of 

sunflower/olive/rapeseed oil and PDMS 20−100 cS, were prepared using fluorinated and 

hydrocarbon-coated fumed silica, fluorinated ZnO, fluorinated clay (sericite and bentonite), 

polytetrafluoroethylene PTFE, Bentone 34, rod-shaped CaCO3 and Calofort SV particles as 

the stabilising agents. Finally, for the oil-air interfaces, oil liquid marbles, dry oil powders 

and oil foams were prepared using the fluorinated particles mentioned above as stabilisers. 

The following summary can be made about these particle-stabilised materials: 

The rod- and cube-shaped CaCO3 particle-stabilised o/w emulsions were white, basic (pH = 8 

to 9) and were composed of μm-size polydisperse and flocculated tricaprylin and Miglyol 

812N droplets. The stability of the emulsions, containing equal volume fraction of oil and 

water, to creaming and coalescence increased with increasing concentration of the rod-shaped 

CaCO3 particles. Those stabilised by 3−5 wt. % of the particles remained completely stable to 

creaming for over 3 years, but released a relatively small fraction of the oils. No such stable 

emulsions were obtained regardless of the particle concentrations when the volume fraction 

of oil ϕo in the emulsions was reduced to 0.2. When ϕo in the emulsions was varied from 0.95 

to 0.05 at a constant particle concentration (4 wt. %), ‘oily liquids’ form when ϕo = 0.95−0.8, 

relatively stable o/w emulsions form when ϕo = 0.7−0.5 and unstable o/w emulsions form 

when ϕo < 0.5. Using the relatively stable o/w emulsions (ϕo = 0.5, 4 wt. % of the CaCO3 

particles), it was observed that addition of electrolyte and pH adjustment induce coalescence 

and creaming or sedimentation in the emulsions. The stability of these emulsions was also 

affected by the method of emulsion preparation and particle shape. 

The o/o and o/o/o emulsions were white, polydisperse and unflocculated with the average 

droplet size ranging from a few mm to μm. The type of emulsions obtained depends on the 

particle type and % SiOH for the fumed silica particles. Some of the emulsions were 

kinetically stable for over a month. The kinetic stability of the emulsions increased with 

increasing particle concentration. At relatively high particle concentrations (≥ 1 wt. %), some 

of the o/o emulsions (equal volumes of oil) remained stable to creaming/sedimentation and 
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coalescence for over a month. No stable o/o emulsions were obtained when the volume 

fraction of oil in the emulsions (composed of sunflower oil and PDMS 50 cS) was varied 

from 0.05 to 0.9 at constant particle concentration (1 wt. %). However, a catastrophic phase 

inversion was observed as expected. Transitional phase inversion was observed in some 

cases. The inversion occurred if the viscosity of the PDMS oils in a vegetable oil is varied in 

the presence of 75% SiOH fluorinated fumed silica particles or the % surface SiOH on the 

hydrocarbon-coated fumed silica particles in a vegetable oil-PDMS oil combination is varied 

from 100−14% SiOH. For the hydrocarbon-coated fumed silica particles, multiple emulsions 

were observed near the point (23 and 20% SiOH) of inversion in some cases. The multiple 

emulsions occurred before or after inversion. The vegetable oil-PDMS oil-glass three-phase 

contact angle θoo values were measured and were seen to correlate with the type of emulsions 

stabilised by the 100% SiOH and 14% SiOH fumed silica particles. 

Many of the liquid marbles stabilised by the fluorinated fumed silica particles remained 

stable for more than 90 min whilst some of the oil foams remained kinetically stable for up to 

a year. The formation of these materials was seen to depend on the surface tension γla of the 

oils, the degree of particle fluorination or apparent surface energy γsa of the particles and 

energy input. An oil dispersion of particles forms in liquids of relatively low γla with particles 

of low fluorine content where the apparent advancing particle-liquid-air contact angle θla < 

20°. Particle-stabilised oil foams were obtained in oils of relatively high tension (> 32 mN 

m
−1

) and particles of moderate fluorine content. The oils of lower tension (e.g. 27 mN m
−1

) 

and particles of high fluorine content also formed foams. For foams, the apparent advancing 

θla was between 82−145°. In many of the oil-particle systems forming foams by vigorous 

agitation, oil liquid marbles were also stabilised with particles of highest fluorine content 

encapsulating oils of lower γla.  

Unlike the fluorinated fumed silica and fluorinated bentonite clay particles, the fluorinated 

sericite and fluorinated ZnO particles were able to stabilise dry oil powders in addition to oil 

liquid marbles and oil foams. Upon vigorous agitation, oil dispersions were obtained in oils 

of relatively low tension (< 26 mN m
‒1

) and particles of relatively high apparent γsa. For 

liquids of higher tension and particles of moderately high apparent γsa where the apparent 

advancing la is between 73 −130°, foams were obtained. For many of the oils having tension 

> 27 mN m
‒1

 and particles for which apparent advancing la > 65°, oil liquid marbles and dry 

oil powders were obtained. The dry oil powders did not leak oil for over 2 years. The dry oil 

powders inverted to ultra-stable oil foams above a critical oil : particle ratio COPR.  
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Chapter 1   

Introduction 

1.1 The Colloidal State and Soft Matter 

The atoms and molecules of classical chemistry are extremely small and have molar 

masses (measurable by freezing point depression), which are < 1000 g mol
−1

. Macroscopic 

particles fall into the realm of classical physics and have been studied extensively by classical 

mechanics. The colloidal state resides between these two extremes. A colloidal system is 

obtained when small solid particles, liquid droplets or bubbles of one phase are dispersed in a 

second phase. Either or both phases may be in gas, liquid, solid or supercritical phase states. The 

particles of colloidal systems are small (≈ 1−1000 nm in diameter or length) and hence have high 

surface area-to-volume ratio, which accounts for some of their unique physical properties. For 

example, their solutions may have undetectable freezing point depressions and their dispersions 

(even if very dilute) have the tendency to sediment out very slowly. Whereas particles of 

classical chemistry may have one or a few electrical charges, colloidal particles may bear several 

thousands of charges and the charges can significantly affect the action of neighbouring species.
1
  

Soft matter is a class of condensed matter comprising of a variety of physical states that 

are susceptible to small external influences. They have large response functions (i.e. a small 

external influence has a big effect). They have complex microscopic structure, composition and 

internal dynamics. They include liquid crystals, liquid marbles, dry water (oil) powders, colloidal 

systems, polymers, granular materials and a number of biological materials like membranes and 

proteins.
2,3

 Colloidal systems have been divided into emulsions, foams, suspensions, gels and 

aerosols.
4,5 

Emulsions, foams, liquid marbles and dry oil powders are the focal point of this 

work. 

1.2 Emulsions, Foams and Liquid marbles 

1.2.1 Emulsions and Foams 

Emulsions are thermodynamically unstable heterogeneous mixtures of two immiscible 

liquids (e.g. water and oil) in which one of the liquids is dispersed as droplets of microscopic or 

colloidal size (typically > 1 μm) in the bulk of the other liquid in the presence of emulsifiers, 
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which enhance their kinetic stability.
5,6

 The dispersed phase may also be referred to as 

discontinuous, inner or internal phase, whilst the continuous phase is also known as the outer or 

external phase.
7
 Simple emulsions are often classified as oil-in-water (o/w, e.g. condensed milk) 

and water-in-oil (w/o, e.g. oil based cosmetic creams) emulsions depending on which phase 

forms the dispersed phase. Water-in-water (w/w) emulsions in which water droplets are 

dispersed in water
8
 and oil-in-oil (o/o) emulsions where oil droplets are dispersed in oil

9
 are rare 

types of simple emulsions. Complex emulsion systems like oil-in-water-in-oil (o/w/o) emulsions 

where an o/w emulsion is in turn dispersed in an oil, water-in-oil-in-water (w/o/w) emulsions 

where a w/o emulsion is in turn dispersed in water and oil-in-oil-in-oil emulsions (o/o/o) where 

an o/o emulsion is in turn dispersed in an oil are also known.
10

  

Foams are liquid-air systems in which gas bubbles are dispersed in a liquid in the 

presence of stabilisers (foaming agents). Generally, pure water foams are considered as highly 

“concentrated emulsions” of air and water (denoted as a/w).
10,11

 There are many similarities and 

differences between stable emulsions and foams. A summary of the differences and similarities 

between these systems is as follows: 

 Dispersed and continuous phase: The dispersed phase for an emulsion is usually liquid 

droplets whilst that for a foam is normally gas bubbles, but the continuous phase for both 

systems is a liquid.
12,13

 

 Size of dispersed phase: Gas bubbles in surfactant-stabilised foams are bigger than oil or 

water droplets in many surfactant-stabilised emulsions. The solubility of small gas 

bubbles (< 0.1 μm) in foams is higher than that of small oil or water droplets (< 0.1 μm) 

in emulsions. As a result, the degree of Ostwald ripening (see later) in foams is higher 

than that in emulsions and hence the difference in the size of dispersed phase.
5
  

 Structure of dispersed phase: Gas bubbles in foams are generally polyhedral especially if 

they are stabilised by surfactants. However, oil droplets (o/w) and water droplets (w/o) in 

emulsions are spherical but concentrated emulsions form polyhedral structures.
14

 

 Instability mechanism: Foam instability results from thin film drainage (creaming), 

coalescence and disproportionation (Ostwald ripening or bubble coarsening)
5
 and that for 

emulsion occurs through creaming (o/w), sedimentation (w/o), coalescence, flocculation 

and Ostwald ripening
6
 (see later). 

 Effect of diffusion: Gas diffusion in foams and that of liquid droplets (< 0.1 μm) in 

emulsions leads to Ostwald ripening.
15
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 Stabilisers: Emulsions and foams are kinetically stabilised by surfactants or nanoparticles 

or a mixture of both (see later). 

1.2.2 Liquid marbles  

Aussillous and Quéré
16-19

 have shown, more than a decade ago, that hydrophobic 

powders can spread over water and create a surface film. Their pioneering work has intrigued 

and formed the basis of liquid marble research. Liquid marbles are liquid-in-air materials (cf. 

foams). They are non-stick millimetre size droplets obtained by encapsulating liquid droplets in 

micro- or nanoparticles of low surface energy, which have low affinity for the surfaces of the 

liquid droplets themselves.
16-28

 Liquid marbles demonstrate very low friction when rolling on 

solid substrates. Typical examples of liquid marbles abound in nature. The waste disposal 

protocol of galling aphids ends up in the formation of liquid marbles. Phloem-feeders excrete 

large volumes of honey-dew waste in which young or immobile insects can become stuck or 

asphyxiated. As honeydew is defecated, it is covered with a powdery wax secreted from the anus 

by the aphid, thus creating a wax-covered sphere which the soldier aphids then roll or kick out of 

a hole.
29

 The principle being used here is a simple one of encapsulating a liquid entirely in a 

hydrophobic powder. Liquid marble formation also occurs after rain as “summer ice,”
16

 after 

wild-fire creates hydrophobic soil
30,31

 and in wet granulation of a highly hydrophobic fine 

powder.
32

 Liquid marbles are separated from a solid or liquid support by air pockets. They are 

also non-wetting and exhibit a large apparent contact angle θA (> 115°, measured into the liquid) 

on a substrate. The shape of liquid marbles is dictated by the interplay of liquid surface tension 

γla and gravity. Whilst surface tension forces dominate in small liquid marbles and are quasi-

spherical in shape with a small flat spot where they rest on a solid substrate, large ones are 

flattened by gravity forces and have a puddle shape.
25

 The θA comes from the extent of this flat 

spot contact zone whose radius l depends on the volume of the encapsulated liquid. For water 

liquid marbles, the size of the flat spot follows the rule
16

 

 

     nR'l  32 15.01     (1.1) 

 

where R' is the radius of a sphere of equivalent volume, n = 3/2 (for large marbles, i.e. > 100 μL) 

or n = 2 (for small marbles, i.e. < 100 μL), κ
−1 

is the capillary length given by   5.0
gla   with ρ 

and g being the density of the liquid and the gravitational constant respectively. For quasi-

spherical liquid marbles, R' << κ
−1

, but for puddle-shaped liquid marbles R' >> κ
−1

.
19

 For 
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example the κ
−1

 of water at 25 °C is 2.7 mm and small water liquid marbles (< 100 μL and R' < 

2.9 mm) stabilised by poly(2-(diethylamino)ethyl methacrylate) modified polystyrene latex 

particles are quasi-spherical.
33

 However, large ones (> 100 μL and R' > 2.9 mm) adopt a puddle 

shape.
33

 The effective surface tension γeff of a liquid marble may be smaller or larger than the γla 

of the encapsulated liquid depending on the types of interactions (e.g. capillary and electrostatic) 

between the solid particles encapsulating the liquid marble.
25,34

 The floating of liquid marbles on 

the surface of liquids like water has also been reported.
35

 Liquid marbles move down easily on 

an inclined solid substrate with little or no resistance and the deformation of fast moving liquid 

marbles has also been reported.
16

 As the speed of motion increases, centrifugal forces become 

larger than centripetal forces and the shape of a liquid marble changes from quasi-spherical or 

puddle to peanut or doughnut shape. Diamagnetically levitated droplets yield similar shapes.
16,18-

20
 Water liquid marbles stabilised with spherical fumed silica nanoparticles undergo various 

shape transformations upon freezing which are dependent on the hydrophobicity of the particles, 

but the original shape of the marbles is recovered once re-melted.
36

 For liquid marbles stabilised 

by the most hydrophobic particles (14% surface residual SiOH), a vertically prolonged 

morphology with a pointed protrusion on the top is formed on freezing. For those stabilised with 

the less hydrophobic particles (50−61% surface residual SiOH), a lateral expanded flying saucer-

shaped morphology is formed.
36

 The different responses to freezing result from the different 

heterogeneous nucleation sites owning to the different positions of the particles at the water-air 

interface.
36

 Liquid marbles can be viewed as the opposite of foams; however some similarities 

and differences exist. The differences and similarities between foams and liquid marbles are: 

 Continuous phase: The continuous phase for a foam is usually a liquid,
37

 whilst that for a 

liquid marble is air.
16

 

 Size of dispersed phase: The size of a liquid marble is far-far greater than that of a gas 

bubble in many foams. For example, a 10 μL liquid marble is about 2 × 10
4
 times bigger 

than a gas bubble having a volume-diameter of 100 μm. 

 Instability mechanism: The processes leading to kinetic instability in foams are film 

drainage (creaming), coalescence and disproportionation (Ostwald ripening or bubble 

coarsening).
5
 For liquid marbles, instability is mainly due to evaporation of the 

encapsulated liquid droplet
38

 (see later). The higher the vapour pressure of a liquid, the 

higher the rate of diffusion controlled evaporation and the lower the stability of the liquid 

to evaporation and vice versa.
39
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 Shape of dispersed phase: The structure of gas bubbles in foams may be spherical or 

polyhedral,
40

 but that of liquid marbles is usually quasi-spherical or puddle-like (when at 

rest)
41

 and peanut, disk, doughnut or wheel-shaped (when in motion).
16,18

 

1.2.3 Applications of Emulsions, Foams and Liquid Marbles 

Important applications of emulsions and foams are ubiquitous. Liquid and solid foams are 

encountered extensively in the food and beverage industries (e.g. cake and beer), cosmetic and 

personal care industries (e.g. body creams, soap and shampoo), textile industries, oil recovery 

and mineral processing.
42

 Emulsions are the end products of many food, cosmetic, agrochemical, 

petroleum and pharmaceutical industries.
1,10

  

Applications of liquid marbles are related to their non-stick properties. The use of liquid 

marbles for bearing, as micro-pumps and other microfluidic applications have been proposed.
19,43

 

The use of liquid marbles for gas sensing
44

, water storage
45

 and remote sensing of water 

pollution
35

 has been demonstrated. Pickering emulsions (millimetre-size) have been prepared 

from liquid marbles.
46

 Water and oil liquid marbles are elements of dry water
47

 and dry oil 

powders,
48

 respectively, which are promising candidates in the pharmaceutical and cosmetic 

industries. Detailed applications of liquid marbles can be found in the reviews of Bormashenko
49

 

and McHale and Newton.
20

 

These numerous applications of emulsions, foams and liquid marbles have made the 

study of these systems very important and interesting especially in terms of stability. 

1.3 The Stability of Emulsions, Foams and Liquid Marbles 

1.3.1 Stability of Emulsions 

A number of processes are responsible for the breakdown of emulsions and foams (as 

mentioned earlier in sec. 1.2.1). Emulsion instability occurs through creaming (or 

sedimentation), flocculation, coalescence, Ostwald ripening and phase inversion (Figure 1.1) 

which may take place simultaneously or consecutively depending on the conditions.
6,50

 

Creaming (typical of o/w emulsions) is the upward movement of oil droplets under gravity or in 

a centrifuge to form a concentrated layer at the top of the emulsion without any change in the 

droplet size distribution. This process begins with the development of a concentration gradient in 

the vertical direction and it is followed by the appearance of a distinct boundary between an 

upper cream layer and a lower depleted emulsion layer.
6
 Sedimentation, which occurs in w/o 
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emulsions is analogous to creaming and involves the downward movement of water droplets 

under gravitational or centrifugal force.
6 

 

Figure 1.1. Schematic representation of the processes responsible for the breakdown of a 

kinetically stable emulsion: (a) kinetically stable emulsion, (b) creaming, (c) sedimentation, (d) 

flocculation, (e) coalescence, (f) Ostwald ripening and (g) phase inversion. The green circles 

represent emulsion droplets and the white background is the continuous phase. 

 

 

Flocculation is enhanced by polydispersity of the emulsion. It refers to the aggregation of 

emulsion droplets without rupture of the stabilising thin film layer. In surfactant-stabilised 

emulsions, it occurs when the interaction free energy between the droplets is slightly negative 

(i.e. secondary minimum) at certain separation.
6
 Unlike creaming and sedimentation which are 

reversible, flocculation may be reversible or irreversible depending on the strength of the inter-

droplet forces. Flocculation enhances creaming (or sedimentation) in dilute emulsions. This is so 

because flocs rise (or sediment) faster than individual droplets due to their large effective radius 

except in concentrated emulsions where the formation of a gel-like network structure can have a 

stabilising effect. Coalescence is an irreversible process whereby two or more emulsion droplets 

fuse together to form a single large droplet. Here the interaction free energy between the droplets 

is significantly negative (i.e. primary minimum) at certain separation such that thin film rupture 

is the only likely possibility.
6
 Ostwald ripening (also known as isothermal distillation or 

molecular diffusion) is the process whereby large droplets grow at the expense of smaller ones. It 
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is caused by diffusion driven mass transport of dispersed phase molecules from one droplet to 

another through the continuous phase due to the solubility differences of the bigger and smaller 

droplets.
6
 This is because the solubility of an approximately spherical substance increases with 

decreasing size, according to equation 1.2.
51

 The symbol c(x) represents the aqueous phase 

solubility (mol m
‒3

) of oil or water present within a droplet of radius x, c(∞) represents the 

solubility in a system with only a planar interface, γow represents the oil-water interfacial tension, 

R is the gas constant (J mol
−1

 K
−1

), T is the absolute temperature (K) and Vm represents the molar 

volume (m
3 

mol
‒1

) of the oil (for o/w) or water (for w/o). As such, materials contained within the 

smaller droplets tend to dissolve and diffuse through the continuous phase re-condensing onto 

the larger ones. This provides the driving force for the growth of the emulsion droplets. This 

leads to an overall increase in the size of the emulsion droplets and a corresponding decrease in 

the interfacial area.
6
 Phase inversion refers to the changing of one emulsion system (say o/w) to 

another system (say w/o). Phase inversion is a fundamental step in the manufacture of a number 

of important food products like butter and margarine, but it is undesirable in other products 

because it alters the product’s appearance, texture, stability and taste. Phase inversion is favoured 

by a change in the composition or environmental conditions of an emulsion like emulsion 

dispersed phase volume fraction, emulsifier type, solvent conditions, temperature or mechanical 

agitation. The physicochemical basis of phase inversion is believed to be extremely complex, 

involving aspects of flocculation, coalescence and emulsion formation.
6
 

 

     









xRT

V
cxc mow2

 exp  (1.2) 

1.3.2 Stability of Liquid Foams 

As mentioned previously, certain physical processes are responsible for foam 

destabilisation. These processes include drainage (or creaming), coalescence (or film rupture) 

and disproportionation (Ostwald ripening or bubble coarsening) and are illustrated in Figure 1.2. 

Foam drainage refers to the physical separation of the gaseous and liquid phases of the foam 

under gravity. In draining foams, light gas bubbles move upwards forming a denser foam layer 

on the top, whilst the heavier liquid phase is concentrated at the bottom. Bubbles accumulated on 

the top usually rearrange and deform to form highly packed foams with polyhedral cells. The 

microstructure of such a foam is characterised by thin films (or lamellas) between the faces of 

the touching cells and the so called Plateau borders at the intersection of three neighbouring thin 

films. Coalescence occurs when the thin films formed after drainage are not stable enough to 
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keep the touching cells apart, resulting in the merging together of neighbouring bubbles. Ostwald 

ripening or disproportionation is the growth of big gas bubbles at the expense of small ones and 

it is driven by the difference in the Laplace pressure in the gas bubbles. For a spherical gas 

bubble of radius x' and liquid-air interfacial tension γla, the Laplace pressure ∆P is given by 

2γla/x' (cf. equation 1.2), showing that ∆P varies inversely as x'. This causes diffusion of gas 

molecules from smaller bubbles to larger ones, through the continuous phase, over time.
15,52-56

 

Figure 1.2. Schematic representation of the processes responsible for the breakdown of a 

kinetically stable foam: (a) kinetically stable foam, (b) drainage, (c) coalescence and (d) Ostwald 

ripening. The green circles represent air bubbles and the white background is the continuous 

(liquid) phase. 

 

1.3.3 Stability of Liquid Marbles 

The stability of liquid marbles to evaporation at a given temperature depends on the 

vapour pressure of the encapsulated liquid at that temperature and the degree of particle coating. 

The rate of evaporation is relatively fast for relatively high vapour pressure (or highly volatile) 

liquids compared with relatively low vapour pressure (less volatile) ones.
39

 The particle coating 

on a liquid marble reduces the rate of evaporation of the encapsulated liquid: the higher the 

degree of particle coating, the lower the rate of evaporation of the encapsulated liquid and vice 
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versa. Liquid marbles buckle and crumple eventually as the encapsulated liquid evaporates 

because the particles encapsulating the liquid droplet are progressively forced together
38,57,58

 as 

shown in Figure 1.3. Hollow spherical shells are sometimes left after complete evaporation of 

the encapsulated liquid.
32,59

 

Figure 1.3. Photo of (a) top and (b) side view of a water liquid marble (5 μL) stabilised by 

polytetrafluoroethylene (PTFE) particles during evaporation at 21−25 °C and relative humidity 

of 54%, showing the eventual buckling and crumpling of the liquid marble as the encapsulated 

water evaporates. Taken from ref. 57. 

 

1.4 Stabilisation of Emulsions, Foams and Liquid Marbles 

1.4.1 Stabilisation of Emulsions and Foams 

Emulsions and foams are usually kinetically stabilised using substances known as 

stabilisers which include surfactants (surface-active molecules),
60-68

 globular proteins,
69-74

 

polymers,
75-77

 solid nanoparticles
13,50,52,78-81

 and nanoparticle-surfactant mixtures leading to 

phase inversion in some cases.
82-84

 The aim of this section is to look at particle-stabilised 

emulsions and foams under two themes: conditions necessary for stabilisation and the 

mechanism of stabilisation which will be compared with surfactants and the other stabilisers 

where possible. 
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1.4.1.1 Particle-Stabilised Emulsions and Liquid Foams: Conditions Necessary for 

Stabilisation 

The fact that finely divided solid particles can act as stabilisers in emulsions has been 

known since the beginning of the last century. Ramsden
85

 reported the formation of a membrane 

of solid particles enveloping both air bubbles in water and oil droplets in water, giving rise 

sometimes to ‘persistently deformed sharply angular and grotesque shapes of the emulsified 

globules’. Four years later, Pickering,
86

 citing the work of Ramsden, noted that particles which 

are wetted more by water than by oil act as emulsifiers for o/w emulsions by residing at the oil-

water interface. Particle-stabilised emulsions are often also called Pickering emulsions, but it is 

not clear why these emulsions are named after Pickering as he was not the first to report them. 

Finkle et al.
87

 studied the relationship between the type of solid particle, the nature of the liquid 

and emulsion type (o/w or w/o). They reported that in an emulsion containing solid particles, one 

of the liquids will probably wet the solid particles more than the other liquid, with the poorly 

wetting liquid becoming the dispersed phase. This means that water-wet particles (i.e. 

hydrophilic) like silica would stabilise o/w emulsions whilst particles not wetted by water (i.e. 

hydrophobic), but wetted by oil like carbon black should stabilise w/o emulsions. This is 

analogous to Bancroft’s rule for surfactant-stabilised emulsions
88

 as verified by Binks and 

Lumsdon
89

 using partially hydrophobic silica nanoparticles with toluene-water emulsions at 

different pH. These ideas have been supported by the experiments of Schulman and Leja
90

 using 

BaSO4 crystals and surfactant, measuring the relevant three-phase contact angles θow and 

determining the emulsion type and stability. The link between emulsion type (for equal volumes 

of water and oil) and the θow at the oil-water interface for different solids and a range of oil has 

also been reported by Aveyard et al.
80

 Generally, θow is measured through the aqueous phase. 

Refs. 80 and 90 reported that hydrophilic (hydrophobic) spherical solid particles in which θow is 

< 90° (> 90°), o/w (w/o) emulsions are stabilised. However, if the particles are too hydrophilic 

(low θow, ca. 0°) or too hydrophobic (high θow, ca. 180°) they tend to remain dispersed in either 

the aqueous or oil phase, respectively, and no emulsion is stabilised. Binks
91

 has suggested that 

the wettability of particles, quantified by θow, is akin to the hydrophile-lipophile balance (HLB) 

proposed by Griffin
92,93

 to account for the type of emulsions stabilised by surfactants. According 

to Griffin, surfactants with relatively small HLB number (3−6) should stabilise w/o emulsions 

whilst those with relatively large HLB number (8−40) should stabilise o/w emulsions. Important 

differences and similarities between surfactant molecules and spherical nanoparticles have been 

covered in the reviews of Binks
91

 and Aveyard et al.
80

 Even though much is known about 
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particle-stabilised aqueous emulsions, very little is known about particle-stabilised non-aqueous 

emulsions. The reasons for this are not clear. The few papers existing on the subject have 

reported that hydrophobic particles are the ideal particles for stabilising these emulsions.
94-97

  

Recently, the use of colloidal particles (solely
52,98

 or in combination with 

amphiphiles
78,84

) to stabilise liquid-air materials like foams has gained significant attention. This 

is partly due to success with emulsions and partly due to the fact that solid particles alone have 

been known to stabilise different types of foams in certain natural processes. For example, foams 

are stabilised by colloidal particles such as bacteria, soil, insoluble precipitates of hydrolysed 

cations such as iron hydroxides and viruses in waste water.
11

 Similar to oil-water systems, 

particle wettability, quantified by the contact angle the particles make with the liquid (water w or 

oil o)-air (a) θwa or θoa, dictates the type of end material which could be a foam or liquid marble. 

Spherical hydrophilic (oleophilic) particles exhibiting θwa(θoa) < 90° prefer to stabilise aqueous 

(oil) foams.
99-101

 However, the spherical hydrophobic and oleophobic particles exhibiting θwa 

(θoa) > 90° preferentially stabilise water and oil liquid marbles,
39,101

 respectively. Again, none of 

these materials are stabilised when the particles are too hydrophilic (oleophilic) or too 

hydrophobic (oleophobic). In the last instances, particles of high hydrophobicity or oleophobicity 

might temporary adsorb at the water-air or oil-air interface to temporary stabilise foams which 

collapse rapidly to release the gas in the air bubbles which appears as ‘climbing films.’
102,103

 

A good number of solid particles (only or in combination with other amphiphiles) have 

been used separately as stabilisers of simple or complex emulsions and foams. In the case of 

emulsions some of these particles include iron oxide, aluminium oxide, partially hydrophobised 

silica,
104

 calcium carbonate,
105

 clay
106

 and carbon black.
107

 For aqueous foams, the particles 

commonly used are partially hydrophobised silica,
52

 polymeric particles like PTFE, 

poly(vinylidene) fluoride PVDF, poly(ether ether ketone) PEEK, poly(ether imide) PEI,
98

 

aluminium oxide plus short chain amphiphiles,
79

 laponite clay plus surfactants
108,109

 and calcium 

carbonate plus anionic surfactants.
84

 The particles commonly used in stabilising oil foams are 

oligomeric tetrafluoroethylene OTFE,
101,110

 partially fluorinated silica
39

 and fluorinated clay 

particles.
48

 Apart from particle wettability, the effectiveness of solid particles in stabilising 

emulsions and foams also depends on particle size, particle surface energy, particle shape, 

particle concentration, particle-particle interactions
91

 and other factors like line tension,
111

 as 

discussed below. For successful stabilisation, the particles need to be smaller than the droplets so 

that they can be properly located around the droplets. Tavacoli et al.
112 

have shown that emulsion 

droplets stabilised by solid particles become unstable beyond a size threshold set by gravity. The 

size of the particle does not correlate to the size of the droplets formed in the stable emulsions. 
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Generally the overall stability is inversely proportional to particle size, with the smaller particles 

giving a higher packing efficiency and so producing a more homogenous layer. Some studies 

have shown that stable emulsions can only be obtained if the particles are weakly 

flocculated,
106,113,114

 but particle flocculation has been avoided in other studies by adsorption of 

suitable amphiphilic molecules (surfactants) on the particles.
115

 The adsorption of amphiphiles 

on particle surfaces changes their wettability and in some cases induces emulsion phase 

inversion.
105

 The adsorption of the particles at oil-water and liquid-air interfaces occurs by self-

assembly and is spontaneous if the interfacial tension between the internal i and external e phases 

γie exceeds the difference between the solid s-internal phase interfacial tension γsi and the solid-

external phase interfacial tension γse, i.e. γie > |γsi − γse|.
116

 With reference to Figure 1.4, the 

balance between these interfacial tensions, ignoring effects of line tension τ, is given by Young 

equation for a spherical solid particle (s) at planar oil (o)-water (w) and liquid (l)-air (a) 

interfaces by equation 1.3. The τ is the excess free energy per unit length of the three-phase 

contact line. 

Figure 1.4. Schematic representation of a spherical solid particle at an oil-water interface (left) 

and a liquid-air interface (right) showing the various interfacial tensions and the contact angle (< 

90°) measured into the more polar phase. 
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Kinetically stable emulsions and foams have been obtained with particles of different shapes viz 

spherical,
50,117

 disk-shaped,
106

 cube-shaped,
118

 peanut-shaped,
118

 ellipsoidal
119

 and platelet
120

 

particles for emulsions and spherical,
40,52

 rod-shaped
77

 and platelet
48

 particles for foams. 

Comparison of the effectiveness of these particles in stabilising these systems is not 

straightforward as the chemical composition, size and method of preparation of the particles are 
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different. However, using hydrophilic hematite particles of different aspect ratios (i.e. 1−6, 

where 1 corresponds to spherical particles), it has been shown
119

 that relatively small amount of 

the high aspect ratio (> 4.6) particles is required to stabilise decane-in-water emulsions compared 

with the low aspect ratio ones. This shows that anisotropic particles are better stabilisers of 

emulsions compared with isotropic ones, but further investigation is needed. Irrespective of 

particle shape, the kinetic stability of emulsions and foams increases with increasing particle 

concentration.
50

 In emulsions, the average droplet size decreases as particle concentration 

increases and eventually becomes independent of particle concentration. This is because the 

droplet size of the emulsions in the first and second regimes is controlled by droplet coalescence 

and droplet breakage, respectively.
121

 Generally during emulsification, work is done by the 

applied shear stresses against the fluid interfacial tension (γ') to elongate and rupture larger 

droplets into smaller ones.
6
 In order to deform a single droplet of radius x, the viscous shear 

stress of the continuous phase (ήά) must overcome the Laplace pressure (γ'/x), where ή is the 

continuous phase viscosity and ά is the shear rate. For rupturing to occur, the capillary number 

Ca (= ήάx/γ') must exceed a critical value of the order of unity. In certain cases seen 

experimentally, however, a droplet is stretched under shear into an enlongated liquid thread that 

undergoes a capillary instability and breaks into a chain of droplets.
6
 The critical capillary 

number is greater than unity and the elongated droplets look like liquid cylinders whose radius 

becomes the radius of the droplets. In a real emulsion of many interacting droplets, ή is replaced 

by an elevated effective viscosity (ήeff) which takes into account the volume fraction (ϕ) of the 

inner phase. Thus, the viscosity of the emulsion and not just that of the continuous phase alone 

determines the shear stress governing the rupturing and hence the droplet radius x.
6
 Experiments 

have shown that particles adsorbed at fluid interfaces interact through van der Waals, 

electrostatic and capillary forces, which are either attractive or repulsive and hence affect the 

packing of the particles.
11,122-124

 Stability is enhanced if the forces enhance the degree of particle 

coating on the fluid interfaces and vice versa.
125

 Lastly, theoretical studies have shown that τ has 

a significant influence on the free energy of particle-stabilised emulsions. Typical values of τ are 

of the order of ≥ ± 10
−11

N.
126

 It has been shown that values of τ of ± 10
−6

 N have drastic effects 

on the thermodynamic stability of particle-stabilised emulsions at least for particles of radii 

10−20 nm.
80
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1.4.1.2 Particle-Stabilised Emulsions and Liquid Foams: Mechanism of Stabilisation of 

Emulsions and Liquid Foams by Small Solid Particles 

The overall stability of emulsions and foams is determined by the stability of the thin 

liquid films between the neighbouring droplets/bubbles. In systems stabilised by ionic 

surfactants, film stability is described reasonably by accounting for the van der Waals attractive 

forces which tend to push the droplets/bubbles against each other  and the electrostatic 

interactions which tend to push the droplets/bubbles away from each other (Derjaguin-Landau-

Verwey-Overbeek DLVO theory).
127,128

 For non-ionic surfactants and flexible polymer chains, 

film stability is accounted for by considering the steric repulsion between the film surfaces 

which originates from the overlapping of the hydrophilic heads (or chains) of the surfactant 

(polymer) in the interior. In the case of charged flexible polymers, both electrostatic and steric 

interactions are operative.
121,129-132

 The formation of emulsions in the presence of globular 

proteins, at high electrolyte concentration and/or around the isoelectric point (IEP) of the protein, 

has been described by considering the globular protein molecule as small nanoparticles. Just like 

in the case of ionic surfactants, the stability of o/w emulsions stabilised by the protein molecules 

at low electrolyte concentrations and pH away from the IEP can be successfully explained by 

considering the electrostatic and van der Waals interactions.
131

 Both electrostatic and steric 

interactions can be explained in terms of excess osmotic pressure of water in the thin film. This 

excess pressure is created by the concentration gradient of counter-ions (for ionic surfactants) or 

hydrophilic segments (for non-ionic surfactants and polymers) between the middle of the film 

and the bulk continuous phase.
120

 The osmotic pressure tends to “suck in” water from the bulk 

phase, thus creating an effective repulsion between the film surfaces and tends to stabilise 

emulsions and foams. This implies that for such a film to be in mechanical equilibrium, the 

repulsive surface forces in the film need to be counterbalanced by surface forces pushing the film 

surfaces against each other. Theoretical analysis shows that the condition for mechanical 

equilibrium in the film may be given by Π(h) = pc.
121,127

 Π(h) is the disjoining pressure, pc is the 

capillary pressure of the curved menisci around the film which tends to squeeze the liquid from 

the film and h is the film thickness/separation. The disjoing pressure is excess force per unit area 

due to the overlapping of the surface layers of approaching droplets or gas bubbles. The 

molecular theory of surface forces gives expressions for the Π(h) corresponding to different 

types of molecular interactions like van der Waals, electrostatic, steric and oscillatory 

interactions. According to the DLVO theory, the overall Π(h) for emulsions and foams stabilised 

by ionic surfactant contains contributions from the van der Waals Πvdw(h) and electrostatic 
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Πelec(h) disjoining pressures. When the disjoining pressure isotherm, Π(h) versus h curve, is 

entirely negative (positive), the thin film between the droplets/bubbles is unstable (stable) and 

ruptures (does not rupture) causing the two droplets to coalesce. However, if the isotherm has a 

maximum Π
max

, the thin liquid film may be stable if the maximum is above the pc of the 

droplets/bubbles (Figure 1.5).
127,128

 

Figure 1.5. Sketch of the disjoing pressure Π(h) versus film thickness h (solid curve). The two 

main contributions to Π(h) are the repulsive electrostatic disjoing pressure Πelec(h) and the 

attractive van der Waals disjoining pressure ΠvdW(h) forces, both given by broken curves. The heq 

is the equilibrium film thickness.The green circles represent liquid droplets (in emulsions) or gas 

bubbles (in foams) and are considered to be coated with the necessary surfactant (e.g. cationic as 

shown in the inset).  

 



16 

 

Colloidal particles stabilise emulsions and foams by adsorbing at the oil-water or liquid-

air interface to form a monolayer or multilayer around the dispersed droplets/bubbles. This 

‘armours’ the droplets/bubbles and prevents coalescence. The formation of a three-dimensional 

network of particles in the continuous phase around the droplets due to particle-particle 

interactions offers additional stabilisation. The three-dimensional network of particles enhances 

the viscosity of the continuous phase reducing the rate and extent of creaming or 

sedimentation.
80,133

 Particle-stabilised emulsions and foams are more kinetically stable compared 

with the surfactant-stabilised ones.
80,91,134,135

 This outstanding stability has been linked to the 

strength with which the particles are held at an oil-water or liquid-air interface. This strength is 

quantified by the particle detachment energy ∆G
136

. The ∆G represents the minimum amount of 

energy required to remove a particle from an interface into one of the phases in the absence of τ. 

For a spherical particle of radius r at a planar oil-water or liquid-air interface, the particle 

detachment energy ∆Gsphere is
50
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The sign in the brackets is negative (positive) if the particle can be removed easily into the more 

polar (less polar) phase. The value of ∆G is usually relatively large compared with the thermal 

energy kT (where k is the Boltzmann constant and T is the absolute temperature). Because of the 

large value of ∆G, the capillary pressure (Pc) arising from the deformation of the oil-water or 

liquid-air interface around the adsorbed particles when liquid is squeezed out of the thin film 

between liquid droplets/gas bubbles is also large.
137 

The large value of Pc is the main reason why 

particle-stabilised emulsions are stable to coalescence. Pc is discussed in detail later. The 

variation of ∆Gsphere with θow and γow for a typical particle at an oil-water interface has been 

described theoretically in different papers.
50,116,138

 A plot of ∆Gsphere versus θow for an oil-water 

interface typical of heptane-water interface in ref. 50 has been reproduced in Figure 1.6 (a) along 

with ∆Gsphere versus θwa for a water-air interface (Figure 1.6 (b)). It can be seen that in both cases 

∆Gsphere: (i) into water is smaller than that into oil (air) for hydrophilic particles (θow, θwa < 90°) 

and vice versa for hydrophobic particles (θow, θwa > 90°), (ii) increases from zero with increasing 

θow(θwa) reaching a maximum at 90° and then decreases to zero at 180° and (iii) is much greater 

than the thermal energy kT except for very small and large values of θow(θwa). The adsorption of 

particles at these fluid interfaces is considered irreversible due to the large detachment energy 
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compared with surfactant molecules which are usually in dynamic equilibrium. This is another 

reason why particle-stabilised emulsions and foams are exceptionally stable. Lastly, ∆Gsphere for 

the water-air interface > that for the oil-water interface, as expected from the fluid interfacial 

tensions. 

Figure 1.6. (a) Free energy ∆Gsphere of detachment of a spherical particle (r = 10 nm) into water 

(●) and into oil (○) for an oil-water interface (γow = 50 mN m
−1

) and (b) ∆Gsphere of detachment of 

the same particle into water () and into air () for water-air interface (γwa = 72 mN m
−1

) 

calculated by using equation 1.4 versus the three-phase contact angles (θow or θwa). Figure 1.6 (a) 

has been reproduced from ref. 50. 
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With reference to Figure 1.7, the appropriate minimum particle detachment energy for a rod-

shaped particle with hemispherical ends ∆Grod and for a rounded disk-shaped particle ∆Gdisk at an 

oil-water, in the absence of τ, is given in equation 1.5 and 1.6,
50

 respectively. The corresponding 

equations for liquid-air interfaces (e.g. water-air) can be obtained by replacing γow and θow with 

γwa and θwa, respectively. Theoretical comparison of these energies shows that the magnitude of 

particle detachment energy for the same volume of particle follow the order: ∆Gsphere < ∆Grod < 

∆Gdisk.
50

 Theoretically, it has been shown that spherical particles (r = 10 nm) exhibiting θow of 8º 

(∆Gsphere ≈ 0.4 kT ) can hardly remain permanently adsorbed at an oil-water interface. 

Nevertheless, a rounded disk-shaped particle made of the same material and having the same 

volume (a/b ≈ 2) and θow (∆Gdisk ≈ 10 kT) would remain permanently adsorbed at the same 

interface.
50

 This shows that re-shaping spherical particles into rods or disks at constant volume 

can improve their attachment to fluid interfaces and hence the stability of the end materials. This 

is in line with recent experimental findings.
118

 This might be very advantageous when 

stabilisation of emulsions and foams by these solid particles is pursued. 

Figure 1.7. Cross section of a: (a) rod-shaped colloidal particle with hemispherical ends, (b) 

rounded disk-shaped colloidal particle along their long semi-axis a and (c) corresponding cross 

section of the particles along their short semi-axis b at a planar oil-water or water-air interface 

making contact angle of θow(θwa) with the interfaces. Taken from ref. 50. 
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Theoretical investigation has shown that, the ∆G of a Janus particle (i.e. an amphiphilic 

solid particle, cf. surfactants) for fluid interfaces is about 3 times larger than that of the same 

particle of homogenous wettability and they remain strongly adsorbed for even average contact 

angles approaching 0 or 180°.
138

 This might also be advantageous when stabilisation of 

emulsions and foams with these particles is pursued. The free energy of particle attachment to 

fluid interfaces, ∆G
′
 = −∆G, is negative for all contact angles except 0 and 180°. This means that 

the adsorption of solid particles at fluid interfaces is thermodynamically favourable. Although 

this might not be true in the case of relatively small particles in the presence of positive τ acting 

to contract the contact line
111

. The free energy of formation of particle-stabilised emulsions and 

foams ∆fG (equation 1.7, for spherical particles)
139

 is positive. This means that particle-stabilised 

emulsions and foams are thermodynamically unstable. However, some Janus particle-stabilised 

emulsions are thermodynamically stable.
139

 

 

  ] [ )()( STG'nAnGnG aplaowlaowdddf    (1.7) 

 

The nd stands for the number of droplets(bubbles) in the emulsion(foam), np is the number of 

particles coating a droplet(bubble), ∆dG represents the free energy of forming a particle-coated 

droplet(bubble), Aow(la) is the surface area of a bare swollen droplet(bubble), γow(la) denotes the 

oil-water(liquid-air) interfacial tension, ∆G' is the free energy of adsorption of a particle to the 
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droplet(bubble) surface, T is the absolute temperature of the system and ∆aS is the entropy 

change due to the de-mixing of particles from the phase in which they were initially dispersed. 

Emulsion droplets or foam bubbles may share a particle layer or exist as individual 

particle-coated droplets or bubbles
121

 as shown in Figure 1.8. The Pc represents the ‘pressing 

force’ per unit area required to reduce the distance h between two emulsion droplets or foam 

bubbles coated with spherical solid particles to a critical distance hcritical. hcritical is of the order of 

30 nm.
140 

At this distance, the film spontaneously thins down and ruptures under the action of 

attractive van der Waal forces. Suppose that the pressure inside a particle-coated emulsion 

droplet or foam bubble is P1 and that in the continuous phase is P2, Pc = P1 − P2. Two types of 

film thinning have been proposed depending on whether the particles form a monolayer or 

bilayer inside the film as shown Figure 1.8. In the first, typical of films containing particle 

monolayer, h decreases as Pc increases up to the critical capillary pressure Pc
critical

 which reduces 

h to hcritical. Pc
critical

 is the maximum capillary pressure Pc
max

 that the film withstands before it 

ruptures. In the second, typical of films containing a bilayer of particles, Pc passes through a 

maximum Pc
max

 before the condition h = hcritical is reached. After Pc
max

 is reached, the subsequent 

film thinning down to hcritical is spontaneous as the film is mechanically unstable. Pc
max

, here also, 

represents the maximum capillary pressure that the film resists before it ruptures. Stable films 

(irrespective of the number of particle layers) have high Pc
max

. This prevents the thinning down 

of the liquid film between emulsion droplets and foam bubbles. This also makes particle-

stabilised emulsions and foams stable against coalescence. Several mathematical forms of Pc
max

 

are available.
137,141-144

 The general form is given in equation 1.8.
145

 The positive (negative) sign 

refers to o/w emulsions and liquid foams (w/o emulsions) and p and z are functions of particle 

arrangement. Numerical values of p and z can be found in ref. 145. Suppose that the disjoining 

pressure associated with the capillary stabilisation of fluid films stabilised by spherical colloidal 

particles is Πcap(h) for a regular array of particles (monolayer or bilayer), the condition for 

mechanical equilibrium of the fluid films, at least at the phenomenological level, is Pc = 

Πcap(h).
137
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Figure 1.8. Schematic illustration of the structure of a (a) monolayer and (b) bilayer of spherical 

solid particles stabilising an emulsion/foam film, (c) the curved shaped of the meniscus around a 

particle in the monolayer with θ as θow(wa), ϕc as the slope angle at contact line and h as the film 

thickness or distance between two emulsion droplets/foam bubbles and (d) curves showing the 

dependence of h on Pc for a film stabilised by (i) particle monolayer and (ii) particle bilayer. 

Taken from ref. 121. 

 

 

 



22 

 

 
 

r

zp
P

waowwaow

c




/)(max
 cos 2 

 (1.8) 

 

According to equation 1.8, Pc
max

 is proportional to 1/r. That is, relatively small particles will give 

more stable films. Pc
max

 is affected by particle arrangement e.g. interparticle distance in the 

adsorption layers and that it is proportional to the cosine of the three-phase contact angles. The 

lower angles correspond to higher Pc
max 

(i.e. to more stable films). In other words, 0° (or 180°) 

and 90° correspond to stable and unstable films, respectively, which is the exact opposite of the 

predictions of ∆G. The combined effect of ∆Gsphere  and Pc
max

 on films containing single layer 

and close-packed double layer of particles has been studied.
145

 For a single layer of particles, 

kinetically stable o/w emulsions and foams were predicted at 15° < θow(wa) < 90° whilst 

kinetically stable w/o emulsions were predicted at 90° < θow < 165°. For a double layer of 

particles, kinetically stable o/w emulsions and foams were predicted at 15° < θow(wa) < 129° 

whilst kinetically stable w/o emulsions were predicted at 50° < θow < 165°. In both cases, 

optimum contact angle of stabilisation lies between 70−86° for o/w emulsions and foams and 

94−110° for w/o emulsions. Although measurement of the contact angles small solid particles 

make with fluid interfaces is difficult, these predictions are in good agreement with 

experiments.
101,146

 Finally, the stability of particle-stabilised emulsions and foams to Ostwald 

ripening has been explained in terms of the mechanical resistance of the particle-coated surfaces 

to shrinkage and/or expansion.
147

 

1.4.2 Stabilisation of Liquid Marbles 

Unlike emulsions and foams which can be kinetically stabilised by surfactants, polymers, 

proteins and small solid particles or a mixture of surfactant and small solid particles, liquid 

marbles are stabilised by only low surface energy small solid particles. The examples of these 

particles are given in Table 1.1. Such particles might be hydrophobic with low affinity for 

water,
36,148

 superhydrophobic with extremely little affinity for water,
149

 oleophobic with low 

affinity for oils,
101

 superoleophobic with extremely little affinity for oils,
150

 omniphobic with low 

affinity for both water and oils
39,48

 or superomniphobic with very little affinity for water and 

oils.
151

 These particles may be spherical or non-spherical,
48

 but are required to exhibit θla 

(measured into the liquid) of more than 90°. Because of the relatively low γla of oils, fluorinated 

solid particles which have low surface energy γsa are needed for the formation of oil liquid 

marbles.
39,48,152

 The relatively low γla of oils compared with the γsa of common solid particles 

accounts for the reason why only few oil liquid marbles have been prepared by colloid science 
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researchers. The free energy ∆Gm due to the adsorption of a spherical particle, with radius r, at a 

liquid-air interface (ignoring effects of τ) to form a liquid marble is  

 

  22  cos1  '

lalam θrG    (1.9) 

 

where θ′la is the equilibrium liquid-air contact angle. The value of ∆Gm is negative (cf. equation 

1.4) and indicates that the adsorption of particles of low γsa on the liquid-air interface to form a 

liquid marble is thermodynamically favourable. 

Table 1.1. Brief summary of some particles that have been used in the preparation of liquid 

marbles. The number in brackets after a liquid represents its surface tension (mN m
−1

) at 25 °C. 

Liquid Solid particle Diameter/μm θla/° Ref. 

Water (71.8) Hydrophobised  −  −  16 

 

lycopodium 

   

     

 

Sporopollenin capsules 25 − 153 

     

 

Hydrophobised Cu 9−320 157 148 

     

 

Polymethylmethacralate 42 120 148 

 

PMMA 

   

     

 

PTFE 5−6 97−102 57 

     

 

Graphite 2−30 155.4 58 

     

 

Hydrophobic silica 0.02−0.03 73−126 36 

 

of residual SiOH  

   

 

61−14%  

  

     

 

Hydrophobised  42−165 110 154 

 

spherical glass beads 

   

     

 

Janus particles ≈ 0.395 72 & 100 155 

 

composed of silica 

   

 

and α-Fe2O3 
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Table 1.1 (continued). 

Liquid Solid particle Diameter/μm θla/° Ref. 

Water,dimethyl Fluorinated decyl < 70 143−171 156 

sulfoxide DMSO (43.5), polyhedral oligomeric    

toluene (28.4), hexad- silsesquioxane POSS/    

decane (26.3), ethanol Fe2O3 composite    

(22.1) and octane (21.6)     

     

Water, diiodomethane Poly[2-(perfluorooctyl) 1.4 ± 0.3 − 28 

(58), DMSO, dimethyl ethylacylate] PFA-C8    

formamide (36.4),     

1,4-dioxane (33.7),     

toluene, ethanol and     

methanol (22.5)     

     

Water and oils (26−63) Fluorinated silica 0.02−0.03 28−149 39 

     

Water and oils (20−37) Fluorinated  platelet − 39−148 48 

 clay particles    

1.5 Presentation of Thesis 

The aim of this work is to investigate the behaviour of different particle types at fluid 

interfaces in terms of the kind of materials they stabilise. The fluid interfaces that have been 

investigated are oil-water, oil-oil and liquid (or oil)-air interfaces. The study shows that for the 

oil-water interfaces, edible o/w Pickering emulsions were stabilised by rod- and cube-shaped 

CaCO3 particles. For the oil-oil interfaces, o/o and o/o/o Pickering emulsions were stabilised by 

fluorinated and hydrocarbon-coated fumed silica, fluorinated ZnO, fluorinated sericite and 

bentonite clay, PTFE, Bentone 34 and Calofort SV particles. Lastly, for the oil-air interfaces, oil 

liquid marbles, dry oil powders and oil foams were stabilised by using the fluorinated fumed 

silica, fluorinated sericite and bentonite clay or fluorinated ZnO particles. 

 For the purpose of convenience and flow, the work has been divided into seven chapters. 

The foregoing chapter gives a broad view on the pioneering work on solid particles at fluid 

interfaces. The principles and relevant data on the subject are highlighted. Chapter 2 describes 

the materials and experimental protocol used in the study. Some results are also included in this 

chapter partly for clarity and partly to avoid repetition. Chapter 3 contains results of the rod- and 

cube-shaped CaCO3 particle-stabilised edible o/w emulsions. The effects of pH and added 
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electrolyte on the stability of the emulsions are reported. In addition, the stability of the rod-

shaped CaCO3 particle-stabilised emulsions is compared with that stabilised by the cube-shaped 

ones. In chapter 4, stabilisation of o/o and o/o/o Pickering emulsions using the particles listed 

previously is described. An attempt is made to correlate the type of emulsions obtained with the 

three-phase contact angles. The influence of the degree of fluorination on the behaviour of silica 

particles at oil-air interfaces is reported in chapter 5. The focus of the report is on the type of 

materials obtained as the surface chemistry of the particles changes from hydrophilic to 

hydrophobic and then to omniphobic. This work leads to chapter 6 where the stabilisation of dry 

oil powders and oil foams by fluorinated solid particles of varying degrees of fluorination and 

hence omniphobicity is reported. The results of the study are discussed in terms of the apparent 

surface energy of the particles and the apparent contact angle the particles make with the oils. 

Finally, a brief summary of conclusions and suggestions for future work are given in chapter 7.   
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Chapter 2   

Experimental 

2.1 Materials 

2.1.1 Oil-Water Interfaces: Tricaprylin- and Miglyol 812N-Water Interfaces 

2.1.1.1 Solid Particles 

Hydrophilic CaCO3 (rod- and cube-shaped) particles were used for the tricaprylin- and 

Miglyol 812N-water interfaces. Strictly speaking, the shape of these particles is only near to rods 

and cubes. The CaCO3 particles were from Maruo Calcium Company Japan. According to the 

manufacturer, the rod-shaped CaCO3 particles also known as Whiscal A possess the following 

properties: average fibre length 20−30 μm, average width 0.5−1 μm, surface area 7 m
2
 g

−1
, Mohs 

hardness 3.5−4, pH 8.3−10.3 (10 wt. % water suspension), transition temperature to CaO 900 °C 

and moisture content 0.3 %. The cube-shaped ones (Cube-Type A) have sides of average length 

4−7 μm. In addition, the density of the particles lies between 2.6 and 2.8 g cm
‒3

. The contact 

angle (41°) of a water drop on compressed particle disk of the rod-shaped CaCO3 particles has 

been reported by Zhou et al.
1
 where they were used in the presence of oleic acid to stabilise 

aqueous foams. The particles were used at their unadjusted (≈ 9) or adjusted pH, or in the 

absence or presence of salt. In the former, 0.5 M aqueous solution of NaOH (97% pure) or 3 M 

aqueous solution of HCl (≈ 36% pure) both from Fisher Scientific were used to adjust the pH. In 

the latter, different concentrations (1−1000 mM) of NaCl (> 99.5% pure, BDH Chemicals) were 

used. The rod-shaped CaCO3 particles were prepared by addition of aqueous Ca(OH)2 solution to 

an aqueous bath (at a constant temperature of > 60 °C) containing CO2 gas or to which CO2 is 

being blown into. The rod-shaped CaCO3 particles were then collected as precipitates.
2
 In the 

case of the cube-shaped CaCO3 particles, drops of an aqueous calcium salt solution were added 

to an aqueous carbonate solution or vice versa, with one of the solutions containing a buffering 

agent and mixed together. The resulting CaCO3 suspension or the diluted suspension was 

allowed to stand or agitated (≥ 1 hour) and the cube-shaped CaCO3 particles were obtained as 

precipitates.
3
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2.1.1.2 Oil and Water 

Tricaprylin (purity above 99%, Aldrich) and Miglyol 812N from Sasol were used as oils. 

The former is a C8-triglyceride whilst the latter is a mixture of C8‒C10 triglycerides. The oils 

were passed twice through basic alumina to remove polar impurities before use. Water was 

passed through an Elga Prima reverse osmosis unit and then a Milli-Q reagent water system. The 

treated water (referred henceforth as Milli-Q water) has a surface tension of 71.8 mN m
−1

, pH of 

6.9 and a resistivity of 18 MΩ cm at 25 °C. 

2.1.2 Oil-Oil Interfaces 

2.1.2.1 Solid Particles 

Six broad particle types (Table 2.1) were used. They include dichlorodimethylsilane 

DCDMS, Si(CH3)2Cl2, coated and fluorinated fumed silica particles both from Wacker Chemie, 

Burghausen. The silica particles have varying percentages of residual surface SiOH group. 

Fluorinated clay (sericite and bentonite) and fluorinated ZnO particles both from Diato Kasei 

Kogyo Company Ltd. Japan, Calofort SV from Specialty Minerals, UK and CaCO3 particles 

were also used. The other particles are PTFE (E and E Ltd., UK) and Bentone 34 (Rheox Ltd., 

UK). The DCDMS-coated and fluorinated fumed silica particles were composed of aggregates of 

particles of primary diameter 20−30 nm and were obtained by surface chemical modification 

from hydrophilic fumed silica (100% SiOH).  The 100% SiOH silica particles are normally 

prepared by hydrolysis of volatile SiCl4 in an oxygen-hydrogen flame at 1200 °C. Their surfaces 

contain 100% SiOH group and they have Brunauer-Emmett-Teller (BET) surface area of 200 m
2
 

g
−1

. The properties of silica particles are determined mainly by the percentage of SiOH and 

SiOSi groups present on their surfaces. During flame hydrolysis, particles of SiO2 collide and 

coalesce to give smooth and relatively spherical primary particles whose diameters are between 

20−30 nm. These primary particles collide and may fuse together at lower temperatures to form 

stable aggregates of diameter between 100–500 nm which can be destroyed by sonication. Figure 

2.1 (upper) is an example of a scanning electron microscope SEM image of fairly monodisperse 

silica particles (not one of the fumed silica particles) with 100% surface SiOH groups alongside 

with sketches showing how these groups are modified. These surface groups can easily be 

modified by reaction with suitable chemical compounds. For example, the DCDMS-coated and 

fluorinated fumed silica particles having between 88−14%  and 75−50% residual surface SiOH 

groups, respectively, were obtained by reacting the −OH groups on the surfaces of the 100% 

SiOH fumed silica particles with varying amounts of DCDMS and the fluorinating agent, 
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respectively. Tridecafluoro-1,1,2,2-tetrahydrooctyltrimethoxysilane, CF3(CF2)5(CH2)2Si(OCH3)3, 

denoted as TDF-Si(OCH3)3 was used as the fluorinating agent. To obtain the DCDMS-coated 

fumed silica particles of varying percentage of residual surface SiOH group, the 100% SiOH 

fumed silica particles were reacted with DCDMS in the presence of varying molar amounts of 

water, followed by drying at 300 °C for 1 hour.
4
 For fluorination, the 100% SiOH fumed silica 

particles (100 g) were fluidised in a glass cylinder using a mechanical stirrer. After purging the 

cylinder with nitrogen for 15 min, 10.5 g (75% SiOH fluorinated fumed silica), 21 g (59% SiOH 

fluorinated fumed silica) or 27.8 g (50% SiOH fluorinated fumed silica) of TDF-Si(OCH3)3 was 

added as an aerosol using a mono-component nozzle with a nitrogen pressure of 10 bar. No 

excess reagent was obtained, i.e. the reaction was complete. The mixture was then stirred for 15 

min and placed in a nitrogen-purged oven for 2 hours at 150 ºC. Cooling to room temperature 

was performed under a blanket of nitrogen.  The reaction of alkoxysilanes with inorganic (e.g. 

silica) surfaces (described above) involves four steps as shown in Figure 2.1 (lower).
5
 The first 

involves hydrolysis of labile alkoxy groups (−OCH3) to yield −OH groups, followed by 

condensation of neighbouring chains to form oligomers comprising of a backbone of Si−O−Si 

bonds with pendant R (alkyl) and −OH groups on either sides. The −OH groups of these 

oligomers then hydrogen bond with SiOH groups on the particle surfaces, followed by covalent 

bond formation (R−Si−O−Si) upon drying. After surface chemical modification, some SiOH 

groups on the silica surfaces remain. The residual SiOH content is usually determined by 

titration with aqueous NaOH. The 100% SiOH silica contains about 2 SiOH groups nm
−2

. 

Silanisation and fluorination decrease the SiOH content and the number of SiOH groups per 

gram of particle.
6
 

SEM (Figure 2.2) mentioned above is a very useful instrument for studying the surfaces 

of solid particles because it offers a much higher resolution and depth of focus than optical 

microscopes. Unlike an optical microscope which uses photons to illuminate a sample, the SEM 

uses electrons produced by an electron gun e.g. tungsten filament, lanthanum hexaboride (LaB6) 

thermionic emitter and field emission gun for illumination and the visualisation of sample 

surfaces. The electron beam generated by the electron gun is accelerated by high voltage 

(typically between 0.2−20 kV) passing through a system of apertures and electromagnetic lenses 

to produce a thin beam of electrons which scans (or interacts with) the surface of the particle 

sample to a depth of approximately 1 μm. The depth varies with the accelerating voltage and 

sample density. The interaction of the electron beam with the surfaces of the particle (which are 

composed of atoms) produces various kinds of signals. These signals include secondary electrons 

(SE) which represent loosely bound electrons that have been knocked off the sample, 
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backscattered electrons (BSE) which are scattered at angles between 0‒180° due to the 

interaction of the electrons with positively charged nucleus, X-rays which are produced by the 

removal of electron(s) from the inner shell of an atom in the sample, light (cathodoluminescence 

CL), specimen current and transmitted electrons which are detected by the necessary detectors. 

The SE are inelastic in nature, have energy of < 50 eV and produce topographic images. The 

BSE, however, are elastic in nature, have energy of 50 eV (or even up to the primary beam 

energy) and produce images showing atomic number contrast. The SE and BSE are the most 

important signals in scanning electron microscopy and are required for generating SEM images 

which are always monochrome. The BSE are also used along with the X-rays to obtain 

information about the elemental composition of the sample. The CL is used to obtain information 

about the optical activity of the sample.
7
  

Table 2.1. Particle type, treatment reagent, industrial name and codename of particles used. 

Particle 

Treatment 

reagent  Industrial name  Codename 

Silica DCDMS 100% SiOH silica HDK N20 (unmodified) 

  88% SiOH silica SLM 4330002/68-18 

  78% SiOH silica SLM 4330002/68-15 

  70% SiOH silica SLM 4330002/68-12 

  61% SiOH silica SLM 433002-MM 038/2a-d 

  51% SiOH silica SLM 4330002/68-10 

  42% SiOH silica SLM 4330002/68-20 

  33% SiOH silica SLM 433002-MM 10212 

  25% SiOH silica SLM 433002/1211 

  23% SiOH silica SLM 433002/113-1 

  20% SiOH silica HDK H18 

  14% SiOH silica SLM 433002/MM 004_ 1c-f 

 TDF-Si(OCH3)3 75% SiOH silica SLM 433002-MM 04g/2 

   59% SiOH silica SLM 433002-MM 04g/1 

  50% SiOH silica SLM 433002MM 04g/4 

Sericite Perfluoroalkyl  PF-0 (Raw sericite) − 

 phosphate PF-5 Eight Pearl 300S-Al F-51576 

  PF-8 Eight Pearl 300S-Al S-0108012G 

  PF-10 Eight Pearl 300S-Al S-1010072G 

  PF-10 Eight Pearl 300S-Al
a
  S-0207162G 

  PF-10 FSE-Al S-0110181G 

  PF-12 Eight Pearl 300S-Al S-0108013G 

ZnO  PFX-10 ZnO (TP) S-0111061S 

Bentonite  PFX-10 Kunipia F S-0103292Y 

 − Bentone 34 E8015 

CaCO3 − Whiscal A − 

 Stearate Calofort SV − 

Polymer (CF2−CF2)n Zonyl MP1400 (PTFE) − 
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Figure 2.1. (upper) SEM image of fairly monodisperse hydrophilic silica particles having 100% 

surface SiOH groups along with sketches showing how the surface SiOH groups become 

modified upon silanisation and fluorination. (lower) reaction of alkoxysilane with surfaces of 

hydrophilic silica particles:
5
 (a) hydrolysis, (b) condensation, (c) hydrogen bonding and (d) 

covalent bond formation. 
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Figure 2.2. Schematic representation of an SEM; taken from www.zeiss.co.uk/microscope/en. 

                                               

 

Whilst the fumed silica particles were fluorinated with TDF-Si(OCH3)3, the clay and the 

ZnO particles were fluorinated with perfluoroalkyl phosphate. These particles are common in 

cosmetics enabling the preparation of a long lasting make-up resilient to perspiration and sebum 

thus promoting a more natural and healthy appearance. The platelet sericite particles (PF-5, 8, 10 

and 12 Eight Pearl 300S-Al) were obtained by treating raw omniphilic sericite particles (PF-0 

Eight Pearl 300S-Al) with varying amounts of C9–C15 perfluoroalkyl phosphate diethanolamine 

salt. This resulted to varying degrees of omniphobicity, with the PF-12 Eight Pearl 300S-Al 

particles being the most omniphobic. The perfluoroalkyl phosphate diethanolamine salt 

[F3C(CF2)n(CH2)2O]mPOO[(ONH2(CH2CH2OH)2]2, where n = 6‒18 and 2 > m > 1, is the 

precursor of the perfluoroalkyl phosphate as shown in Figure 2.3. However, only a given amount 

of the perfluoroalkyl phosphate salt was used to prepare the fluorinated bentonite clay (PFX-10 

Kunipia F), fluorinated sericite (PF-10 FSE-Al and PF-10 Eight Pearl 300S-Al
a
) and fluorinated 
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ZnO (PFX-10 ZnO (TP)) particles from their omniphilic precursors. Prior to fluorination, the 

particles were mixed with sodium aluminate and sulphuric acid leading to the formation of small 

crystals (≈ 200 nm) of Al(OH)3 on their surfaces rendering them positively charged and enabling 

an easy and uniform reaction with the anionic phosphate reactant. The presence of Al(OH)3 

crystals on the particles surfaces also make them textured (see later). The difference between the 

PF-10 Eight Pearl 300S-Al and PF-10 Eight Pearl 300S-Al
a
 is that the former contains 4 wt. % 

of Al(OH)3 (just like the PF-5, 8 and 12 Eight Pearl 300S-Al ones) whilst the latter contains 5 

wt. % of Al(OH)3. Sericite is a white, monoclinic, powdered mica mineral composed mainly of 

SiO2 (≈ 54%), Al2O3 (≈ 31%) and K2O (≈ 7%). The particles are plate-like of average size 

around 5 μm. They are characterised by a three-layered unit cell consisting of a SiO2 tetrahedron, 

an Al2O3 octahedron and a SiO2 tetrahedron held together by potassium ionic bonds.
8
 During 

chemical modification of the particles, the intermediate perfluoroalkyl phosphoric acid bonds to 

the particle surface through the formation of metal salts and/or hydrogen bonds depending on the 

alkalinity of the particles and imbue omniphobic properties to the particle surfaces. Bentonite (a 

montmorillonitic clay) is characterised by one Al octahedral sheet placed between two Si 

tetrahedral sheets. The isomorphous substitution of Al
3+ 

for Si
4+

 in the tetrahedral layer and Mg
2+

 

for Al
3+

 in the octahedral layer results in a net negative surface charge on the clay. This charge 

imbalance is offset by exchangeable cations (typically Na
+
 and Ca

2+
) at the clay surface. The 

layered structure of bentonite allows its expansion when wet. Na
+
 and Ca

2+
 are strongly hydrated 

in the presence of water, resulting in a hydrophilic environment at the clay surface.
9
  

Calofort SV is obtained by coating precipitated CaCO3 particles with stearate. It is 

composed of agglomerates whose primary particles have an average size of 0.07 μm and surface 

area of 17−25 m
2
 g

−1
. It is used in rigid and plasticised polyvinylchloride formulations to 

improve impact strength, surface gloss and whiteness. Calofort SV is hydrophobic and has been 

used previously
10

 to prepare stable waterless emulsions. Hydrophobic Bentone 34 (a rheological 

additive) is the organic (hydrocarbon) derivative of bentonite clay.  
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Figure 2.3. Scheme for the conversion of omniphilic sericite particles to omniphobic particles 

using perfluoroalcohol phosphate. 

 

 

2.1.2.2 Oils 

The oils used are given in Table 2.2. They include sunflower oil (Tesco), castor oil 

(Sigma-Aldrich), olive oil (Sigma), rapeseed oil from Brassica rapa (Fluka), mineral oil (Sigma-

Aldrich) and silicone oils (polydimethylsiloxane PDMS)-20, 50 and 100 cS-from Dow Corning. 

Sunflower, olive, mineral and rapeseed oils were passed twice through a column containing basic 

alumina to remove polar impurities before use. The rest of the oils were used as received. 

Table 2.2. The density ρ (at 25 ºC) of vegetable, mineral and PDMS oils used. 

Oil ρ/± 0.01 g cm
‒3

 

Sunflower oil 0.92 

Castor oil 0.96 

Olive oil 0.91 

Rapeseed oil 0.92 

Mineral oil 0.92 

PDMS 20 cS 0.95 

PDMS 50 cS 0.96 

PDMS 100 cS 0.97 

 

2.1.3 Liquid (and/or Oil)-Air Interfaces 

2.1.3.1 Solid Particles 

Four broad types of solid particles, namely fluorinated fumed silica, fluorinated platelet 

clay (sericite and bentonite) and fluorinated ZnO particles (described in sec. 2.1.2.1) were used. 

The behaviour of the fluorinated fumed silica particles was compared with the 100% SiOH and 
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14% SiOH fumed silica particles and that of the fluorinated clay particles was compared with the 

omniphilic PF-0 Eight Pearl 300S-Al particles. 

2.1.3.2 Oils and Other Liquids 

Many of the oils used with the fumed silica particles were different from those that were 

used with the fluorinated clay and fluorinated ZnO particles. Many of the oils used with the 

fluorinated clay particles were of cosmetic importance as the work was intended for cosmetic 

applications. The chemical structure, source, density ρ and γla of all the oils and liquids in the 

former case are given in Table 2.3. The liquids range from non-polar alkanes to polar oils like 

tricaprylin and geraniol to very polar liquids like glycerol and water. α-Bromonaphthalene and 

diiodomethane are liquids of high cohesive energy density in which molecules interact only 

through dispersion forces. All the oils were used as received except tricaprylin and Miglyol 

812N which were passed through basic alumina twice before use. Ethanol and acetone, 99% 

pure, were from Aldrich. The cosmetic oils (silicone, mineral, vegetable, ester and UV-absorbing 

oils) were supplied by Shiseido Japan and were used as received. The name, chemical structure 

and ρ of these oils are given in Table 2.4. For comparison, n-alkanes (C5–C16) were also used. 

Such alkanes include pentane (Aldrich, ca. 98%), hexane (Fisher Scientific, ca. 95%), heptane 

(Sigma-Aldrich, ca. 99%), octane (Sigma-Aldrich, > 98%), decane (Avocado, ca. 99%), 

dodecane (Sigma, ≥ 99%),  tetradecane (Aldrich, ca. > 99%) and general purpose grade 

hexadecane from Fisher Scientific. In parallel experiments, α-Bromonaphthalene, 

diiodomethane, ethylene glycol, formamide, glycerol, n-hexadecane and water were used as 

probe liquids to estimate the surface energies of the particles from contact angle data. Air used in 

both cases was that present in the laboratory (N2 ≈ 78%, O2 ≈ 21%, Ar ≈ 0.9% and CO2 ≈ 

0.04%). It is worth mentioning that the term ‘oil’ is loosely used in this work to refer to liquids 

other than water. Strictly speaking, oils are non-polar liquids possessing low (< 5) dielectric 

constant. 
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Table 2.3. Name, chemical structure, source, purity, density ρ and surface tension γla (both at 20 

°C) of all the liquids used. The ρ and γla of water (at 20 °C) are ≈ 1.00 g cm
−3

 and 72.8 mN m
−1

, 

respectively. The ρ and γla values are quoted to ± 0.01 g cm
−3

 and ± 0.1 mN m
−1

, respectively. 

Liquid Structure Supplier Purity/% ρ/g cm
−3

 γla/mN m
−1

 

 
FF

F

F
FF

F F

FF

F F

F

F

 

    

     Perfluorohexane Aldrich 99 1.71 11.9 

      

 

 

    PDMS 50 cS Dow 

   

 

Corning 100 0.96 21.4 

      

 

 

    

     Cyclohexane Aldrich > 99 0.78 25.5 

      

      n-Hexadecane Aldrich > 99 0.77 27.5 

      

 
 

    Toluene Fisher 99 0.87 28.4 

      

 

 

    

     Benzene Fison > 99 0.88 28.9 

      

 

 

    (R)-(+)- 

    Limonene Aldrich 98 0.84 29.0 

      

 

 

    

Isopropyl     

myristate Aldrich > 98 0.85 29.4 

      

 

 

    

     

     

Tricaprylin Aldrich > 99 0.95 29.5 

      

Miglyol 812N C8−C10 triglycerides Sasol − 1.01 30.3 
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Table 2.3 (continued).  

Liquid Structure Supplier Purity/% ρ/g cm
−3

 γla/mN m
−1

 

 
 

    Squalane Aldrich 99 0.81 31.1 

 

 

    

     Geraniol SAFC > 97 0.88 31.6 

      

 

 

    α-Hexylcinnam- 

    aldehyde SAFC > 95 0.95 35.3 

      Sunflower oil Mixture of long chain Co-op > 99 0.92 33.9 

 triglycerides, mainly C18     

      

 

 

    

     
Eugenol Aldrich  > 99 1.07 36.4 

      

 

 

    

     
Benzyl acetate SAFC > 99 1.05 38.0 

      

 

 

    

     

Tricresyl 

phosphate Aldrich > 98 0.85 29.4 

 

 

    

     

α-Bromonaphtha-     

lene Aldrich 97 1.48 44.6 

      

 

 

    

Ethylene glycol Aldrich > 99 1.11 47.7 

      

 

 

    

Diiodomethane Aldrich > 99 3.33 50.8 

      

 

 

    

Formamide Aldrich  > 99 1.13 58.2 

      

 

 

    

Glycerol Aldrich 99 1.26 63.4 
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Table 2.4. Name, chemical structure, density ρ and surface tension γla (both at 25 °C) of the 

cosmetic oils used. The ρ and γla values are quoted to ± 0.01 g cm
−3

 and ± 0.1 mN m
−1

, 

respectively. 

Oil Structure ρ/g cm
−3

 γla/mN m
−1

 

 

 

  

   

   Cyclomethicone  0.96 20.2 

    

 

 

  

PDMS 6 cS (n = 5−10)   

 0.92 20.6 

     

 

  

   

PDMS 20 cS 0.95 20.8 

    

 

 

  

   

Isocetane 0.79 26.7 

    

 

 

  

   

   

   

   

Phenyl silicone 0.99 27.6 

    

 

 

  

Tripropylene glycol   

trimethylacetate 0.95 29.3 

 

 

  

Squalane 0.81 30.7 

    

 

 

  

   

   

Glyceryl tri(2-ethyl-   

hexanoate) 0.95 30.8 

 

 

  

   

   

Pentaerythritol tetra-   

 (2-ethylhexanoate) 0.96 32.1 
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Table 2.4 (continued). 

Oil Structure ρ/g cm
−3

 γla/mN m
−1

 

Liquid paraffin Mixture of heavy alkanes 0.86 32.3 

    

 

 

  

   

Cetyl 2-ethylhexan-   

oate 0.86 32.6 

    

Macadamia nuts oil Mixture of triglyceride of 0.87 35.1 

 oleic, palmitoleic, linoleic   

 and linolenic acids   

 

 

  

   

Jojoba oil 0.87 35.2 

    

 

 

  

2-Ethylhexyl-4-   

methoxycinnamate 1.00 36.8 

2.2 Methods 

2.2.1 Oil-Water Interfaces: Tricaprylin- and Miglyol 812N-Water Emulsions Stabilised 

by Anisotropic CaCO3 Particles 

2.2.1.1 Characterisation of CaCO3 Particles 

2.2.1.1.1 Scanning Electron Microscopy of Particles 

CaCO3 particles were viewed as received and from a dried sample of their suspension. 

The dry samples were applied to a carbon sticky disk. After excess sample was removed with 

compressed air, particles that stuck to the disk were coated with a thermally evaporated carbon 

film (≈ 5 nm thick) using an Edwards High Vacuum Coating Unit. Micrographs were taken with 

the Zeiss EVO 60 SEM at a beam voltage of 20 kV and probe current of 70 pA. Both the rod- 

and cube-shaped CaCO3 particle suspensions (0.34 wt. %) were prepared by dispersing 1 g of the 

particles in 15 cm
3
 of water using a Branson ultrasonic digital sonifier 450 operating at 20% 

amplitude for 2 min (inclusive of 2 s operation and 2 s rest periods). During sonication, it was 

necessary to cool the mixture in an ice bath to prevent it from warming up. The required volume 

(0.5 cm
3
) of each mixture was diluted with 9 cm

3
 of Milli-Q water to obtain suspensions having 
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concentration ≈ 0.34 wt. %. About 15 μL of the diluted suspension was pipetted onto the SEM 

cover slip and studied similarly using the SEM, after drying at ambient conditions. Micrographs 

(Figure 2.4) were obtained directly into a computer using hardware and software designed in-

house and edited using Photoshop 7 software. The average length L and radius rrod of the rod-

shaped particles, measured from Figure 2.4 by averaging the L and rrod of 30 particles, are 

approximately 13 μm and 0.4 μm respectively. In contrast, L = 20−30 μm and rrod = 0.25−0.5 μm 

according to the manufacturer. The average length l' of the cubed-shaped particles, also 

measured from Figure 2.4 by averaging l' of 30 particles, is approximately 3 μm compared with 

4−7 μm given by the manufacturer. Because of the polydisperse nature of the rod- and cube-

shaped CaCO3 particles, the standard deviation of the 30 separate measurements is ≈ 4 μm. 

Based on these measurements, the volume V of the rod- and cubed-shaped CaCO3 particles 

(calculated using equation 2.1) is approximately 6.4 μm
3 

and 27 μm
3
, respectively. For 

calculating V, the rod-shaped particles were liken to cylinders having hemispherical ends with 

their average length (excluding the hemispherical ends) as L′ = 12.2 μm. Clearly, the volume of 

the cube-shaped CaCO3 particles is about four times that of the rod-shaped ones. 

Figure 2.4. SEM micrographs of rod-shaped (upper) and cube-shaped (lower) hydrophilic 

CaCO3 particles viewed as received (left) and from a dried sample (15 μL) of an aqueous 

suspension (0.34 wt. %) of the particles (right). 
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2.2.1.2 Zeta Potential of Particles 

The zeta potential ζ of both the rod- and cube-shaped CaCO3 particles was determined 

separately, firstly, in aqueous suspensions (0.125 wt. %) of different pH values and secondly in 

NaCl solutions of different concentrations. In the first instance, the required mass (0.125 g) of 

particles was dispersed in 10 cm
3
 of Milli-Q water using a Branson ultrasonic probe with a head 

of diameter 0.6 cm operating at 20% amplitude for 2 min (inclusive of 2 s operation and 2 s rest 

periods) with constant cooling in an ice bath. The suspension was then made up to 100 cm
3
 using 

Milli-Q water. The pH of 2.5 cm
3
 of the suspension was adjusted from 8.8 (rod-shaped particles) 

or 9.2 (cube-shaped) to other values (between ca.10‒13) using 0.5 M NaOH solution. For the 

effect of salt concentration, 2.5 cm
3
 of NaCl solution of varying concentrations (0‒1000 mM) 

containing 0.125 wt. % of CaCO3 particles was used. The required mass (about 3 mg) of 

particles was dispersed in the various NaCl solutions using a Branson ultrasonic probe at the 

same conditions mentioned previously. The stability of these suspensions to sedimentation was 

assessed by noting the time it took all the particles to settle at the bottom of the vessel. Due to the 

relatively large size and low surface charge (see later) of the CaCO3 particles, the particles of all 

the dispersions settled at the bottom of the vessels about 1 hour after preparation. After 24 hours, 

the suspensions were re-dispersed by hand shaking and their ζ was measured by using a Malvern 

Zetasizer Nano series. It was not possible to measure ζ for dispersions containing above 0.1 M.  

The Malvern Zetasizer Nano series measures the electrophoretic mobility U of the 

particles in the suspension and converts it to ζ by using the Henry equation which is given by 

equation 2.2. The εo is the permittivity of free space, ε is the dielectric constant of the medium, η 

stands for viscosity of the medium and f(κDa) is the Henry’s function which is approximately 

equal to 1.5 (for moderate electrolyte concentration) or 1 (for relatively high electrolyte 

concentration). For f(κDa) ≈ 1.5, the Henry’s equation translates to the Smoluchowski model. The 

U is obtained by performing an electrophoresis experiment on the sample and measuring the 

velocity of the particles using laser Doppler velocimetry (LDV) described schematically in 

Figure 2.5. In LDV, a beam of light from the laser is split into the incident and reference beams. 

The reference beam is modulated to create the Doppler effect. The laser beam passes through the 

sample cell where it is scattered by the particles at an angle of 13°. During electrophoresis, the 
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particles in the suspension move through the sample cell (to the necessary electrode) in response 

to an applied electric field as they possess electric charges. This causes the intensity of light 

detected to fluctuate with a frequency proportional to the speed of the particles. This information 

is detected and sent to the digital signal processor and then to the computer where the Zetasizer 

software produces a frequency spectrum from which the U and hence the ζ is calculated. The role 

of the attenuator and compensation optics in Figure 2.5 is to regulate the amount of light passing 

through the sample cell and correct for the thickness of the sample cell wall and the dispersant 

refraction, respectively. 

 

 




3

)(2 af
U Do  (2.2) 

 

Figure 2.5. Schematic illustration of the working principle of Malvern Zetasizer Nano series 

(taken from Malvern Zetasizer Nano series manual): (a) laser, (b) incident beam, (c) beam 

splitter, (d) reference beam, (e) attenuator, (f) sample cell, (g) scattered beam, (h) compensation 

optics, (i) combining optics, (j) detector, (k) digital signal processor and (l) computer. 

 

2.2.1.2.1 Preparation and Characterisation of Tricaprylin- and Miglyol 812N-Water 

Emulsions 

Emulsions (containing varying volume fraction of oil ϕo) were prepared using the 

powdered particle and particle dispersion methods. The emulsions were prepared in screw cap 

glass vials of inner diameter 2.4 cm and height 7.2 cm, using an IKA T25 digital Ultra-Turrax 

homogeniser with an operating head of inner diameter 1.3 cm at 13000 rpm for 3 min at ambient 

conditions. Mathematically, ϕo is volume(cm
3
) of oil in an emulsion divided by the sum of the 
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volume(cm
3
) of oil and water in the emulsion. The powdered particle method involves 

measuring the required volume of water into a glass vial, followed by addition of the required 

amount of the particles and then the required volume of oil and finally homogenisation. In the 

particle dispersion method, the required amount of particle is dispersed in the required volume of 

water using a Branson ultrasonic probe at 20% amplitude for 2 min (inclusive of 2 s operation 

and rest periods with constant cooling in an ice-bath) before the required volume of oil is added 

and homogenised. Using the first method, batch emulsions containing equal volumes (7 cm
3
) of 

water and oil or 11.2 cm
3
 of water and 2.8 cm

3
 of oil (i.e. ϕo = 0.5 or 0.2) were prepared in the 

presence of different concentrations (0.1−5 wt. %) of the rod-shaped CaCO3 particles. In 

addition, emulsions containing varying ϕo (0.05−0.95) were prepared at a fixed particle 

concentration (4 wt. %). All the particle concentrations used throughout this work are with 

respect to the total volume (14 cm
3
) of oil and water in the emulsions. The control emulsions 

were prepared in the absence of the particles. For the second method, emulsions containing equal 

volumes (7 cm
3
) of water and oil were prepared in the presence of 4 wt. % of the rod- and cube-

shaped CaCO3 particles. 

Immediately after homogenisation, the continuous phase of the emulsions was inferred 

from the drop test and conductivity measurements using a Jenway 4510 conductivity meter with 

Pt/Pt black electrodes. The pH of the emulsions was measured using a Fisherbrand Hydrus 400 

pH meter immediately after preparation. For optical microscopy, a drop of an emulsion was 

diluted with 8 drops of Milli-Q water. A drop of the diluted emulsion was then viewed on a 

dimple glass slide (Fisher Scientific) using the Olympus BX-51 optical microscope fitted with a 

DP50 digital camera. The camera was connected to a computer having Image-Pro Plus 6.0 

software (Media Cybernetics). Cryo-SEM was also carried out on the 2 wt. % of the rod-shaped 

and 4 wt. % of the cube-shaped CaCO3 particle-stabilised tricaprylin emulsions prepared by the 

powdered particle method. An emulsion sample was pipetted onto an aluminium cryo stub, to a 

thickness of 3−4 mm, and plunged into liquid nitrogen slush (−210 °C). The frozen sample was 

transferred to a cryo system (Quorum Technologies PP3010T) cold stage (−140 °C) and the 

temperature was raised to −70 °C and kept constant for about 10 min. Because the pressure in the 

chamber is quite low (10
−6 

to 10
−5

 mbar), some of the frozen water in the continuous phase of the 

emulsions sublime and condense on the anticontaminator surface (−170 °C) leaving part of some 

of the emulsion droplets exposed. The droplets surfaces were then sputter-coated with platinum 

and transferred to the SEM cold stage and examined at −140 °C at a beam voltage of 15 kV and 

probe current of between 20 and 30 pA.  
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The stability of the emulsions to creaming and coalescence was assessed by noting the 

fraction of water fw and the fraction of oil fo released in 4 months, respectively. fw(fo) equals the 

volume of water(oil) released divided by the initial volume of water(oil) in the emulsion. Photos 

of the glass vials containing the emulsions and other photos shown throughout the thesis were 

taken with a Canon PowerShot SX220 HS camera. The size distribution of the emulsions was 

determined by light diffraction using a Malvern Mastersizer 2000 instrument. Determination of 

emulsion droplet size distribution by light diffraction and other techniques requires dilution of 

the emulsion to low dispersed phase volume fractions. In surfactant-containing systems, the 

diluting phase needs to be of the same composition as the continuous phase of the emulsion to 

prevent desorption of surfactant molecules from the surfaces of the emulsion droplets.
11

 In order 

to obtain a protocol for diluting the emulsions in this study, the effect of the rod-shaped CaCO3 

particle concentration (2 × 10
−3 

to 4 × 10
−3

 wt. %) in the diluting phase on the droplet size of the 

emulsion was studied on the 2 wt. % of rod-shaped CaCO3 particle-stabilised emulsions 

(prepared by the powdered particle method). The droplet size of the emulsions remained 

unchanged when diluted with only water or with the CaCO3 particle dispersion (see Appendix 1) 

and thus only water was used to dilute the emulsions for sizing. The emulsions (10 to 12 drops) 

were dispersed in about 150 cm
3
 of water in the sample presentation unit by stirring at 1500 rpm 

and used for droplet size distribution measurement. 

Laser diffraction measures the emulsion droplet size distributions by measuring the 

angular variation in the intensity of light scattered as a laser beam passes through the diluted 

emulsion sample in the presentation chamber. Large emulsion droplets scatter light at small 

angles relative to the laser beam, but small emulsion droplets scatter light at large angles (Figure 

2.6). The angular scattering intensity data is then analysed to calculate the size of the emulsion 

droplets responsible for creating the scattering pattern using the Mie theory of light scattering. 

The Mie theory requires the optical properties of the emulsion droplets and the continuous phase. 

The size of the emulsion droplets is reported as a volume equivalent sphere diameter. 
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Figure 2.6. Schematic illustration of the working principle of Malvern Mastersizer 2000 (taken 

from Malvern Mastersizer 2000 manual): (a) source of laser beam, (b) first optical system, (c) 

focused laser beam, (d) emulsion sample, (e) diffracted light, (f) second optical system, (g) 

focused diffracted light, (h) light angle detector and (i) computer. 

 

2.2.1.2.2 Effect of Salt Concentration on the Stability of the Emulsions 

The effect of salt concentration on the stability of the emulsions was studied in the range 

of 1‒1000 mM NaCl. Batch emulsions containing equal volumes (7 cm
3
) of water and oil were 

prepared by the powdered particle method in the presence of 4 wt. % of CaCO3 particles in 

screw cap glass vials. The required mass of CaCO3 particles was placed in aqueous NaCl 

solutions of different concentrations, followed by addition of the required volume of oil and then 

homogenised using the IKA T25 digital Ultra-Turrax homogeniser at 13000 rpm for 3 min. The 

stability of the emulsions to creaming and coalescence was assessed by noting the fw and the fo 

released in a month, respectively. Where the emulsion droplets are small enough to be viewed 

under a microscope, e.g. below 0.05 M NaCl (emulsions containing rod-shaped CaCO3 particles) 

or 0.5 M NaCl (emulsions containing cube-shaped CaCO3 particles), one drop of the emulsion 

was diluted with 8 drops of an aqueous solution containing the same [NaCl] as the emulsion. The 

diluted emulsion was then viewed on a dimpled glass slide using the Olympus BX-51 optical 

microscope fitted with a digital camera. In the case of Miglyol 812N emulsions stabilised by 

cube-shaped CaCO3 particles, it was not necessary to dilute a sample of the emulsion before 

viewing because of the relatively small number of oil droplets they contain. The optical 

micrographs obtained were used to determine the droplet size of the tricaprylin emulsions by 

averaging the diameter of at least 100 droplets. Miglyol 812N emulsions have droplets of 

irregular shape and it was not possible to determine their average diameter. 
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2.2.1.2.3 Effect of pH on the Stability of the Emulsions 

The effect of pH on the stability of the emulsions was investigated in the pH range of 4‒

12 at ambient conditions. Batch emulsions containing equal volumes (7 cm
3
) of water and oil 

were prepared by the powdered particle method in the presence of 4 wt. % of CaCO3 particles in 

screw cap glass vials using the IKA T25 digital Ultra-Turrax homogeniser at 13000 rpm for 3 

min. Immediately after preparation, the pH of the emulsions was adjusted from around 8 for rod-

shaped CaCO3 stabilised emulsions or 9 for cubed-shaped CaCO3 stabilised emulsions to the 

desired pH. pH adjustment was done by using drops of a 3 M aqueous solution of HCl or a 0.5 M 

aqueous solution of NaOH. Again, the stability of the emulsions to creaming and coalescence 

was assessed by noting the fw and the fo released after a month respectively. At higher pH values 

(> 8) where the emulsion droplets are small enough to be viewed under a microscope, one drop 

of the emulsion was diluted with 8 drops of water at the same pH as the emulsions and viewed 

on a dimpled glass slide using the Olympus BX-51 optical microscope. Again, Miglyol 812N 

emulsions stabilised by the cube-shaped CaCO3 particles were not diluted before viewing 

because of the relatively small number of emulsion droplets they contain. Similarly, the optical 

micrographs obtained were used to determine the size of the emulsions by averaging the 

diameter of at least 100 droplets. 

2.2.2 Oil-Oil and Liquid (and/or Oil)-Air Interfaces 

2.2.2.1 Characterisation of Fluorinated Fumed Silica Particles 

2.2.2.1.1 Elemental Content and Scanning Electron Microscopy 

The elemental content (C, H, N and F) of the fluorinated fumed silica particles was 

carried out by Medac Ltd., UK. C, H and N were determined by quantitative dynamic flash 

combustion analysis using the Thermo Scientific FlashEA 1112 CHNS-O Analyser. F was 

determined by ion chromatography using a Metrohm 761 Compact Ion Chromatography after 

Schӧniger flask combustion. Dynamic flash combustion analysis is performed as follows. The 

sample is held in a tin capsule placed inside an autosampler drum and purged with continuous 

flow of helium and dropped at pre-set intervals into a vertical quartz tube maintained at 900 ºC. 

Once the sample is dropped in the furnace, the helium stream is temporarily enriched with pure 

oxygen which promotes a violent reaction (flash combustion) once the sample and the tin 

capsule melt. Quantitative combustion is then achieved by passing the mixture of combustion 

gases over copper to remove excess oxygen and to reduce the nitrogen oxides to elemental 
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nitrogen. The resulting mixture is then directed to a chromatographic column where the 

individual components are separated and eluted as nitrogen, carbon dioxide and water. These are 

then detected by a thermal conductivity detector (TCD) coupled to an automatic EAGER300 

workstation which gives output signal proportional to the concentration of the individual 

components of the mixture. For Schӧniger combustion, the required amount of the desired 

sample is combusted in the presence of oxygen in a platinum basket on an ashless filter paper 

placed in a Schӧniger combustion flask. The platinum basket and combustion flask are usually 

cleaned with 0.5 N of NaOH and 50 v/v. % of H2O2 solutions prior to combustion. After 

combustion, the Schӧniger flask is shaken on a mechanical shaker for 30 min to allow absorption 

of gaseous combustion products followed by addition of deionised water. The flask stopper and 

platinum basket are then washed with deionised water into the flask. The solution (100 cm
3
) for 

ion chromatography is then prepared from the content of the Schӧniger flask. The instrument is 

calibrated by running a standard solution and the chromatogram obtained is used to identify and 

calculate the concentration of the F
−
 in the sample when analysed. As shown in Table 2.5, the 

fluorinated fumed silica particles contain < 0.1 wt. % of nitrogen but the carbon and fluorine 

content increases as the degree of fluorination increases. The hydrogen content of the particles is 

also not constant, but it is independent of the degree of fluorination. 

Table 2.5. Carbon, hydrogen, nitrogen and fluorine content (wt. %) of the various fluorinated 

fumed silica particles. 

Particles Nitrogen Carbon Hydrogen Fluorine 

75% SiOH fluorinated silica < 0.10 1.78 1.34 5.42 

59% SiOH fluorinated silica < 0.10 3.52 1.21 9.91 

50% SiOH fluorinated silica < 0.10 5.13 1.45 10.86 

 

SEM was used to image the dry 100% SiOH, 14% SiOH and fluorinated fumed silica 

particles. The procedure described in sec. 2.2.1.1.1 was used to obtain the SEM images of the 

particles. As shown in Figure 2.7, all the particles consist of partially fused and aggregated 

primary particles and there appears to be no change in their structure following silanisation or 

fluorination. 
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Figure 2.7. SEM images of (a) 100% SiOH, (b) 14% SiOH, (c) 75% SiOH fluorinated, (d) 59% 

SiOH fluorinated and (d) 50% SiOH fluorinated fumed silica powders at two magnification. 
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2.2.2.1.1.1 Measurement of Fumed Silica Particle-Liquid-Air Contact Angles 

Since it is difficult to measure the θla small solid particles make with liquid surfaces, 

glass slides spin coated with a layer of the particles was used to gain an idea of these angles 

using the sessile drop method. Because the measured values of θla are not the true angles the 

particles make with the liquid surfaces, they are considered as apparent contact angles. Firstly, 

separate ethanol dispersions containing 1.5−8 wt. % of 14% SiOH silica particles were used to 

spin coat separate hydrophilic glass slides (3.6 cm × 2.5 cm). The dispersions were obtained by 

dispersing the required mass of the particles in ethanol (5 g) in a screw cap glass vial (inner 

diameter 1.8 cm and height 7.2 cm) using the Branson ultrasonic digital sonifier 450. Sonication 

was at 30% amplitude for 2 min (inclusive of 4 s operation and 2 s rest periods) with constant 

cooling in an ice bath. These dispersions (750 μL) were used to spin coat the hydrophilic glass 

slides (Fisher Scientific) using a Cookson Electronics P6700 spin coater at 800 rpm for 40 s 

(inclusive of 5 s acceleration and 5 s deceleration periods) and dried at ambient conditions for 24 

hours in petri dishes. The apparent advancing θla made by sessile water and n-hexadecane drops 

(0.1 cm
3
) with the spin coated glass slides was measured with a Krüss DSA Mk 10 instrument. 

The results of 4 separate measurements were averaged. As shown in Figure 2.8, the apparent θla 

for water droplets initially increases with increasing [14% SiOH fumed silica] in the ethanol 

dispersion and became constant at concentrations above 5 wt. % where the glass slides are 

presumably sufficiently coated by the silica particles. The apparent θla for n-hexadecane was 

constant irrespective of the particle concentration. Based on the foregoing, dispersions of the rest 

of the silica particles were prepared similarly using different solvents with the particle 

concentration varying between 4 to 9 wt. % as shown in Table 2.6. This was dependent on the 

viscosity of the dispersion and the nature of the particle coating obtained from it upon spin 

coating. In summary, the particle concentrations and solvents used for the rest of the particles 

were 9 wt. % of 100% SiOH fumed silica particles in ethanol-water (1:3) mixture, 8 wt. % in 

ethanol for 75% SiOH, 5 wt. % in acetone for 59% SiOH and 4 wt. % in cyclohexane for 50% 

SiOH fluorinated fumed silica particles. The apparent advancing and receding θla of a sessile 

liquid droplet in air on these surfaces were measured. The required volume (0.1 cm
3
) of a liquid 

for apparent advancing θla was placed on the particle-coated glass slides using a glass syringe 

having a needle of inner diameter 0.1 mm. To obtain the apparent receeding θla, 0.05 cm
3
 of 

liquid was withdrawn from the 0.1 cm
3
 droplet used previously for apparent advancing θla. The 

average of 4 separate measurements is reported (see chapter 5; Table 5.2). The apparent 

advancing θla of the seven probe liquids was used to calculate the apparent γsa of the particles 
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(see sec. 2.2.2.3). For comparison, the apparent θla(advancing) the probe liquids make with the 

surfaces of a PTFE substrate was also measured (similarly) and used for the calculation of its 

apparent surface energy as shown in sec. 2.2.2.3. 

Figure 2.8. Apparent advancing contact angle θla (± 2°) of sessile water (●) and n-hexadecane 

(○) droplets (0.1 cm
3
) on hydrophilic glass slides coated with 14% SiOH fumed silica particles 

versus [14% SiOH fumed silica particles] in ethanol dispersions used to spin coat the glass 

slides. The apparent advancing θla of both water and n-hexadecane on a hydrophilic glass slide is 

< 5° and it is consistent with previous findings.
12
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Table 2.6. Particle type, particle concentration, solvent and nature of spin coated glass slide 

surfaces. : surface is not good for measurement of apparent θla either due to crack of particle 

layer or insufficient particle coating, : surface is good for measurement of apparent θla as a 

result of good particle coating and lack of substantial cracks. 

Fumed silica particles [Particle]/wt. % Solvent Result 

14% SiOH silica 1.5 Ethanol  

 

3 Ethanol  

 

5 Ethanol  

 

6.5 Ethanol  

 

8 Ethanol  

75% SiOH fluorinated silica 5 Ethanol  

 

5 n-Hexane  

 

5 Toluene  

 

5 Perfluorohexane  

 

5 Acetone  

 

8 Ethanol  

59% SiOH fluorinated silica 5 Ethanol  

 

5 n-Hexane  

 

5 Toluene  

 

5 Perfluorohexane  

 

5 Acetone  

50% SiOH fluorinated silica 4 Cyclohexane  

100% SiOH silica 9 Ethanol-water (1:3)  

 

2.2.2.2 Characterisation of Fluorinated Clay and Fluorinated ZnO Particles 

2.2.2.2.1 General Morphology and Elemental Analysis 

SEM was used to characterise the particles in terms of morphology and elemental 

content. SEM images were obtained from the powdered particles whilst their elemental 

information was gathered from compressed disks composed of the particles (see particle disk 

formation procedure later). To obtain an evenly distributed monolayer of dry particles for SEM 

study, a sample mount (carbon sticky disk) containing a self-adhesive was pressed into a 

powdered bed of the particles. Loosely held particles were removed with compressed air. The 

sample mount was afterwards thermally coated with a thin layer (ca. 15 nm) of carbon using an 

Edwards High Vacuum Coating Unit and examined with the Zeiss EVO 60 SEM at a beam 

current of 40 μA and probe current of 101 pA. Micrographs were obtained directly into a 
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computer using hardware and software designed in-house and edited using Photoshop 7 

software. Thereafter, using similar conditions, the particle disks were stuck to the SEM sample 

mount and probed for elemental content. Their energy dispersive X-ray (EDX) elemental maps 

were also stored and processed, similarly. 

The SEM images of the sericite particles are shown in Figure 2.9. As can be seen, the PF-

0 Eight Pearl 300S-Al particles are made up of agglomerated, relatively smooth platelet particles 

(primary particle size ca. 2 μm and several nm thick) compared to the treated ones which are 

discrete and textured due to the presence of crystals of Al(OH)3 used to augment the fluorination 

reaction. Elemental analysis shows that the particles contain C, O, F, Na, Mg, Al, Si, P, S, Cl, K, 

Ti and Fe (Figure 2.10 and Appendix 2), just like many other sericite particles.
37

 Carbon, 

fluorine and phosphorus are present in varying amounts depending on the degree of fluorination 

(Table 2.7). Hydrogen was not detected because SEM does not detect elements below carbon in 

the periodic table. 

 

Figure 2.9. SEM images of powdered sericite particles: PF-(a) 0, (b) 5, (c) 8, (d) 10 and (c) 12 

Eight Pearl 300S-Al. Scale bar = 2 μm. 
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Figure 2.10. EDX maps of PF-(a) 0, (b) 5, (c) 10 and (d) 12 Eight Pearl 300S-Al sericite 

particles. 
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Figure 2.10 (continued). 
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Table 2.7. Elemental composition (wt. %) of the Eight Pearl 300S-Al sericite particles used. 

            wt. %           

Particle C O F Na Mg Al Si P S Cl K Ti Fe 

PF-0 1.15 50.45 0 0.15 0.32 17.37 22.15 0 0 0 7.67 0.14 0.60 

PF-5 3.13 48.29 4.55 0.09 0.25 16.61 19.17 0.20 0.35 0 6.67 0.10 0.59 

PF-8 3.64 46.14 7.53 0.11 0.30 16.08 18.42 0.26 0.29 0.05 6.49 0.12 0.58 

PF-10 4.24 46.41 8.22 0.22 0.21 15.71 17.71 0.34 0.53 0.07 5.76 0.09 0.50 

PF-12 4.76 45.13 8.85 0.12 0.28 15.59 17.76 0.43 0.27 0.05 6.09 0.15 0.54 

 

The SEM images of the PFX-10 Kunipia F, PF-10 Eight pearl 300S-Al
a
, PF-10 FSE-Al 

and PFX-10 ZnO (TP) particles are shown in Figure 2.11. The PFX-10 Kunipia F, PF-10 Eight 

pearl 300S-Al
a
 and PF-10 FSE-Al particles are also composed of textured discrete platelet 

primary particles whilst the PFX-10 ZnO (TP) particles are made up of textured relatively 

spherical particle agglomerates (size > 3 μm). The individual particles of the PFX-10 Kunipia F 

are > 400 μm in size and several nm thick. These particles are several times larger than those of 

the PF-10 Eight Pearl 300S-Al
a
 and PF-10 FSE-Al particles which are only ca. 6 μm long and a 

few nm thick. The Elemental composition of the particles is shown qualitatively and 

quantitatively in Figure 2.12 and Table 2.8 respectively.  Al, Si and O are predominant in PFX-

10 Kunipia F, PF-10 Eight Pearl 300S-Al
a
 and PF-10 FSE-Al particles whilst Zn and O are 

predominant in the PFX-10 ZnO (TP) particles as expected. Note that hydrogen is not detected 

just like in the previous particles. The SEM images of the Bentone 34, Calofort SV and Zonyl 

MP1400 particles are given in Figure 2.13. The Bentone 34 and Zonyl MP1400 particles are 

composed of shapeless agglomerates of size between 5−30 μm and 0.7−10 μm, respectively. The 

Calofort SV particles are made up of a network of spherical particles having primary particle 

diameter ≈ 91 nm. 
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Figure 2.11. SEM images of powdered (a) PFX-10 Kunipia F, (b) PFX-10 ZnO (TP), (c) PF-10 

Eight Pearl 300S-Al
a
 and (d) PF-10 FSE-Al particles. 
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Figure 2.12. EDX maps of (a) PFX-10 Kunipia F, (b) PFX-10 ZnO (TP), (c) PF-10 Eight Pearl 

300S-Al
a
 and (d) PF-10 FSE-Al particles. 

 

 



62 

 

Figure 2.12 (continued). 
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Table 2.8. Elemental composition (wt. %) of the particles shown in Figure 2.11. 

  Particle 

wt. % 

PFX-10 

Kunipia F 

PFX-10 

ZnO (TP) 

PF-10 Eight Pearl 

300S-Al
a
 

PF-10 

FSE-Al 

C 7.08 3.87 0.00 2.56 

O 40.50 20.25 49.69 45.72 

F 17.09 8.56 5.23 9.79 

Na 1.97 0.00 0.16 0.16 

Mg 1.52 0.00 0.16 0.15 

Al 8.42 0.00 17.70 16.87 

Si  21.59 0.00 19.37 17.34 

P 0.31 0.34 0.42 0.35 

S 0.14 0.00 0.24 0.39 

K 0.00 0.00 6.40 6.20 

Ca 0.28 0.00 0.00 0.00 

Ti 0.06 0.00 0.10 0.00 

Fe 1.04 0.00 0.54 0.47 

Cl 0.00 0.21 0.00 0.00 

Zn 0.00 66.78 0.00 0.00 

Figure 2.13. SEM images of (a) Bentone 34, (b) Calofort SV and (c) Zonyl MP1400 particles. 
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2.2.2.2.2 Measurement of Fluorinated Clay and Fluorinated ZnO Particle-Liquid-Air Contact 

Angles 

Since it is difficult to measure θla small solid particles make with liquid surfaces, 

especially if they are irregular and polydisperse, relatively smooth disks (diameter 13 mm and 

thickness ≈ 1 mm) of the particles were used to gain an idea of θla. Because the measured values 

of θla are not the true angles the particles make with the liquid surfaces, they are considered as 

apparent contact angles. The disks were obtained by compressing ca. 400 or 500 mg of dry 

particles in a 13 mm diameter steel die with a hydraulic press (Research & Industrial Instrument 

Co., UK) under a pressure of approximately 9.0 × 10
8
 N m

‒2
. Prior to making the disks, the 

compression pressure was varied between ca. 1.1 × 10
8
 and 9.0 × 10

8
 N m

−2 
on the PF-12 Eight 

Pearl 300S-Al fluorinated sericite particles (400 mg) so as to decide which compression pressure 

to use. Generally, the apparent advancing θla of water (146 ± 2°) and n-hexadecane (116 ± 2°) in 

air measured on the compressed particle disks were fairly consistent throughout the compression 

pressures used. It is acknowledged that these particle disks may have pores through which the 

liquids may enter into them, but this was observed to be insignificant as the liquids tend to 

spread on the disks for relatively low (≤ 5°) contact angles. For all the liquids, except the probe 

liquids where only advancing contact angle is necessary, both the apparent advancing θla (0.1 

cm
3
 of liquid) and receding θla (0.05 cm

3 
of liquid) were measured. Values of apparent θla were 

measured with the Krüss DSA Mk 10 instrument using the sessile drop technique by obtaining a 

profile of a liquid droplet on the particle disks directly into a computer. The required volume (0.1 

cm
3
) of a liquid for apparent advancing θla was placed on the disks using a glass syringe having a 

needle of inner diameter 0.1 mm. To obtain the apparent receeding θla, 0.05 cm
3
 of liquid was 

withdrawn from the 0.1 cm
3
 droplet used previously for apparent advancing θla. For both the 

apparent advancing and receeding θla, an average of 4 separate measurements is reported. The 

apparent advancing θla of the seven probe liquids was used to calculate the apparent surface 

energy of the particles (see sec. 2.2.2.3). 

2.2.2.3 Calculation of Surface Energy of Solid Particles 

The apparent advancing θla of the probe liquids on glass slides spin coated with the 100% 

SiOH, 14% SiOH and fluorinated fumed silica particles are given in Table 2.9. Those on 

compressed particle disks of the fluorinated clay and fluorinated ZnO particles are given in 

Tables 2.10 and 2.11. These angles were used to calculate the surface energy γsa of the solid 

particles. Because the calculated γsa is not the true surface energy of the particles, it is regarded 
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as the apparent surface energy of the particles. Several theoretical models, e.g. the Owens-

Wendt-Rabel-Kaelble,
13

 the van Oss
14

 and the Wu
15

 models, are available for calculating γsa 

from contact angle data of at least two polar probe liquids. These models are based on the fact 

that the γsa and γla are decomposable into their polar γ
p
 and dispersive γ

d
 components which are 

additive (equation 2.3).
13,16

 The polar component is due to dipolar interactions whilst the 

dispersive component comes from van der Waals forces between the molecules of the material.
17

 

The merits and demerits of these models are not obvious. In this work, the method developed by 

Clint and Wicks,
18

 which requires θla of  seven probe liquids (polar and apolar), is used. This 

method has the advantage of giving a more realistic value of γsa as both polar and apolar probe 

liquids are used. The method is also based on the additive nature of γ
p
 and γ

d
. The interfacial 

tension γAB between two phases A and B is then expressed in terms of the two components for 

each phase as given by equation 2.4. The γA(γB) is the surface tension of phase A(B) and γ
d

A(B) and 

γ
p

A(B) represent the dispersive and polar components of the surface tension of the phases, 

respectively. The Young equation
19

 developed for perfectly smooth and chemically 

homogeneous surfaces, relates θla of a liquid droplet on a substrate to γla, γsa and γsl as given in 

equation 1.3. This equation combines with equation 2.5 to give equation 2.6. 
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Equation 2.6 contains two unknowns, γsa
d
 and γsa

p
, the components of the solid surface 

energy as the other terms exist in the literature for the probe liquids. Finding the unknowns 

requires θla from at least two liquids of different polarity so that simultaneous versions of 

equation 2.6 can be solved. Following the procedure in ref. 18, seven probe liquids (water, 

glycerol, formamide, ethylene glycol, diiodomethane, α-bromonaphthalene and n-hexadecane) 
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were used to perform least-squares calculation to determine the best combination of γsa
d
 and γsa

p
 

that fits all the liquids simultaneously. This approach is exemplified in Figure 2.14 for some 

selected particles. The 3-D surface energy charts are plots of the goodness of fit (= inverse of 

square of variances) to θla set against a matrix of possible values of γsa
d
 and γsa

p
. The best fit to 

all θla is read from the coordinates of the peak and the values are given in Table 2.12. The γsa
p
 

and γsa
d
 values for the 100% SiOH fumed silica particles are similar to those reported for a clean 

crown glass surface (34 and 42 mN m
−1

).
18

 The γsa of the relatively smooth PTFE substrate is 

consistent with literature values (18.5 mN m
−1

),
20

 indicating that this approach is not 

unreasonable. It can be seen that the apparent γsa of the 100% SiOH fumed silica particles 

decreases with either hydrophobisation with DCDMS or by fluorination. The calculation shows 

that for both the fumed silica and clay particles, increasing the degree of fluorination reduces γsa
p
 

to zero and ultimately reduces γsa
d
 to very low values too. It looks like this calculation is 

underestimating the surface energy of the particles as it shows that particles like the 14% SiOH 

silica containing polar groups have γsa
p 

of 0 mN m
−1

. However, it clearly shows that the apparent 

γsa
 
of the particles decreases as the degree of surface modification increases. For the fumed silica 

particles, it should be noted that the roughness imparted by the particle coating on the glass 

slides in addition to fluorination can affect the values of the apparent γsa measured.  

For the DCDMS-coated fumed silica particles having residual surface SiOH group of 

88−14%, the apparent γsa (Table 2.13) was estimated by summing the γsa
 p

 and γsa 
d
 components 

of γsa calculated by using equations 2.7 and 2.8,
12

 respectively. Generally, the γsa of the fumed 

silica particles dwindles as the percentage of residual surface SiOH group decreases with 

increasing degree of hydrophobisation with DCDMS as expected. The γsa value of the 100% 

SiOH fumed silica particles calculated using these equations is in good agreement with those 

measured experimentally (Table 2.12). 

 

 22.0  SiOH) (% 200.0 
p

sa  (2.7) 

 

 0.92  SiOH) (% 331.0 
d

sa  (2.8) 
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Table 2.9. The surface tension γla of probe liquids and the corresponding dispersive γla
d
 and polar 

γla
p
 components (at 25 °C), taken from ref. 18, as well as apparent advancing θla (± 2°) of the 

probe liquids measured on glass slides composed of the particles and a PTFE substrate in air.  

  Tensions/mN m
−1

 

  

Fluorinated silica  

Liquid γla γla
d
 γla

p
 

100% 

SiOH 

14% 

SiOH 

75% 

SiOH 

59% 

SiOH 

50% 

SiOH 

 

PFTE 

Water 72.8 21.8 51.0 15 147 130 148 149 119 

Glycerol 64.0 34.0 30.0 22 141 47 144 140 102 

Formamide 58.0 39.0 19.0 14 109 17 140 145 85 

Ethylene glycol 48.0 29.0 19.0 15 126 17 142 143 76 

Diiodomethane 50.8 50.8 0.0 16 120 113 134 144 101 

α-Bromonaphthalene 44.4 44.4 0.0 12 37 16 141 140 87 

n-Hexadecane 27.8 27.8 0.0 8 7 9 16 28 35 

Table 2.10. Apparent advancing θla of the probe liquids measured on compressed disks of the 

Eight Pearl 300S-Al sericite particles in air.  

  θla /± 2º 

Liquid PF-0 PF-5 PF-8 PF-10 PF-12 

Water 27 140 148 138 148 

Glycerol 18 128 145 131 146 

Formamide 7 135 130 145 139 

Ethylene glycol 20 119 135 136 138 

Diiodomethane 29 128 131 128 130 

α-Bromonaphthalene 17 111 118 134 123 

n-Hexadecane 5 90 98 105 118 

Table 2.11. Apparent advancing θla of the probe liquids measured on compressed disks of 

particles in air. The reported error does not apply to the measurement marked with (
b
). 

  θla /± 2º 

Liquid 

PFX-10 

Kunipia F  

PFX-10 

ZnO (TP) 

PF-10 Eight Pearl 

300 S-Al
a
 

PF-10 

FSE-Al 

Water 0
b
 127 130 139 

Glycerol 94 136 145 148 

Formamide 88 113 106 133 

Ethylene glycol 70 94 114 112 

Diiodomethane 88 106 94 123 

α-Bromonaphthalene 76 83 104 111 

n-Hexadecane 67 77 93 95 
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Figure 2.14. 3-D surface energy plot for (a) 100% SiOH, (b) 50% SiOH fluorinated fumed 

silica, (c) PF-0 Eight Pearl 300S-Al, (d) PF-10 Eight Pearl 300S-Al, (e) PFX-10 Kunipia F and 

(f) PFX-10 ZnO (TP) particles. The ordinate represents the goodness of fit to apparent advancing 

θla and is plotted against a matrix of possible values of γsa
d
 and γsa

p
. 
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Table 2.12. The apparent surface energy γsa (calculated from apparent advancing θla of the probe 

liquids on spin-coated glass slides or compressed particle disks) of solid particles and PTFE 

substrate along with their dispersive γsa
d 

and polar γsa
p
 components (at 25 °C), all values are ± 0.3 

mN m
−1

 except those marked with (
b
). 

Particles γsa/mN m
−1

 γsa
d
/mN m

−1
 γsa

p
/mN m

−1
 

Hydrophilic 100% SiOH silica 79.0 49.0 30.0 

Hydrophobic 14% SiOH silica 22.0 22.0 0.0
b
 

75% SiOH fluorinated silica 35.0 27.0 8.0 

59% SiOH fluorinated silia 5.0 5.0 0.0
 b
 

50% SiOH fluorinated silica 3.0 3.0 0.0
 b
 

PF-0 Eight Pearl 300S-Al 64.2 42.6 21.6 

PF-5 Eight Pearl 300S-Al 4.0 4.0 0.0
 b
 

PF-8 Eight Pearl 300S-Al 3.0 3.0 0.0
 b
 

PF-10 Eight Pearl 300S-Al 2.0 2.0 0.0
 b
 

PF-12 Eight Pearl 300S-Al 1.5 1.5 0.0
 b
 

PFX-10 Kunipia F  18.0 14.0 4.0 

PFX-10 ZnO (TP) 10.0 10.0 0.0
 b
 

PF-10 Eight Pearl 300S-Al
a
 6.5 6.5 0.0

 b
 

PF-10 FSE-Al 3.9 3.9 0.0
 b
 

PTFE substrate 19.5 19.5 0.0
 b
 

 

Table 2.13. The apparent surface energy γsa of DCDMS-coated fumed silica particles obtained 

by summing their polar γsa
p 

and dispersive γsa
d 

components estimated by using equations 2.7 and 

2.8, respectively. 

Silica Particles γsa/mN m
‒1

 γsa
d
/mN m

‒1
 γsa

p
/mN m

‒1
 

100% SiOH 76.0 42.0 34.0 

88% SiOH 69.7 39.6 30.1 

78% SiOH 64.3 37.6 26.7 

70% SiOH 60.1 36.0 24.1 

61% SiOH 55.3 34.2 21.1 

51% SiOH 50.0 32.2 17.8 

42% SiOH 45.2 30.4 14.8 

33% SiOH 40.4 28.6 11.8 

25% SiOH 36.2 27.0 9.2 

23% SiOH 35.1 26.6 8.5 

20% SiOH 33.5 26.0 7.5 

14% SiOH 30.4 24.8 5.6 
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2.2.2.4 Characterisation of Oils and Other Liquids 

2.2.2.4.1 Density Measurement 

The ρ of the oils was measured with an Anton Paar DMA 35N digital densiometer at 20 

or 25 ºC and 3 separate measurements were averaged. The cleaning of the instrument, necessary 

for accurate measurement, consisted of washing with copious amounts of ethanol and water. The 

instrument has a filling tube (inner diameter 0.2 cm and length 18 cm) through which the liquid 

goes into it when the pressure applied at the pump lever is released. Filling the measuring cell 

with the liquid (≈ 2 cm
3
) consisted of pressing down the pump lever as far as possible, 

submerging the filling tube in the sample and slowly releasing the pump lever. 

2.2.2.4.2 Surface Tension Measurement 

Measurement of γla (at 20 or 25 ºC) was with a Krüss K12 digital tensiometer using the 

du Noüy ring method. The results of 3 separate measurements were also averaged. The cleaning 

procedure involved rinsing the vessels with 0.5 M alcoholic KOH solution and then with Milli-Q 

water. The ring was heated to glowing in a blue Bunsen flame prior to all measurements. With 

the du Noüy ring method, γla is related to the maximum force F required to detach the ring from 

the interface (Figure 2.15).
21,22

 The ring is usually made of platinum or platinum-iridium alloy of 

radius Rr between 2−3 cm. The radius rr of the wire usually ranges from 1/30 to 1/60 of that of 

the ring (i.e. Rr).
23

 The γla is calculated from equation 2.9.
23

 The F is the force acting along the 

three-phase contact line and it is exactly equal to the weight of the liquid meniscus standing 

above the plane of the fluid interface. p is the perimeter of the three-phase contact line and it is 

equal to two times the circumference of the ring (i.e. 4πRr). The θd stands for the contact angle 

between the liquid meniscus and the surface of the ring (i.e. surface wettability) and it is required 

to be zero for accurate measurements. f is given by equations 2.10
24

 and 2.11
25

 and it is a 

correction factor required to account for the additional volume of the liquid lifted during the 

detachment of the ring from the interface and varies between 0.75 and 1.05. Finally, the Δρ and g 

in these equations are the density difference in the fluids and gravitational constant, respectively. 

All the other symbols retain their known meaning. Measured values of surface tension γla(exp) 

above 25 mN m
−1

 were corrected with the Huh and Mason
24

 correction factor (equation 2.10) 

whilst those below 25 mN m
−1

 were corrected with the Zuidema and Waters
25

 correction factor 

(equation 2.11). The latter correction was done automatically by the instrument whilst the former 

correction was done manually.  
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Figure 2.15. Schematics of the du Noüy ring showing the properties of the ring and how F acts 

on it during a measurement. 

 

 

 

 f
R

F
f

p

F

rd

la



4cos 

  (2.9) 

 

 
(exp) 

2

4 la

rgR
f




  (2.10) 

 

 

5.0

22

(exp) 

3

04534.0
679.11063.3

725.0






















r

r

r

la

R

r

R
f




 (2.11) 

 

2.2.2.4.3 Interfacial Tension Measurement 

The vegetable oil (o1)-PDMS oil (o2) interfacial tension 
21oo was measured using the 

Krüss spinning drop tensiometer at 25 °C and estimated by using equation 2.12 and Table 2.14. 

 

 
ddpp

21212121 oooooooo 22    (2.12) 
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The symbol )(
21 oo  is the surface tension of vegetable oil (PDMS oil). )(

21 oo

pp  is the polar 

component of the surface tension of vegetable oil (PDMS oil). Lastly, )(
21 oo

dd   is the dispersive 

component of the surface tension of the vegetable oil (PDMS oil). The spinning drop tensiometer 

is suitable for measuring fluid interfacial tensions of the order of ≥ 10
‒4

 mN m
‒1

.
26

 The technique 

is based on the fact that gravity has little or no effect on the shape of a fluid drop (less dense) 

suspended in the bulk of another fluid (more dense) contained in a horizontal capillary tube 

rotating about its horizontal axis where the two fluids remain immiscible. The fluid drop is 

ellipsoidal at relatively low rotational speed ω, but elongates and becomes cylindrical at 

relatively high ω where centrifugal forces dominate. Under the latter condition, the radius Rc of 

the cylindrical fluid drop is detected by the fluid interfacial tension γ' (=
21oo  in this work), 

difference in fluid density Δρ and ω. Based on this, the 
21oo can be calculated quite accurately 

from equation 2.13 provided the ratio of the length Lc of the cylindrical fluid drop to its diameter 

Dc is ≥ 4.
27

 In this work, the spinning drop tensiometer was used to measure the n-heptane-water 

interfacial tension (50.7 ± 0.1 mN m
−1

: consistent with the literature) prior to measuring
21oo . A 

drop of a vegetable oil (less dense phase) was spun in the bulk of a PDMS oil (denser phase) at 

very high ω (≈ 8000 rpm) to obtain a cylindrical vegetable oil drop illustrated in Figure 2.16. 

The Dc and Lc of the vegetable oil drop were measured and used for calculating the
21oo by using 

equation 2.14 which has been obtained from equation 2.13 (see Appendix 3). The symbols nT = 

1.401 (at 25 °C), 
2on , N and A ≈ 1.572 × 10

−8
 represent the refractive index of the thermosatting 

oil (which was silicone oil from Avocado Chemicals Ltd. UK), refractive index of the PDMS 

oils, rotation speed in revolutions per min (cf. ω/radians per second) and all sample invariant 

conversion factors, respectively. The difference in PDMS oil-vegetable oil density (Δρ) was 

obtained by using Table 2.2.  The 
2on was measured (at 25 °C) using an Abbe refractometer 

(Hilger, England) after calibration by measuring the refractive index of Milli-Q water (1.332) at 

25 °C. The average of three separate 
2on measurements was 1.400, 1.402 and 1.403 for PDMS 

20, 50 and 100 cS, respectively. The measured and calculated values of 
21oo  are given in Table 

2.15 where it can be immediately seen that all the 
21oo of the vegetable oil-PDMS oil systems 

are very low (< 3 mN m
−1

). There is a good agreement between the measured and calculated 

values of 
21oo for some vegetable oil-PDMS oil systems. Finally, for the olive (rapeseed) oil-
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PDMS oil systems, the measured values of 
21oo increased as the viscosity of the PDMS oil 

increases. 
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Table 2.14. The surface tension of vegetable and PDMS oils γo at 25 °C along with their polar γ
p
 

and dispersive γ
d
 components. Measured values of γo (unmarked) are quoted to ± 0.1 mN m

‒1
. 

a
Taken (at 20 °C) from ref. 28; 

b
taken (at 25 °C) from ref. 29. 

  Tensions/mN m
−1

 

Oil o  
p

o  
d

o  

Sunflower oil 32.2 

  

 

33.3
a
 0.4

a
 32.9

a
 

Olive oil 33.1 

  

 

33.0
a
 0.1

a
 32.9

a
 

Rapeseed oil 33.8 

  PDMS 20 cS 20.8 0.9 19.9 

PDMS 50 cS 21.2 

  

 

21.0
b
 0.9

b
 20.1

b
 

PDMS 100 cS 21.4 0.9 20. 5 

 

Figure 2.16. Schematic illustration of the spinning drop technique for measuring the vegetable 

oil-PDMS oil interfacial tension. 
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Table 2.15. Measured and calculated vegetable oil-PDMS oil interfacial tension 
21oo . 

  21oo /mN m
−1

 (at 25 °C) 

Oil-oil system Measured/ ± 0.2 

Calculated from 

equation 2.12 

Sunflower oil-PDMS 20 cS 1.8 1.7 

Sunflower oil-PDMS 50 cS 2.7 1.7 

Sunflower oil-PDMS 100 cS 1.5 1.6 

Olive oil-PDMS 20 cS 1.0 2.0 

Olive oil-PDMS 50 cS 2.0 2.0 

Olive oil-PDMS 100 cS 2.8 1.9 

Rapeseed-PDMS 20 cS 1.0 

 Rapeseed-PDMS 50 cS 2.3 

 Rapeseed-PDMS 100 cS 2.7   

 

2.2.2.5 Oil-Oil Interfaces: Oil-Oil Pickering Emulsions 

2.2.2.5.1 Measurement of the Extent of Solubility of the Vegetable Oils in the PDMS Oils or 

Vice Versa 

Equal volumes (2.5 cm
3
) of a PDMS oil and vegetable oil were placed in a screw-cap 

glass vial (inner diameter 1.8 cm and height 7.2 cm). The mixture was sheared vigorously (2 

min) using an IKA RCT basic magnetic stirrer operating at 1500 rpm at 25 °C and observed how 

much of the individual oil phases separated out after a day. Apart from castor oil, it was observed 

that all the vegetable oils were immiscible with the PDMS oils as the original volume of the oils 

was recovered within a day after shearing. Castor oil was fairly miscible with the PDMS oils. It 

was estimated that approximately 15, 10 and 30 v/v. % of PDMS 20, 50 and 100 cS, 

respectively, was soluble in castor oil. Mineral oil was also miscible with the PDMS oils and 

about 45, 25 and 20 v/v. % of it was soluble in PDMS 20, 50 and 100 cS, respectively. A 

photograph of glass vials containing these oil-oil mixtures is shown in Figure 2.17. 
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Figure 2.17. Photo (1 day) after stirring of a mixture of (1) sunflower oil, (2) rapeseed oil, (3) 

olive oil, (4) castor oil and (5) mineral oil and PDMS (a) 20, (b) 50, (c) 100 cS at 1500 rpm for 2 

min using an IKA RCT magnetic stirrer at 25 °C. Apart from the castor oil-PDMS 20 and 50 cS 

systems, the upper phase is the vegetable oil whilst the lower phase is the PDMS oil. For the 

castor oil-PDMS 20 and 50 cS, the upper phase is the relatively low density PDMS 20 cS and 

PDMS 50 cS of similar density with castor oil and the lower phase is the castor oil. 

 

2.2.2.5.2 Preparation of Simple Oil-Oil Pickering Emulsions 

2.2.2.5.2.1 Effect of Particle Concentration, Percentage of Surface SiOH Group on Fumed 

Silica Particles and Method of Preparation on the Stability of the Emulsions 

Based on the solubility experiment, attempts were made to prepare emulsions composed 

of equal volume fraction ϕ of sunflower, olive and rapeseed oils and PDMS 20, 50 and 100 cS in 

the presence of the 75% SiOH fluorinated fumed silica and PF-5 Eight Pearl 300S-Al sericite 

particles. The ϕ by definition is the ratio of the volume (cm
3
) of vegetable oil in an emulsion to 

the volume (cm
3
) of vegetable oil plus volume (cm

3
) of PDMS oil in the emulsion. The particle 

concentration in the emulsions was 0−2 wt. % relative to the total volume (10 cm
3
) of vegetable 

and PDMS oils in the emulsions. The emulsions were prepared using the powdered particle 

method in screw cap glass vials (inner diameter 2.4 cm and height 7.2 cm). The required volume 

(5 cm
3
) of a PDMS oil was placed in a screw cap glass vial followed by addition of the required 

mass of the 75% SiOH fluorinated fumed silica or fluorinated PF-5 Eight Pearl 300S-Al sericite 

particles. The required volume (5 cm
3
) of a vegetable oil was then added. The fluorinated fumed 

silica particles were spontaneously wetted by the PDMS oils and entered in them, but did not wet 

the fluorinated PF-5 Eight Pearl 300S-Al sericite particles which remain on their surfaces. For 

the 75% SiOH fluorinated fumed silica particles, the vegetable oils were added to the PDMS oils 

after the particles had completely entered in them. The mixture was homogenised using an IKA 
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T25 digital Ultra-Turrax homogeniser with an operating head of inner diameter 1.3 cm at 12000 

rpm for 2 min. Similarly, sunflower oil-PDMS 20 cS emulsions containing equal volumes (5 

cm
3
) of oils were prepared in the presence of 1 wt. % of 50−59% SiOH fluorinated fumed silica 

particles, PF-8 to PF-12 fluorinated sericite particles, fluorinated PFX-10 ZnO (TP) particles, 

fluorinated PFX-10 Kunipia F particles, PTFE and Bentone 34 particles. The particle 

concentration is relative to the total volume of sunflower oil and PDMS 20 cS in the emulsions.  

Sunflower oil-PDMS oil and olive oil-PDMS oil emulsions containing equal volumes (5 

cm
3
) of the oils were also prepared using the approach described above. The emulsions were 

prepared in the presence of 1 wt. % of 100−14% SiOH silica particles so as to study the effect of 

% SiOH on the emulsions. The particle concentration is relative to the total volume of oil in the 

emulsions. Like in the case of the 75% SiOH fluorinated fumed silica particles, the vegetable oils 

were added to the PDMS oil-silica particle mixture after the silica particles had completely 

entered in the PDMS oil. 

Because the silica particles were wetted by both the PDMS and vegetable oils, the 

vegetable oils (5 cm
3
) were allowed to completely wet 1 wt. % of 75% SiOH fluorinated silica, 

14 and 51% SiOH fumed silica particles. PDMS oil (5 cm
3
) was then added to the vegetable oil-

silica particle mixtures followed by homogenisation at the conditions stated previously. The 

particle concentration is with respect to the total volume of vegetable and PDMS oils in the 

emulsions. It should be noted that in this case the silica particles are initially in the vegetable oil 

phase and not in the PDMS oil phase. 

2.2.2.5.2.2 Effect of Oil Volume Fraction on the Stability of the Emulsions  

The effect of oil volume fraction on the stability of the sunflower oil-PDMS 50 cS 

emulsions was also investigated. Batch emulsions comprising of varying volume fraction of 

sunflower oil ϕsuno and PDMS 50 cS were prepared by the powdered particle method. The ϕsuno in 

the emulsions was varied between 0.05 and 0.9. The emulsions were prepared in the presence of 

1 wt. % of 75% SiOH fluorinated fumed silica or PF-5 Eight Pearl 300S-Al fluorinated sericite 

particles. The particle concentration is relative to the total volume (10 cm
3
) of vegetable oil and 

PDMS 50 cS in the emulsions. The required volume of PDMS 50 cS was placed in a screw cap 

glass vial (inner diameter 2.4 cm and height 7.2 cm) followed by addition of the required mass of 

the particles and then the required volume of sunflower oil. The fluorinated silica particles were 

allowed to completely enter the PDMS 50 cS before sunflower oil was added to their systems. 

Homogenisation was at 12000 rpm for 2 min with the IKA T25 digital Ultra-Turrax homogeniser 

using an operating head of inner diameter 1.3 cm.  



77 

 

2.2.2.5.2.3 Preparation of Multiple Oil-Oil Pickering Emulsions 

The possibility of preparing multiple emulsions using two DCDMS-coated fumed silica 

particles which prefer to stabilise different o/o (i.e. vegetable oil-in-PDMS oil and PDMS oil-in-

vegetable oil) emulsions was also investigated at ambient conditions. Multiple emulsions 

containing varying volume fractions of a simple emulsion ϕo/o were prepared in screw cap glass 

vials (inner diameter 1.8 cm and height 7.2 cm). The ϕo/o in the emulsions was varied between 

0.3−0.7. Firstly, relatively stable sunflower oil-in-PDMS 50 cS and olive oil-in-PDMS 100 cS 

emulsions stabilised by 1 wt. % of 14% SiOH fumed silica particles (prepared in sec. 2.2.2.5.2.1) 

were chosen. The required volume (1.5−3 cm
3
) of these emulsions were re-emulsified in the 

required volume (3−1.5 cm
3
) of sunflower oil and olive oil dispersions containing 2 wt. % of 

51% SiOH fumed silica particles. Secondly, relatively stable PDMS 50 cS-in-sunflower oil and 

PDMS 100 cS-in-olive oil emulsions stabilised by 1 wt. % of 51% SiOH fumed silica particles 

(prepared in sec. 2.2.2.5.2.1) were chosen. Similarly, the required volume (1.5−3 cm
3
) of these 

emulsions were re-emulsified in the required volume (3−1.5 cm
3
) of sunflower oil and olive oil 

dispersions containing 2 wt. % of 14% SiOH fumed silica particles. In both cases, the o/o 

emulsions chosen were prepared by the powdered particle method and they contain equal 

volumes (5 cm
3
) of the oils. Re-emulsification was at 6000 rpm for 1 min (i.e. relatively high 

shear) using the rotor stator homogeniser (described in sec. 2.2.2.5.2.1) or at 500 rpm for 1 min 

(i.e. relatively low shear) using the IKA RCT basic magnetic stirrer. The oil dispersions of the 51 

and 14% SiOH fumed silica particles were prepared by allowing the particles (0.2 g) to 

completely enter the oils (10 cm
3
) followed by stirring at 1000 rpm for 1 min at 25 °C using the 

basic magnetic stirrer. 

2.2.2.5.2.4 Characterisation of Simple and Multiple Oil-Oil Pickering Emulsions: 

Determination of Emulsion Type, Measurement of Emulsion Stability and Optical 

Microscopy  

The drop test was used to infer the continuous phase of both the simple and multiple 

emulsions. Vegetable oil (PDMS oil) continuous emulsions disperse easily in vegetable oil 

(PDMS oil), but did not disperse easily in PDMS oil (vegetable oil). The stability of the 

emulsions to creaming or sedimentation and coalescence was assessed by noting the fraction of 

PDMS oil fPDMS oil or vegetable oil fvo and the necessary oil phase, respectively, released in a 

month. The fvo represents the fraction of sunflower oil (fsuno), olive oil (foo) or rapeseed oil (fro) 

released within a given period. Mathematically, the fvo (fPDMS oil) refers to the ratio of the volume 
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(cm
3
) of vegetable oil (PDMS oil) released in the emulsions to the initial volume of vegetable oil 

(PDMS oil) in the emulsions. For optical microscopy, a drop of the silica particle-stabilised 

emulsions was diluted with 1−5 drops of its continuous phase and viewed on a dimple glass slide 

(Fisher Scientific). The fluorinated sericite and other particle-stabilised emulsions were viewed 

undiluted. The emulsions were viewed with the Olympus BX-51 optical microscope. The optical 

micrographs were used to determine the droplet size of the emulsions by averaging the diameter 

of 300 emulsion droplets. 

2.2.2.5.3 Preparation of Oil-Particle Dispersions 

Based on existing literature,
30,31

 it was anticipated that the fumed silica particles 

containing relatively high percentage (≥ 51%) of residual surface SiOH group will not stabilise 

any oil-oil emulsions. However, it was observed that even the fumed silica particles having 

100% surface SiOH group formed stable oil-oil emulsions. As a result, the manner in which the 

100 and 14% SiOH fumed silica particles interact with one another once in the PDMS and 

vegetable oils was investigated. PDMS and vegetable oil dispersions were prepared at 2 wt. % 

and 5 wt. % of the particles. The required mass of 100 and 14% SiOH silica was placed on the 

surface of the PDMS and vegetable oils (5 cm
3
) in screw cap glass vials (inner diameter 1.8 cm 

and height 7.2 cm). The glass vials were hand shaken vigorously (10 s) after the particles had 

completely entered in the oils at rest.  

2.2.2.5.4 Solid Particle-Oil-Oil Three-Phase Contact Angles 

As mentioned previously, it is difficult to measure the contact angle small solid particles 

make with fluid interfaces especially if the particles are agglomerated and polydisperse like the 

fumed silica particles used in this work. Such angles are known to detect the type of end 

materials the small solid particles stabilise. Three approaches were used to measure the solid 

particle-vegetable oil-PDMS oil contact angle θoo. The first utilised compressed disks composed 

of the particles. For the fumed silica particles, a viscous cyclohexane solution (5.6 wt. %) was 

prepared by hand shaking (30 s) a mixture of cyclohexane (18 cm
3
) and the particles (1 g). The 

mixture was dried under a vacuum to a constant mass before compressing into disks, but the rest 

of the particles were used as received. The dried particles (60 mg) were then compressed in a 13 

mm diameter steel die with a hydraulic press under a pressure of approximately 1.1 × 10
8
 N m

−2
 

into relatively smooth disks (diameter 13 mm and thickness ≈ 0.5 mm). However, the 

measurement of θoo was not possible with these disks as they were porous and oils entered in 
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them. Secondly, for the sunflower oil and olive oil/PDMS oil/fumed silica particle systems, θoo 

was estimated by using equation 2.15.  
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The symbol 
1os (

2os ) represents the fumed silica particle-vegetable oil (fumed silica particle-

PDMS oil) interfacial tension and they are given in equations 2.16 and 2.17. γsa, γsa
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 and γsa 
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represent the surface energy of fumed silica particles, polar and dispersive components of the 

surface energy of the fumed silica particles (Table 2.13) respectively. 
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This approach, however, gave unrealistic values of θoo presumably as the values of the polar and 

dispersive components of the surface tension of the oils are not known precisely. As a result, for 

the sunflower oil/PDMS 20 cS/DCDMS-coated fumed silica particle systems, the θoo was 

calculated at varying 
p

o  (0−1.4 mN m
−1

) of sunflower oil and fixed 
p

o  (0.9 mN m
−1

) of PDMS 

20 cS. Similarly, the θoo was also calculated at varying 
p

o  (0−1.4 mN m
−1

) of PDMS 20 cS and 

fixed 
p

o  (0.4 mN m
−1

) of sunflower oil. The aim of these calculations is to investigate the effect 

of the polar and dispersive components of the surface tension of the oils on the calculated values 

of θoo. Lastly, hydrophilic microscope glass slides (Academy Science, UK) having relatively 

high % of SiO2 were hydrophobised with DCDMS (purity ≥ 99.5%, Fluka) after cutting them 

into suitable sizes (2.5 cm × 2.5 cm). The hydrophobised glass slides were used to infer the 

values of θoo. The aim is to mimic the surfaces of the 100 and 14% SiOH fumed silica particles 

and as such, the hydrophilic and the DCDMS-coated glass slides used here are considered as 

being equivalent to the 100 and 14% SiOH fumed silica particles respectively. The contact angle 

an oil drop makes with the glass surfaces (in air θo or in one of the oils θoo) was measured using 

the sessile drop technique by using the Krüss DSA Mk 10 instrument. 10 (5) μL of oil was used 

for the advancing (receeding) angles. This technique requires analysing the profile of an oil drop 

obtained on a glass slide. For advancing θo, a drop (10 μL) of oil was formed in air on a glass 
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slide using an Eppendorf micropipette. For advancing θoo, a cubical transparent glass cuvette 

(inner dimensions 3 cm × 3 cm × 3 cm, OG Hëllma) containing a glass slide was partially filled 

with a vegetable oil (5.5 cm
3
). A PDMS oil drop (10 μL) was then formed on the glass slide 

using the Eppendorf micropipette. The receding angles were measured after withdrawing 5 μL of 

the PDMS oil from the initial oil drop used for measuring the advancing ones. The profile of 

these droplets were obtained separately and analysed and an average of 4 separate contact angle 

measurements is reported. Similarly, the advancing and receding contact angles of water on the 

glass slides in air and in the vegetable oils were measured for comparison. The glass slides were 

hydrophobised by placing them vertically on a Teflon rack in a sealed glass vessel (inner 

diameter ≈ 8 cm and height 7 cm) containing 500 μL of DCDMS. The glass vessel has two holes 

on its lid to support the exchange of materials (e.g. gas) between it and the environment when 

they are not sealed. The glass slides were removed after 1 hour and stored in petri dishes and 

used within 24 hours. About 10 μL of DCDMS remained. Compressed nitrogen gas was passed 

through the glass vessel prior to addition of DCDMS to drive out most of the air present in it.  

2.2.2.6 Liquid (and/or Oil)-Air Interfaces: Liquid Marbles, Dry Oil Powders and Oil Foams 

2.2.2.6.1 Oil Liquid Marbles and Oil Foams Stabilised by Fluorinated Fumed Silica Particles 

2.2.2.6.1.1 Particle Immersion Test with Agitation 

The required volume (3 cm
3
) of the desired oil was measured into a screw cap glass vial 

(inner diameter 1.8 cm and height 7.2 cm).  The vial was closed tightly after placing the required 

amount of particles (50 mg) on the surface of the oil and observing if they entered the oil or not. 

After about 4 hours, these oil-particle mixtures were hand shaken vigorously for 30 s in a vertical 

motion. The formation of particle dispersions, oil foams or climbing films was noted. It was 

confirmed that foams or climbing films do not appear in these liquids in the absence of particles. 

2.2.2.6.1.2 Preparation and Characterisation of Oil Foams Stabilised by Fluorinated Fumed 

Silica Particles 

Based on the result of the second part of the immersion test experiment, foams of 

eugenol, α-hexylcinnamaldehyde, α-bromonaphthalene and benzyl acetate were prepared using 

four different methods in the presence of varying concentrations (0.1−5 wt. %) of 59% SiOH 

fluorinated fumed silica particles. The foams were prepared at ambient conditions in screw cap 

glass vials of inner diameter 2.4 or 1.8 cm and height 7.2 cm using 5 g of the liquids. In the first 

method, the required mass (5 g) of the desired liquid was placed in separate glass vials. The glass 
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vials were closed tightly after addition of the required mass of particles followed by vigorous 

hand shaking (30 s) in a vertical motion. In the second method, the particles were first dispersed 

in the liquid using the Branson ultrasonic sonifier 450 for 1 min at 60% amplitude followed by 

vigorous hand shaking for 30 s. For the third method, a mixture of the oil and particles (0.5 or 2 

wt. %) were aerated in the glass vials using the IKA T25 digital Ultra-Turrax homogeniser with 

an operating head of inner diameter 0.8 cm at 13000 rpm for 1 min at ambient conditions. For 

the last method, the latter foams (from the third method) were further hand shaken vigorously for 

30 s. Immediately after foaming, the volume of foam was recorded to provide a measure of the 

foamability and foam stability as a function of time. Photographs of the glass vials containing the 

foams were taken with the Canon digital camera. For optical microscopy, small foam samples 

were placed on a dimpled glass slide and observed with the Olympus BX-51 microscope. The 

mean bubble diameter was obtained by averaging the diameter of 50 individual bubbles on the 

optical micrographs which were obtained within 2−24 hours of foam preparation. 

2.2.2.6.1.3 Preparation and Characterisation of Oil Liquid Marbles Stabilised by Fluorinated 

Fumed Silica Particles 

Liquid marbles (5 or 10 μL) were prepared by rolling the required volume of liquid, from 

an Eppendorf micropipette, on a bed of fumed silica particles (100 mg) placed on a Teflon 

substrate (4 cm × 4 cm × 3 mm, Radio Spares UK) positioned at 0.5 cm from the micropipette. 

This was followed by rolling the liquid drop on the particle bed (to and fro) at an angle of 

approximately 45º in air at room temperature. The substrate was washed in a warm (40 ºC) 

detergent solution, rinsed in distilled water at the same temperature and dried prior to the 

experiment. Some marbles were subsequently transferred to glass slides for photographing. 

Liquid marbles of 10 μL, stabilised by the 59% SiOH fluorinated fumed silica particles, were 

allowed to evaporate at room temperature (23 ± 1 ºC) and relatively humidity of 44 ± 5 % after 

removal of excess particles from the substrate. The profile of the liquid marbles during 

evaporation was followed using the Krüss DSA Mk 10 instrument (connected to a computer) by 

taking an image every 5 min. 
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2.2.2.6.2 Dry Oil Powders and Oil Foams Stabilised by Fluorinated Clay and Fluorinated 

ZnO Particles 

2.2.2.6.2.1 Particle Immersion Test with Agitation 

 The procedure described in sec. 2.2.2.6.1.1 was followed and the formation of particle 

dispersions, oil foams or climbing films was noted. It was confirmed that foams or climbing 

films do not appear in these liquids in the absence of particles prior to the experiment. PDMS 20 

cS/PF-10 Eight Pearl 300S-Al and isocetane/PF-10 Eight Pearl 300S-Al are good examples of 

systems in which only foam was observed. As a result, the effect of dispersing the particles in the 

liquids before shaking was investigated on them. The PF-10 Eight Pearl 300S-Al particles (50 

mg) were dispersed in 3 cm
3
 of the liquids using a Branson ultrasonic sonifier for 2 min at 30% 

amplitude. This was followed by vigorous hand shaking (30 s). The formation of particle 

dispersion or foam was noted. Using ultrasound, it was necessary to cool the mixture in an ice 

bath. 

2.2.2.6.2.2 Preparation of Oil Liquid Marbles and Dry Oil Powders 

The procedure described in sec. 2.2.2.6.1.3 was used to prepare the oil liquid marbles (10 

μL). It was anticipated that dry oil powder formation would be possible with all the oil/particle 

combinations that gave oil liquid marbles. Nonetheless, knowing the amount of particles that 

must cover a known mass of oil to give it a dry oil powder appearance is fundamental in the 

preparation of dry oil powders. As such, prior to the experiment, the critical oil : particle ratio 

(COPR), for the dry oil appearance was determined. The COPR is defined as grams of oil per 

gram of particles. It was determined by sequential addition of a small amount (≤ 0.25 g) of oil to 

0.5 g of particles in screw cap glass vials (inner diameter 1.8 cm, height 7.2 cm), followed by 

gentle hand shaking (3 min) at an angle of ≈ 45° until the mixture foams. The oil-particle ratio 

just before foam formation was considered as the COPR. Conscious of the COPR, attempts were 

made to prepare dry oils from mixtures of all the oils and particles (capable of oil marble 

formation) using five approaches. The first is described above. With this method, dry oil powder 

formation was possible for the majority of the oils and particle combinations that gave oil 

marbles previously. It was confirmed using liquid paraffin and jojoba oil and PF-8 Eight Pearl 

300S-Al particles that the sequential addition of oil to the particles serves to increase the size of 

oil droplets in the dry oil powder. The second approach also involves sequential addition of oil 

(≤ 0.25 g), but it is followed by vigorous hand shaking (3 min). In the third approach, liquid 

paraffin or jojoba oil and PF-8 Eight Pearl 300S-Al particles as well as 2-ethylhexyl-4-
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methoxycinnamate and PF-12 Eight Pearl 300S-Al particles were used. The type of material 

formed at 0.2 g of oil below and above the COPR in a non-sequential procedure that lasted for at 

least 10 min was investigated. The required amount of oil was added at once to the particles (0.5 

g) and hand shaken gently for the said time. This approach yielded a dry oil powder below the 

COPR and oil foam above it for liquid paraffin and jojoba oil, but foam for 2-ethylhexyl-4-

methoxycinnamate in both cases. In the fourth, the amount of oil corresponding to the COPR 

was added at once to 0.5 g of particles in the glass vial followed by gentle hand shaking (5 min). 

Using squalane, liquid paraffin and glyceryl tri(2-ethylhexanoate), this approach in which a large 

oil droplet hardly breaks into smaller ones yielded a foam instead of a dry oil powder. For the 

last method, liquid paraffin, macadamia nuts oil, jojoba oil and 2-ethylhexyl-4-

methoxycinnamate and PF-5, 8, 10 and 12 Eight Pearl 300S-Al particles were used. Attempts 

were made to prepare dry oil powders using the IKA T25 digital Ultra-Turrax homogeniser with 

an operating head of inner diameter 0.8 cm using a speed of between 4000 and 13000 rpm for 2 

min. A known mass of oil (0.2 g below or above COPR) was weighed into a glass vial, followed 

by addition of particles (0.5 g) and then sheared. In a parallel approach, the particles were placed 

in the glass vial before oil addition and then sheared. Only oil foams were obtained with both 

approaches. Thus, dry oil powders were prepared mainly via the first method as it gives powders 

with relatively high oil content for the majority of the oil-particle combinations. Unless stated 

otherwise, properties of dry oil powders described hereafter are those at the COPR. 

2.2.2.6.2.3 Characterisation of Dry Oil Powders and Oil Foams Stabilised by Fluorinated 

Clay and Fluorinated ZnO Particles 

Apart from visual observation, the dispersion test was used to distinguish a dry oil 

powder from an oil foam. A known mass (ca. 400 mg) of the material for a known oil was placed 

on the surface of the oil (ca. 20 cm
3
), stirred vigorously and observed whether it dispersed or not. 

Oil continuous materials (foams) dispersed, but air continuous materials (dry oil powders) did 

not. Furthermore, small samples of the various materials were placed on a dimple glass slide and 

viewed with the Olympus BX-51 microscope fitted with a digital camera. Cryo-SEM was also 

carried out in some cases. Dry oil powder (a small amount of foam) was (placed on an 

aluminium stub to a thickness of approximately 3−4 mm) sprinkled onto a perforated aluminium 

stub and plunged into liquid nitrogen slush (‒210 ºC). The frozen foam sample was transferred to 

a cryo system (Quorum Technologies PP3010T) fractured and then sputter coated with platinum 

and transferred to the SEM cold stage for examination. The dry oil powders were, however, not 

fractured before being sputter coated with platinum. The coated foams and dry oil powders were 
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examined at –140 ºC at a beam voltage of 15 kV and probe current of between 20‒35 pA.  An 

indication of whether the dry oil powders leak or not was obtained by placing them on a 

Sartorius Stedim filter paper (diameter 70 mm) or a clean Pyrex watch glass (diameter 50 mm) 

for 1 min. The filter paper and watch glass were observed for degrees of oil staining after 

removal of the dry oil powders. To investigate the effect of shear on the dry oil powders, 8.5 mg 

of powder was placed on the back of a hand (surface area ca. 13 cm
2
) and sheared at room 

temperature with an index finger. Dry oil powders (0.5 g) of squalane, liquid paraffin and jojoba 

oil stabilised by PF-8 Eight Pearl 300S-Al particles were hand shaken vigorously (10 s) in a 

screw cap glass vial to also verify the effect of shear on the powdered materials. 
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Chapter 3   

Edible Oil-in-Water Pickering Emulsions Stabilised by Anisotropic 

CaCO3 Particles 

3.1 Introduction 

Experiments have shown that colloidal particles of suitable wettability can adsorb at oil-

water and liquid-air interfaces to stabilise o/w or w/o emulsions (Pickering emulsions) and foams 

or liquid marbles, respectively. These particles are either isotropic (spherical) or anisotropic 

(non-spherical). Ellipsoidal, cubic, dumbbell, rod-shaped particles are typical examples of 

anisotropic particles. Whilst many emulsions have been stabilised with isotropic particles, those 

stabilised with anisotropic particles are quite few even though theoretical studies
1
 have shown 

that they are more efficient than spherical particles. Some reports on anisotropic particle-

stabilised emulsions are summarised below. Fe3O4-SiO2 heterogeneous nanorods were used to 

stabilise w/o droplets so as to prepare magnetic colloidosomes.
2
 The colloidosomes were stable 

provided the aspect ratio was not more than 4:1. The preparation of stable w/o emulsions through 

the in-situ growth and adsorption of alkyl gallate micro-needles on the surface of water droplets 

has been reported.
3
 In another study, stable o/w and w/o emulsions were obtained by the 

adsorption of rod and plate-shaped microcrystals of cyclodextrin-oil inclusion complexes on 

droplet surfaces.
4
 Recently, cubes and ellipsoidal particles were used to prepare stable o/w 

emulsions.
5
 However, a detail study of how effective various anisotropic particles which are 

composed of the same material act as stabilisers of emulsions has not been reported. The aim of 

this chapter is to compare how effective rod- and cube-shaped CaCO3 particles act as stabilisers 

of edible o/w emulsions of tricaprylin and Miglyol 812N. The effects of particle concentration, 

method of emulsion preparation, added electrolyte and pH on the stability of the emulsions were 

also investigated. Adding electrolyte and/or adjusting the pH of the particle suspension before 

emulsion preparation potentially enhance particle flocculation by decreasing the electrostatic 

repulsion between the particles so that mutual attraction between them prevails. The flocculation 

of particles has a stabilising effect on the emulsions.
6,7

 The effect of different electrolytes on the 

stability of silica-stabilised toluene-in-water emulsions has been studied at various pH values.
8
 It 

was observed that at pH 10 in the presence of LaCl3 (2‒5 mM), the emulsions were stable to 

coalescence and creaming; and that the onset of the increase in stability coincided with the onset 
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of flocculation of the colloidal particles. The increased stability against creaming was linked to 

the smaller droplet diameter observed at the same salt concentration range. Emulsions containing 

NaCl, however, were unstable to creaming at all salt concentrations studied (0‒5 M) regardless 

of the pH. Stability to coalescence was best at pH 4 irrespective of NaCl concentration even 

though the particle suspensions were unflocculated and very stable. These observations are 

consistent with the effect of electrolytes on particle wettability.
9
 Trivalent La

3+
 cations can 

strongly bind to the negatively charged silica particle surface thus reducing the net charge and 

making the particles more hydrophobic. This improves the attachment of particles to the droplet 

surface and thus stabilising the emulsion. Contrary, the binding of monovalent Na
+
 ions to the 

silica surface is weak and as such does not impart hydrophobic properties to the silica particles. 

It has also been reported that the stability of heptane-in-water emulsions stabilised by 

hydrophilic precipitated silica particles to coalescence improved in the presence of Ca
2+

 ions.
10

 

Clearly, the role of electrolytes in emulsions stabilised by hydrophilic particles is to improve 

particle attachment to the liquid interface by imparting hydrophobicity, increasing the effective 

particle size by flocculation and diminishing the electrostatic barrier between the fluid interface 

and the approaching particles.  

Certain hydrophobic particles, however, can strongly attach to droplet interfaces without 

or with small amounts of NaCl in the aqueous phase yielding very stable emulsions.
11

 Aqueous 

suspensions of partially hydrophobised particles flocculate easily at relatively low electrolyte 

(1:1) concentrations.
12

 Therefore, one can speculate that the effect of electrolyte in o/w 

emulsions stabilised by partially hydrophobic particles might be different to that stabilised by 

hydrophilic particles. For example, it has been reported that PDMS oil-in-water emulsions 

stabilised by fumed silica particles are very stable to coalescence irrespective of NaCl 

concentration, but a strong effect was observed on the creaming stability and was linked to 

particle interactions in aqueous suspensions.
13

 The creaming rate and extent were large at low 

electrolyte concentrations, but both decreased abruptly at salt concentrations exceeding the 

critical flocculation concentration of the suspension (ca. 1 mM NaCl). The drastic improvement 

of the stability to creaming is due to the formation of a viscoelastic three-dimensional network of 

interconnected particles and emulsion droplets.
13

 

3.2 Zeta Potential of Particles 

Precipitated CaCO3 particles are almost insoluble in water (solubility = 0.014 g dm
‒3

 at 

25 °C).
14

 There is a big debate about the behaviour of CaCO3 particles in water, but Ca
2+

 and 
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CO3
2‒

 ions have been generally accepted as the potential determining ions.
15

 Thus, the hydrolysis 

of CaCO3 particles can be thought of as: 

 CaCO3(s)   Ca
2+

(aq) + CO3
2‒

(aq) (3.1) 

 

 CO3
2‒

(aq) + H
+

(aq)  HCO3
‒

(aq) + OH
‒

(aq) (3.2) 

 

 HCO3
‒

(aq) + H
+

(aq)  H2CO3(aq) (3.3) 

 

 H2CO3(aq)  H2O(l) + CO2(dissolved)  (3.4) 

 

 CO2(dissolved)  CO2(g)  (3.5) 

and 

 Ca
2+

(aq) + 2OH
‒

(aq)  Ca(OH)2(aq)  (3.6) 

 

Such that at low pH, reactions 3.2‒3.5 proceed to the right (i.e. significant amount of 

CO3
2‒

 is consumed leaving behind significant amount of Ca
2+

) giving rise to a net positive 

surface charge. At high pH, reaction 3.2 proceeds to the left (i.e. significant amount of CO3
2‒

 is 

formed) and reaction 3.6 proceeds to the right giving rise to a net negative surface charge. 

The zeta potential ζ of the rod- and cube-shaped CaCO3 particles at different pH values 

and [NaCl] is shown in Figure 3.1. It is seen that the rod-shaped particles have an isoelectric 

point of around pH = 10.2, whilst that of the cube-shaped ones is around 8.7, just like most 

CaCO3 particles.
16,17

 At unadjusted pH (about 8.8), the rod-shaped particles are positively 

charged. At pH > 10.2, these particles are negatively charged. The cube-shaped particles are, 

however, negatively charged at their unmodified pH (9.2), but are positively charged at pH < 8.7. 

For both particles, the magnitude of the ζ increases with increasing pH just like other hydrophilic 

particles
18,19

 and CaCO3 particles.
20

 The charge inversion of the particles with pH is fairly 

consistent with the above behaviour (reactions 3.1−3.6). Figure 3.1 (b) shows that the ζ of the 

particles decreases slightly on increasing [NaCl]. This is also consistent with what is seen for 

other particles.
16

 This is because increase in [NaCl] decreases the magnitude of the surface 

charge and the thickness of the electrical double layer, which is defined by the Debye length (

1

D ) in equation 3.7. 

 

5.0
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1








 



i

iiAD czeNkT  (3.7) 
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The NA represents the Avogadro’s constant, e is the elementary charge, ε is the dielectric 

constant of the medium, ε0 is the permittivity of free space, k is the Boltzmann’s constant, T is 

the absolute temperature, zi is the valence of counter-ion and ci is the electrolyte concentration. 

Equation 3.7 actually predicts an inverse relationship between 
1

D  and ci. 

Figure 3.1. Dependence of zeta potential ζ of 0.125 wt. % of rod- (●) and cube-shaped (○) 

CaCO3 particles in water on (a) pH and (b) [NaCl]. At unadjusted pH (ca. 8.8 and 9.2 for rod- 

and cube-shaped particles respectively), the ζ of rod- and cube-shape CaCO3 particles is 8.5 and 

‒22.3 mV respectively. The error bars represent the standard deviation of 3 separate 

measurements. 
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3.3 Effect of Particle Concentration on the Stability of the Emulsions 

Containing Equal Volume Fraction of Water and Oil 

The tricaprylin-water (pH ≤ 8.3) and Miglyol 812N-water (pH ≤ 8.6) emulsions stabilised 

by the rod-shaped hydrophilic CaCO3 particles were of the o/w type because they disperse in 

water and they have relatively high conductivity values. The formation of o/w emulsions with 

these particles is consistent with the findings of Finkle et al.
21

 and Schulman and Leja
22

 that 

water-wet particles would stabilise o/w emulsions whilst oil-wet particles would stabilise w/o 

emulsions. With reference to Figure 3.2, the conductivity and pH of the emulsions increase with 

an increase in particle concentration. The emulsions are white (Figure 3.3) and their optical 

micrographs (Figure 3.4) show that the droplet surfaces are coated by particles. This ‘armours’ 

the droplets and prevents coalescence. The emulsions also look highly flocculated presumably 

due to the bridging
23

 of the oil droplets by particle layers. As evidence from cryo-SEM images of 

the 2 wt. % CaCO3 particle-stabilised emulsions (Figure 3.5), the rod-shaped CaCO3 particles 

adsorb on their long axis to the droplet surfaces forming close-packed particle layers on them. 

Taking advantage of the partially broken frozen oil droplets, one would see that the particles 

basically form monolayers on the droplet surfaces. Few areas of particle defects were seen on the 

droplet surfaces in some cases. It has been reported that rod-shaped nanoparticles are more stable 

at fluid interfaces when they adsorb on their long axis as a result of high free energy of 

adsorption.
24

 The emulsions are very unstable to creaming and coalescence in the absence of 

particles, separating completely into clear layers of oil and water within a day compared with 

those containing particles. Figures 3.6 and 3.7 show the dependence of the emulsions droplet size 

distribution on particle concentration along with the creaming and coalescence stability of the 

emulsions respectively. Initially, the average droplet size (d (0.5)) decreases with an increase in 

particle concentration (< 3 wt. %), but became relatively constant above this concentration. An 

increase in particle concentration led to a corresponding increase in the stability of the emulsions 

to creaming and coalescence. As a result, those containing ≥ 3 wt. % of particles were stable to 

creaming for over 3 years, but released a relatively small fraction of the oils. The decrease in 

droplet size enhances droplet motion (i.e. Brownian motion) which reduces the effect of gravity 

induced creaming and separation. Generally, the droplets of tricaprylin-in-water emulsions are 

smaller and more stable to creaming compared with those of the Miglyol 812N-in-water 

emulsions. Nonetheless, the Miglyol 812N-in-water emulsions are more stable to coalescence 

compared with the tricaprylin-in-water emulsions.  
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Figure 3.2. Conductivity (triangles, 3 min after preparation) and pH (circles and crosses, 5 min 

after preparation) of tricaprylin-in-water and Miglyol 812N-in-water emulsions (ϕo = 0.5) shown 

in Figure 3.3, prepared using the powdered particle method, as a function of rod-shaped CaCO3 

particle concentration. 
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Figure 3.3. Photos (taken 5 months after preparation) of glass vials containing 14 cm
3
  of (a) 

tricaprylin-in-water and (b) Miglyol 812N-in-water emulsions (ϕo = 0.5) stabilised by different 

concentrations (given, wt. %) of rod-shaped CaCO3 particles. The emulsions were prepared by 

the powdered particle method. 
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Figure 3.4. Optical micrographs (taken 30 min after preparation) of the (a) tricaprylin-in-water 

and (b) Miglyol 812N-in-water emulsions, shown in Figure 3.3, at selected particle 

concentrations (given wt. %).  
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Figure 3.5. Cryo-SEM images (1 week after preparation) of (a) tricaprylin-in-water and (b) 

Miglyol 812N-in-water emulsions stabilised by 2 wt. % of rod-shaped CaCO3 particles (shown 

in Figure 3.3) showing the particles on the droplet surfaces. (c) Schematic illustration of the 

longitudinal dissection of a frozen partially exposed oil droplet showing the rod-shaped CaCO3 

particles on the droplet surfaces. 

 

  



95 

 

Figure 3.6. Droplet diameter d(0.5) of tricaprylin-in-water (●) and Miglyol 812N-in-water (○) 

emulsions (ϕo = 0.5; 1 hour after preparation) and fraction of water fw released from the 

tricaprylin-in-water () and Miglyol 812N-in-water (×) emulsions shown in Figure 3.3 (4 

months after preparation) as a function of rod-shaped CaCO3 particle concentration. The error in 

values of d(0.5) and fw is ± 2 μm (standard deviation of 3 measurements) and ± 0.05 (propagation 

error) respectively. The d(0.5) was measured using the Malvern Mastersizer 2000. Data from the 

mastersizer show that the droplet diameter of the tricaprylin-in-water emulsions ranges from 

3−363 μm whilst that of the Miglyol 812N-in-water emulsions ranges from 23−832 μm. 
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Figure 3.7. Fraction of oil fo released from tricaprylin-in-water (▲) and Miglyol 812N-in-water 

() emulsions shown in Figure 3.3 (ϕo = 0.5) 4 months after preparation and d(0.5) (measured 1 

hour after preparation) of the tricaprylin-in-water (●) and Miglyol 812N-in-water (○) emulsions 

versus concentration of rod-shaped CaCO3 particles. The error in values of d(0.5) and fo is ± 2 

μm (standard deviation of 3 measurements) and ± 0.05 (propagation error) respectively. 
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3.4 Effect of Particle Concentration on the Stability of Emulsions 

Containing Low (0.2) Volume Fraction of Oil 

White and flocculated tricaprylin-in-water (pH ≤ 9) and Miglyol 812N-in-water (pH ≤ 

8.7) emulsions were also obtained with the ϕo = 0.2 systems in the presence of the rod-shaped 

CaCO3 particles as stabilisers using the powdered particle method at ambient conditions. The 

emulsion type is evident from the relatively high conductivity values of the emulsions (Figure 

3.8) which increase with an increase in particle concentration and the ease with which the 

emulsions disperse in water. These emulsions were less stable to creaming compared with those 

of the ϕo = 0.5. The emulsions with particle concentrations > 2 wt. % sedimented in the separated 

water phase (instead of creaming) with a layer of oil (to which unadsorbed particles stuck on) 

above the water phase as shown by their photos in Figure 3.9. Their microscope images, Figure 

3.10, show particle layers on the droplet surfaces. The sedimentation might be due to the 

difference in densities of the rod-shaped CaCO3 particles, water and oil. The creaming or 

‘sedimentation’ stability of the emulsions increased with an increase in particle concentration, 

but their droplet size decreased as the particle concentration increases as shown in Figure 3.11. 

There appears to be an inverse relationship between the droplet size and the creaming stability of 

the emulsions (i.e. the smaller the droplets the higher the creaming stability and vice versa). 

Again, on the average, the tricaplylin emulsions droplets were smaller than those of Miglyol 

812N. At particle concentrations ≤ 1 wt. %, the tricaprylin emulsions were more stable to 

creaming than the Miglyol 812N emulsions, but the Miglyol 812N emulsions became more 

stable to creaming than the tricaprylin ones at particle concentrations above 1 wt. % (Figure 

3.11). Figure 3.12 shows that the coalescence stability of the emulsions increased with an 

increase in particle concentration and decrease in droplet size. Finally, the Miglyol 812 N-in-

water emulsions are more stable to coalescence than the tricaprylin-in-water emulsions. 
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Figure 3.8. Conductivity (triangles, 3 min after preparation) and pH (circles and crosses, 5 min 

after preparation) of tricaprylin-in-water and Miglyol 812N-in-water emulsions (ϕo = 0.2) shown 

in Figure 3.9, prepared by the powdered particle method, as a function of rod-shaped CaCO3 

particle concentration. The inset (separated by the dotted line) is a sketch showing which 

emulsions creamed or sedimented. 
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Figure 3.9. Photos (taken 5 months after preparation) of glass vials containing 14 cm
3
 of (a) 

tricaprylin-in-water and (b) Miglyol 812N-in-water emulsions (ϕo = 0.2) stabilised by different 

concentrations of rod-shaped CaCO3 (given, wt. %). The emulsions were prepared by the 

powdered particle method. 
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Figure 3.10. Optical micrographs (30 min after preparation) of the (a) tricaprylin-in-water and 

(b) Miglyol 812N-in-water emulsions shown in Figure 3.9 at selected particle concentrations 

(given, wt. %). 
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Figure 3.11. Droplet diameter d(0.5) (1 hour after preparation) and fraction of water fw released 

from emulsions ϕo = 0.2 (4 months after preparation) shown in Figure 3.9 versus concentration 

of rod-shaped CaCO3 particles. Tricaprylin-in-water (●: d(0.5), ▲: fw) and Miglyol 812N-in-

water (○: d(0.5), : fw) emulsions. The error in values of d(0.5) and fo is ± 2 μm (standard 

deviation of 3 measurements) and ± 0.05 (propagation error) respectively. The creamed and 

sedimented emulsions are separated by the vertical dotted line. The d(0.5) was measured using 

the Malvern Mastersizer 2000. Data from the mastersizer show that the droplet diameter of the 

tricaprylin-in-water emulsions ranges from 10−724 μm whilst that of the Miglyol 812N-in-water 

emulsions ranges from 12−613 μm. 
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Figure 3.12. Fraction of oil fo released from tricaprylin-in-water (×) and Miglyol 812N-in-water 

(+) emulsions shown in Figure 3.9 (ϕo = 0.2), 4 months after preparation, and the corresponding 

d(0.5) of the tricaprylin-in-water () and  Miglyol 812N-in-water () emulsions (1 hour after 

preparation) versus concentration of rod-shaped CaCO3 particles. The error in values of d(0.5) 

and fo is ± 2 μm (standard deviation of 3 measurements) and ± 0.05 (propagation error) 

respectively. The creamed and sedimented emulsions are separated by the vertical dotted line. 
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3.5 Effect of Volume Fraction of Oil on the Stability of the Emulsions 

The effect of ϕo on the stability of the emulsions was studied at a fixed particle 

concentration (4 wt. %). The particle concentration is relative to the total volume (14 cm
3
) of oil 

and water in the emulsions. The emulsions were prepared by the powdered particle method. A 

plot of the conductivity and pH of these emulsions versus ϕo is given in Figure 3.13 and their 

photos and optical microscope images are shown in Figures 3.14 and 3.15 respectively. ‘Oily 

liquids’ (i.e. looking just like the oil) with low conductivity values and pH between 7−8 were 

obtained for systems containing ϕo ≥ 0.8. For ϕo < 0.8, o/w emulsions (white and flocculated) 

were obtained judging from their relatively high conductivity values and their ability to disperse 

readily in water. The emulsions containing ϕo between 0.7−0.5 were stable to creaming for over 

3 years, but released relatively small fraction of the oils. Those containing ϕo between 0.35−0.05 

were unstable and sedimented in the separated water phase (within a day) with a layer of oil (to 

which unadsorbed particles stuck on) above the water phase. Just like with the other emulsions, 

the optical micrographs of these o/w emulsions show the presence of particles on the droplet 

surfaces. Figure 3.16 shows a plot of the fo and the droplet diameter of the emulsions as a 

function of ϕo. The tricaprylin-in-water and Miglyol 812N-in-water emulsions have comparable 

droplet size and coalescence stability. The fo released in the emulsions decreased with decreasing 

ϕo between ϕo = 0.7 and 0.5, but increased between ϕo = 0.5 and 0.05.  Their droplet sizes, 

however, decreased as ϕo decreases. This is unique compared with the other emulsions studied 

where coalescence stability increases as the droplet size decreases. This can be explained in 

terms of the emulsion droplet size and size of the rod-shaped CaCO3 particles. As mentioned 

earlier on,
25,26

 the ability of a solid particle to stabilise an emulsion depends on its size among 

other factors where particles bigger than the emulsion droplets do not effectively stabilise them 

as opposed to those smaller than the emulsion droplets. As the droplet size of the emulsions is 

decreasing with decreasing ϕo, emulsion droplets either smaller than or comparable to the size of 

the rod-shaped CaCO3 particles might have been formed at ϕo < 0.5, making it difficult for the 

particles to adsorb and remain on their surfaces. Consequently, the emulsion droplets will be less 

stable to coalescence. 
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Figure 3.13. Conductivity (3 min after preparation) and pH (5 min after preparation) of 

tricaprylin-in-water (+: conductivity and ▲: pH) and Miglyol 812N-in-water (○: conductivity 

and ∆: pH) emulsions stabilised by 4 wt. % of rod-shaped CaCO3 particles shown in Figure 3.14 

versus volume fraction of oil ϕo. The emulsions were prepared using the powdered particle 

method at ambient conditions. Also shown are regions where ‘oily liquids’, relatively stable o/w 

emulsions and sedimented emulsions formed in the batch emulsions. 
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Figure 3.14. Photos (5 months after preparation) of glass vials containing (a) tricaprylin-in-water 

and (b) Miglyol 812N-in-water emulsions containing different volume fractions of the oils ϕo 

(given) stabilised by 4 wt. % of rod-shaped CaCO3 particles. The emulsions were prepared by 

the powdered particle method. 
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Figure 3.15. Optical micrographs (30 min after preparation) of the (a) tricaprylin-in-water and 

(b) Miglyol 812N-in-water emulsions, shown in Figure 3.14, at selected ϕo (given). 
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Figure 3.16. Fraction of oil fo released from tricaprylin-in-water (○) and Miglyol 812N-in-water 

(+) emulsions (4 months after preparation) containing ϕo between 0.05 and 0.7 stabilised by 4 wt. 

% of rod-shaped CaCO3 particles  and their corresponding d(0.5) (1 hour after preparation): 

tricaprylin-in-water () and Miglyol 812N-in-water () emulsions shown in Figure 3.14. The 

error in values of d(0.5) and fo is ± 2 μm (standard deviation of 3 measurements) and ± 0.05 

(propagation error) respectively. The d(0.5) was measured using the Malvern Mastersizer 2000. 

Data from the mastersizer show that the droplet diameter of the tricaprylin-in-water emulsions 

ranges from 26−724 μm (ϕo = 0.3), 13−550 μm (ϕo = 0.4−0.7) and 3−479 μm (ϕo = 0.85−0.95) 

whilst that of the Miglyol 812N-in-water emulsions ranges from 40−832 μm (ϕo = 0.3), 11−550 

μm (ϕo = 0.4−0.7) and 3−209 μm (ϕo = 0.85−0.95). 
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3.6 Effect of Particle Shape and Method of Preparation on the Stability of 

the Emulsions 

The Cube-shaped CaCO3 particles (4 wt. %) were used to prepare tricaprylin-in-water 

and Miglyol 812N-in-water emulsions (ϕo = 0.5) using the powdered particle and the particle 

dispersion methods. The stability of these emulsions to creaming and coalescence was compared 

with those (ϕo = 0.5) stabilised by the rod-shaped CaCO3 particles (4 wt. %) prepared by the 

same methods. Photos and optical micrographs of these emulsions are shown, respectively, in 

Figures 3.17 and 3.18 along with a cryo-SEM image of one of the cube-shaped CaCO3 particle-

stabilised emulsions. The cryo-SEM image (Figure 3.18) of the emulsions show that the cube-

shaped CaCO3 particles adsorb mainly on their faces to the droplet surfaces forming particle 

layers on them. Particle monolayers and areas of particle defects are clearly visible on the droplet 

surfaces. The areas of particle defects seen here are more than those seen on oil droplets coated 

with the rod-shaped CaCO3 particles (cf. Figures 3.5 and 3.18). The droplet size of the rod-

shaped CaCO3 particle-stabilised emulsions is similar irrespective of the method of emulsion 

preparation. The average droplet size of the cube-shaped CaCO3 particle-stabilised emulsions is 

higher than that of the rod-shaped CaCO3 particle-stabilised ones. Some of the cube-shaped 

CaCO3 particle-stabilised emulsions droplets are quasi-spherical. The emulsions are polydisperse 

and flocculated regardless of the type of particles used and method of preparation. After a month, 

the fw and fo released by the cube-shaped CaCO3 particle-stabilised tricaprylin-in-water 

emulsions prepared by the powdered particle (particle dispersion) method are 0 and 0.014 (0 and 

0.06) respectively. For the cube-shaped CaCO3 particle-stabilised Miglyol 812N-in-water 

emulsions prepared by the powdered particle (particle dispersion) method, the values of fw and fo 

1 month after preparation are 0.064 and 0.002 (0.1 and 0.04) respectively. In the case of the rod-

shaped CaCO3 particle-stabilised tricaprylin-in-water emulsions prepared by the powdered 

particle (particle dispersion) method, the values of fw and fo 1 month after preparation were 

observed to be 0 and 0.044 (0 and 0.017) respectively. However, for the rod-shaped CaCO3 

particle-stabilised Miglyol 812N-in-water emulsions prepared by the powdered particle (particle 

dispersion) method, these values were 0 and 0.036 (0 and 0.033) respectively. Clearly, the cube-

shaped CaCO3 particle-stabilised tricaprylin emulsions prepared by the powdered particle 

method are more stable to coalescence than those prepared by the particle dispersion method, but 

the opposite is true for the rod-shaped CaCO3 particle-stabilised emulsions. However, all the 

emulsions are stable to creaming for over 3 years. Conversely, the cube-shaped CaCO3 particle-

stabilised Miglyol 812N-in-water emulsions prepared via the powdered particle method are more 
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stable to creaming and coalescence compared with those prepared by the particle dispersion 

method. Nevertheless, the stability of those stabilised by the rod-shaped particles is similar. For 

the powdered particle method, the cube-shaped CaCO3 particles give more stable emulsions than 

those stabilised by the rod-shaped CaCO3 particles. Regarding the particle dispersion method, 

the cube-shaped CaCO3 particle-stabilised Miglyol 812N-in-water emulsion is more stable than 

the rod-shaped CaCO3 particle-stabilised one, but the opposite is true for the tricaprylin-in-water 

emulsions. The reason for the difference in the stability of the rod- and cube-shaped CaCO3 

particle-stabilised emulsions is not clear, but might be due to the orientation of the particles on 

the droplet surfaces due to their shape or the size of the particles themselves. 

Figure 3.17. (upper) Photo (1 month after preparation) of (a) tricaprylin-in-water and (b) 

Miglyol 812N-in-water emulsions (ϕo = 0.5) prepared by the powdered particle method (left) and 

particle dispersion method (right). (lower) Optical micrographs  (2 weeks after preparation) of 

the corresponding emulsions: (a) tricaprylin-in-water and (b) Miglyol 812N-in-water emulsions 

prepared by the powdered particle method (left) and particle dispersion method (right). The 

emulsions were stabilised by 4 wt. % of rod-shaped CaCO3 particles. Scale bar = 100 μm. 
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Figure 3.18. (upper) Photo (1 month after preparation) of (a) tricaprylin-in-water and (b) 

Miglyol 812N-in-water emulsions (ϕo = 0.5) prepared by the powdered particle method (left) and 

particle dispersion method (right). (lower) Optical micrographs (2 weeks after preparation) of the 

corresponding emulsions: (a) trycaprylin-in-water and (b) Miglyol 812N-in-water emulsions 

prepared by the powdered particle method (left) and particle dispersion method (right). The 

emulsions are stabilised by 4 wt. % of cube-shaped CaCO3 particles and (c) is the cryo-SEM 

image of the Miglyol 812N-in-water emulsion (prepared by the powdered particle method). (d) 

Schematic illustration of the longitudinal dissection of a frozen partially exposed oil droplet 

showing the cube-shaped CaCO3 particles on the droplet surfaces. 
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3.7 Effect of Salt on the Stability of the Emulsions 

Photos of the rod- and cube-shaped CaCO3 particle-stabilised emulsions (1 month after 

preparation) are shown in Figure 3.19 and their optical micrographs (viewed 2 weeks after 

preparation) are shown in Figures 3.20 and 3.21. The emulsions (ϕo = 0.5) were prepared by the 

powdered particle method using 4 wt. % of the particles. The particle concentration is relative to 

the total volume (14 cm
3
) of oil and water in the emulsions. Generally, the rod-shaped particle-

stabilised emulsions are white, polydisperse, flocculated and stable to creaming irrespective of 

[NaCl]. Those containing [NaCl] > 0.05 M were more susceptible to flocculation. The cube-

shaped particle-stabilised emulsions were also white, polydisperse and flocculated, but unstable 

to creaming except the tricaprylin emulsions containing [NaCl] ≤ 2 mM in which creaming was 

not observed. Above 2 mM NaCl, emulsions of tricaprylin show signs of both creaming and 

sedimentation, which increases as [NaCl] increases. The creamed and sedimented emulsions 

droplets are separated by a layer of water. Miglyol 812N emulsions stabilised by the cube-shaped 

particles are less flocculated (except between 10‒50 mM NaCl) compared with the other 

emulsions and the degree of creaming in them increases as [NaCl] increases. The droplets of 

these emulsions have different shapes and sizes, except those containing 10‒50 mM of NaCl 

which have spherical droplets. Non-spherical emulsions droplets have been reported 

previously.
27-31

 Non-spherical emulsions droplets may result from the fusion of two or more 

partially particle-coated droplets whose surfaces are fluid until the final droplet surfaces become 

fully coated with the particles which may jam. The jamming of the particles on the droplet 

surfaces prevents them from relaxation to a spherical geometry due to the high bending and 

Young’s moduli of the droplet surfaces.
29,31

 Non-spherical droplets can also result from the 

uneven dissipation of energy during homogenisation. Particles can also adsorb on the surfaces of 

such droplets making it impossible for them to relax to a spherical shape.
27

 A plot of the average 

droplet diameter of the emulsions versus the [NaCl] is shown in Figure 3.22. The average droplet 

diameter of the Miglyol 812N emulsions stabilised by the cube-shaped CaCO3 particles is not 

shown because of the non-spherical nature of the droplets. The average droplet diameter was 

obtained from at least 100 emulsion droplets (Figures 3.20 and 3.21). The droplet diameter of the 

tricaprylin-in-water emulsions (stabilised by rod-shaped CaCO3) ranges from 14−126 μm (0−2 

mM NaCl) and 30−153 μm (5−10 mM NaCl) with standard deviation of ≈ 12 μm. However, the 

droplet diameter of the Miglyol 812N-in-water emulsions (stabilised by rod-shaped CaCO3) 

ranges from 20−311 μm (0−2 mM NaCl) and 23−179 μm (5−10 mM NaCl) with standard 

deviation of ≈ 30 μm. For the cube-shaped CaCO3 particle-stabilised tricaprylin-in-water 
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emulsions, the droplet diameter ranges from 9−183 μm (0−2 mM NaCl) and 12−315 μm (5−10 

mM NaCl) with standard deviation of ≈ 30 μm. Generally, the average droplet diameter of the 

emulsions increases with an increase in [NaCl] such that for the Miglyol 812N emulsions 

stabilised by the cube-shaped particles, about 2.2 mm long emulsion droplet formed at the 

highest [NaCl] (i.e. 1000 mM, Figure 3.21(i)). Finally, the average droplet diameter of the cube-

shaped CaCO3 particle-stabilised tricapylin emulsions is smaller than the rod-shaped CaCO3 

particle-stabilised ones, but the reverse is true for the Miglyol 812N emulsions.  

A plot of fw (1 month after formation) and fo (1 month after formation) versus [NaCl] of 

the emulsions is shown in Figures 3.23 and 3.24 respectively. Emulsions stabilised by the rod-

shaped CaCO3 particles are relatively stable to creaming, but the cube-shaped particle-stabilised 

ones creamed and the degree of creaming increases as [NaCl] increases as shown in Figure 3.23. 

Generally, the fo released in the emulsions over time increases with increasing [NaCl] (Figure 

3.24), consistent with previous findings for other particles.
19

 In some emulsions, fo reaches a 

maximum at [NaCl] = 100 mM, but decreases at concentrations above the same value and levels 

off at [NaCl] ≥ 500 mM. The general observation can be linked to the decrease in surface charge 

of the CaCO3 particles with increasing [NaCl] as shown in Figure 3.1 (b). The decrease in 

surface charge allows emulsion droplets coated with the particles to approach each other closely 

and hence enhance van der Waals interaction, which drives coalescence. Finally, the rod-shaped 

CaCO3 particle-stabilised emulsions released more oil than the cube-shaped CaCO3 particle-

stabilised emulsions. The cube-shaped CaCO3 particle-stabilised emulsions released more water 

than the rod-shaped CaCO3 particle-stabilised ones. 
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Figure 3.19. Photographs (1 month after preparation) of glass vials containing (a) tricaprylin-in-

water and (b) Miglyol 812N-in-water emulsions (ϕo = 0.5) stabilised by rod-shaped CaCO3 

particles; (c) tricaprylin-in-water and (d) Miglyol 812N-in-water emulsions (ϕo = 0.5) stabilised 

by cube-shaped CaCO3 particles. The emulsions were prepared by the powdered particle method 

using 4 wt. % of the particles at varying [NaCl] (given, mM). As can be seen, the cube-shaped 

CaCO3 particle-stabilised emulsions are more sensitive to [NaCl] compared with the rod-shaped 

CaCO3 particle-stabilised ones. The [NaCl] is with respect to the volume (7 cm
3
) of the aqueous 

phase in the emulsions. 
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Figure 3.20. Optical micrographs (2 weeks after preparation) of tricaprylin-in-water (left) and 

Miglyol 812N-in-water (right) emulsions (Figure 3.19) stabilised by 4 wt. % of rod-shaped 

CaCO3 particles in the presence of varying [NaCl]: (a) 0, (b) 1, (c) 2, (d) 5 and (e) 10 mM. Scale 

bar = 200 μm (except on (a) and (b) for tricaprylin emulsions). Droplets of emulsions containing 

[NaCl] > 10 mM are large enough to be seen by eye and their micrographs are not shown. All the 

emulsions (ϕo = 0.5) were prepared by the powdered particle method.  

 



115 

 

Figure 3.21. (2) Optical micrographs (2 weeks after preparation) of tricaprylin-in-water (above) 

and Miglyol 812N-in-water (below) emulsions (Figure 3.19) stabilised by 4 wt. % of cube-

shaped CaCO3 particles in the presence of varying [NaCl]: (a) 0, (b) 1, (c) 2, (d) 5, (e) 10, (f) 50, 

(g) 100, (h) 500 and (i) 1000 mM. Above 50 mM NaCl, the droplets of the cube-shaped CaCO3 

particle-stabilised tricaprylin-in-water emulsions are large enough to be seen by eye and hence 

their optical micrographs are not shown. 
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Figure 3.22. Plot of average droplet diameter of tricaprylin-in-water emulsions, stabilised by 4 

wt.% of rod-shaped (▲) and cube-shaped (●) CaCO3 particles and Miglyol 812N-in-water 

emulsions, stabilised by 4 wt. % of rod-shaped CaCO3 particles (), versus [NaCl]. The average 

droplet diameter of Miglyol 812N emulsions stabilised by the cube-shaped CaCO3 particles is 

not shown due to the non-spherical nature of the droplets. The emulsions (ϕo = 0.5, Figure 3.19) 

were prepared by the powdered particle method. The [NaCl] is relative to the volume of the 

aqueous phase in the emulsions.  
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Figure 3.23. Fraction of water fw (1 month after preparation) released in tricaprylin-in-water (●) 

and Miglyol 812N-in-water (○) emulsions (ϕo = 0.5) stabilised by 4 wt. % of cube-shaped 

CaCO3 particles shown in Figure 3.19 versus [NaCl]. At 0 M NaCl, fw is 0 (tricaprylin) and 0.064 

(Miglyol 812N). Emulsions stabilised by the rod-shaped CaCO3 particles are relatively stable to 

creaming and hence are not shown. The error bars are the propagation errors in the estimated 

values of fw. 
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Figure 3.24. Fraction of oil fo (1 month after preparation) released in the emulsions shown in 

Figure 3.19 versus [NaCl]. The data points are tricaprylin-in-water emulsions (●-stabilised by 

rod-shaped, ▲-stabilised by cube-shaped CaCO3 particles) and Miglyol 812N-in-water 

emulsions (○-stabilised by rod-shaped, -stabilised by cube-shaped CaCO3 particles). At [NaCl] 

= 0 mM, fo = 0.044 (rod-shaped CaCO3) and 0.014 (cube-shaped CaCO3) for the tricaprylin 

emulsions and 0.036 (rod-shaped CaCO3) and 0.002 (cube-shaped CaCO3), respectively, for the 

Miglyol 812N emulsions. The error bars are the propagation errors in the estimated values of fo. 
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3.8 Effect of pH on the Stability of the Emulsions 

The emulsions (ϕo = 0.5) were prepared with 4 wt. % of the CaCO3 particles using the 

powdered particle method. Figure 3.25 shows photos of the emulsions and their optical 

micrographs are shown in Figure 3.26. The emulsions are also white, flocculated and 

polydisperse. Even though sizing was not possible in some cases, the average droplet diameter of 

the emulsions seems to decrease as pH increases as shown for Miglyol 812N-in-water emulsions 

stabilised by the cube-shaped CaCO3 particles in Figure 3.27. A plot of fw versus pH of the 

emulsions is given in Figure 3.28(a) and shows a general decrease in fw as the pH increases. At 

pH 4 and 5, the emulsions are very unstable to both creaming and coalescence as the particles 

dissolve and desorb from the droplet surfaces into the aqueous phase after pH adjustment. As a 

result, a large volume of water and oil was resolved within 1 hour. Between the pH of 6 and 7, 

the emulsion droplets were large enough to be seen with the eyes, but no discernible phase 

separation was observed. A plot of fo versus pH of the emulsions is given in Figure 3.28(b). At 

pH values higher than the natural (i.e. unadjusted) pH of the emulsions (≈ 8 or 9), the emulsions 

are stable to coalescence and very little oil is resolved after 1 month compared with other pH 

values. The fo decreases with increasing pH reaching approximately zero at pH above 8, except 

in the cube-shaped CaCO3 particle-stabilised emulsions where values of fo are still around 0.07. 

The very stable rod-shaped CaCO3 particle-stabilised emulsions (i.e. showing no sign of 

creaming, flocculation and even coalescence) are those at pH 12 and their average droplet 

diameter is 80 and 100 μm for tricaprylin and Miglyol 812N emulsions, respectively. No such 

stable emulsions were obtained with the cube-shaped CaCO3 particles. This pH corresponds to 

that at which the particles are highly negatively charged (Figure 3.1(a)). The observation at pH 7 

and below is consistent with the known behaviour of CaCO3 particles. It has been reported that 

CaCO3 particles dissolve in water at these pH values
32

 losing their surface-active properties and 

hence the above observations. 
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Figure 3.25. Photographs of glass vials containing (a) tricaprylin-in-water and (b) Miglyol 

812N-in-water emulsions ϕo = 0.5 (1 month after formation) stabilised by 4 wt. % of (1) rod- and 

(2) cube-shaped CaCO3 particles at varying pH (given). The emulsions were prepared by the 

powdered particle method. The natural emulsions (pH ≈ 8 and 9) are also shown. As can be seen, 

the cube-shaped CaCO3 particle-stabilised emulsions are more sensitive to pH compared with the 

rod-shaped CaCO3 particle-stabilised ones. 
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Figure 3.26. Optical micrographs (2 weeks after preparation) of (a) tricaprylin-in-water and (b) 

Miglyol 812N-in-water emulsions stabilised by 4 wt. % of (1) rod- and (2) cube-shaped CaCO3 

particles shown in Figure 3.25 at selected pH (given). 
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Figure 3.27. Plot of average droplet diameter of Miglyol 812N-in-water emulsions stabilised by 

4 wt. % of cube-shaped CaCO3 particles (shown in Figure 3.25) versus pH. The average droplet 

diameter was obtained from at least 100 emulsion droplets (Figure 3.26). The droplet diameter of 

the emulsions ranges from 82−1235 μm (pH 5−7) and 72−612 μm (pH 9−12) with standard 

deviation in the range of 80−244 μm and 80−129 μm respectively. 
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Figure 3.28. (a) Fraction of water fw (1 month after preparation) versus pH of tricaprylin-in-

water (●) and Miglyol 812N-in-water (○) emulsions (ϕo = 0.5) stabilised by 4 wt. % of cube-

shaped CaCO3 particles shown in Figure 3.25. Note that fw of the rod-shaped CaCO3 particle-

stabilised emulsions is not shown due to the nature of the emulsions. (b) Fraction of oil fo (1 

month after preparation) versus pH of tricaprylin-in-water emulsions stabilised by 4 wt. % of 

rod-(▲) and cube-shaped (●) CaCO3 particles and Miglyol 812N-in-water emulsions stabilised 

by the same concentration of the rod-() and cube-shaped (○) CaCO3 particles shown in Figure 

3.25. The error bars are the propagation errors in the estimated values of fw and fo. 
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3.9 Conclusions 

The following conclusions can be drawn about the rod- and cube-shaped CaCO3 particle-

stabilised edible o/w emulsions studied here. The emulsions are white, slightly basic (pH = 8−9) 

and flocculated. The creaming stability of the emulsions (ϕo = 0.5) increases with increasing 

particle concentration leading to relatively stable emulsions at relatively high particle 

concentrations (3−5 wt. %) as seen from the rod-shaped CaCO3 particle-stabilised ones. Even 

though these emulsions were seen to release relatively small fraction of oil (< 0.1), they 

remained completely stable to creaming for over 3 years. The ϕo = 0.2 emulsions were unstable 

to both creaming and coalescence and those stabilised by 2−5 wt. % of the particles sedimented 

instead of creaming, as seen from the rod-shaped CaCO3 particle-stabilised emulsions. Varying 

ϕo in the rod-shaped CaCO3 particle-stabilised emulsions from 0.95 to 0.05, at constant (4 wt. %) 

particle concentration, led to the formation of ‘oily liquids’ when ϕo = 0.95−0.8, o/w emulsions 

which are completely stable to creaming (for over 3 years), but partially unstable to coalescence 

when ϕo = 0.7−0.5. Sedimented o/w emulsions where obtained when ϕo < 0.5. The relatively 

stable emulsions are sensitive to added electrolyte and pH change such that stability to creaming 

and coalescence is lost especially below their natural pH and relatively high electrolyte 

concentrations, irrespective of the CaCO3 particle shape, as seen for the 4 wt. % particle-

stabilised emulsions. However, relatively high pH (> 10) was seen to enhance the kinetic 

stability of the tricaprylin-in-water emulsions. Finally, in the absence of added electrolyte or pH 

change, the cube-shaped CaCO3 particles form more stable emulsions than those stabilised by 

the rod-shaped CaCO3 particles if the powdered particle method is used. However, if the particle 

dispersion method is used, the cube-shaped CaCO3 particle-stabilised Miglyol 812N-in-water 

emulsion is more stable than the rod-shaped CaCO3 particle-stabilised one, but the opposite is 

true for the tricaprylin-in-water emulsions. The reason for the difference in the stability of the 

rod- and cube-shaped CaCO3 particle-stabilised emulsions is not clear, but might be due to the 

orientation of the particles (due to their shape) on the droplet surfaces or the size and nature of 

the particles themselves.  
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Chapter 4   

Oil-Oil Pickering Emulsions 

4.1 Introduction 

Colloidal particles of suitable wettability, i.e. not completely wetted by the phases of a 

liquid-liquid interface, are surface-active and adsorb at the interface to stabilise emulsions when 

energy is applied.
1
 Conceptually, simple emulsions are mixtures of two immiscible liquids 

phases (e.g. oil and water) in which one of the liquid phases is dispersed as microscopic droplets 

in the bulk of the other liquid phase in the presence of a stabiliser which could be a surfactant, 

polymer molecules or nanoparticles.
2,3

 Particle-stabilised simple emulsions (Pickering 

emulsions) like o/w and w/o emulsions have attracted attention recently, largely due to their long 

term kinetic stability and have been studied extensively.
1,4-13

 The excellent kinetic stability has 

been attributed to the large magnitude of particle adsorption free energy
1,14

 and the high capillary 

pressure needed to coalesce two particle-coated droplets.
15

 For spherical particles in oil-water 

systems (1:1), studies have shown that particle-stabilised o/w (w/o) are formed if the particles are 

preferentially wetted more by water than the oil phase (wetted more by oil than the water phase) 

leading to θow of < 90° (> 90°).
16

 As can be seen, the particles generally cause the more wetting 

liquid phase to form the continuous phase and the less wetting liquid phase to form the dispersed 

phase. A plausible explanation for this is that coalescence is better suppressed if the particles 

protrude far outside the droplets than if they protruded only slightly. Measurement of θow non-

spherical particles make with an oil-water interface is rather difficult, but the degree to which the 

oil and water phases wet them is also crucial to the type of emulsions they stabilise. For example, 

rod-shaped hydrophilic CaCO3 particles have been shown to stabilise toluene/octane-in-water 

emulsions and water-in-toluene/octane emulsions when they were hydrophobised, in-situ, with 

moderate amount of sodium dodecyl sulphate.
17

  

Another example of simple emulsions is o/o emulsions (i.e. non-aqueous emulsions), 

comprising of two immiscible oils e.g. certain vegetable oils and silicone oils
18

 or certain non-

aqueous solvents and vegetable oils,
19

 in which microscopic droplets of one oil are dispersed in 

the bulk of the other oil in the presence of an emulsifier. Whilst aqueous emulsions have been 

well studied, only few studies on non-aqueous emulsions exist in the literature (see Table 4.1). 

These emulsions are important in many industries due to their unique and useful properties. For 
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example, o/o emulsions can replace regular aqueous emulsions in applications where the 

presence of water is undesirable e.g. in the lubrication of metal parts, in cleaning systems that are 

sensitive to the formation of rust like engines and other mechanical systems or for performing 

sol-gel processes with hydrolysable metal alkoxides in organic media in a controlled way.
20-25

 In 

the pharmaceutical industry and medicine, o/o emulsions can form the basis of transdermal 

formulations and can be used to encapsulate hydrolytically unstable drugs.
23-26

 o/o emulsions can 

also be used in cosmetic formulations.
23-26

 Polymerisable non-aqueous emulsions can act as 

nanoreactor systems for the polymerisation of water sensitive monomers or catalysts. Similar to 

aqueous emulsions, surfactants, polymers or colloidal particles have been used to stabilise non-

aqueous emulsions for a range of applications as shown in Table 4.1. As can be seen, unlike in 

aqueous emulsions in which low molecular weight surfactants, relatively hydrophilic solid 

particles and certain polymers are required to obtain stable emulsions, hydrophobic colloidal 

particles, exotic surfactants and copolymers are needed to obtain stable non-aqueous emulsions. 

These stabilisers are expensive and difficult to come by and designing their substitute is a 

herculean task. Recently, stabilisation of non-aqueous emulsions using DCDMS-coated 

amorphous hydrophobic fumed silica particles or organo-modified laponite clay nanoparticles 

was described.
27

 Crosslinked poly(N-isopropylacrylamide-co-2-acrylamido-2-methylpropane 

sulphonic acid) microgels
28

 functionalised with a non-ionic polymerisable surfactant 

(polyoxyethylene-4-nonyl-2-propyl-phenyl maleate ester) have also been used in the stabilisation 

of non-aqueous emulsions. In the former, the outer and inner phases of the emulsions were non-

aqueous solvents like glycerine, formamide, dimethyl sulfoxide, dimethyl formamide, 

clycohexane or vegetable oils like corn, olive, clove and castor oils.
27

 However, in the latter, the 

emulsions were paraffin oil-in-formamide of excellent stability against creaming and 

coalescence for over 6 months if they contain above 5 wt. % of the microgel otherwise they 

creamed. Non-aqueous simple emulsions comprising of an alcohol and an alkane
29-31

 or other 

non-aqueous solvents like nitromethane and ethylene glycol
32

 have also been prepared. The 

emulsions were stabilised with partially hydrophobic silica particles. Based on the partial 

miscibility of ethylene carbonate (EC) and p-xylene, EC-in-xylene Pickering high internal phase 

emulsions (HIPE) have also been prepared using chemically modified fumed silica particles. The 

p-xylene was then evaporated off to obtain a semi-solid composite containing mainly the EC 

liquid phase and the silica particles.
33

 



128 

 

Table 4.1. Summary of some previous work on oil-in-oil emulsions. 

Disperse phase Continuous phase Emulsifier Application Ref. 

Silicone oil (polydimethyl- Mineral oil Hydrophobic  Lubricants on 34 

siloxane PDMS, polymethyl- 

 

bentonite clay natural and syn- 

 phenylsiloxane) 

 

particles, di-C1di- thetic fibers 

 

  

C18N
+
 (plates 

  

  

0.002 × 0.08 ×  

  

  

0.8 μm) 

 

 

     Silicone oil, > 300 cS Mineral oil Ethylene-vinyl Foam inhibitor 35 

(polydialkylsiloxane) 

 

acetate copolymer for lubricating  

 

  

(low VA) oils 

 

     Silicone oil, 2500 cS (PDMS) Chlorinated  None Electro-rheo- 36 

 

paraffin oil, 340 cS 

 

logical fluid 

 Chlorinated paraffin oil,  Silicone oil,  None 

  340 cS 2500 cS (PDMS) 

   

     Silicone oil, 1000 cS (PDMS) Thermotropic  Cyanobiphenyl- Electro-optical 37 

 

liquid crystal (mix  terminated PDMS display devices 

 

 

of cyanobiphenyl oligomer 

  

 

and cyanoterphenyl) 

   Thermotropic liquid crystal Silicone oil, 1000 cS Cyanobiphenyl- 

  

 

(PDMS) terminated PDMS 

  

  

polymer 

  

     Mineral oil or soybean oil or Silicone oil, < 1000  Cross-linked Personal care  18 

olive oil or castor oil or palm cS (linear and cyclic- elastomeric and cosmetics 

 kernel oil polysiloxanes) silicone   

  

  

polyether 

  

     Silicone oil (PDMS) Perfluoropolymethyl- Fluorinated  Cosmetics 38 

 

isopropyl ether silicone resin 

  

  

particles (spher- 

  

  

ical, diameter 4.5  

  

  

μm) 

  

     Silicone oil (PDMS) Perfluoropolymethyl- Fluorinated  Cosmetics 39 

 isopropyl ether calcium lauroyl   

  taurate particles   

  (plates 8 μm dia-   

  meter)   
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Table 4.1 (continued). 

Disperse phase Continuous phase Emulsifier Application Ref. 

Mineral oil or animal or vege- Silicone oil (PDMS) Silicone block Personal care 40 

table oils or silicone oil 

 

copolymer, e.g. 

  

  

p(butylacrylate)- 

  

  

PDMS-p(butyl- 

  

  

acrylate) 

  

     Poly(tetrahydrofuran ester) or Poly(α-olefin) or None Lubricants 41 

polyalkylene glycols mineral oil 

   

     Castor oil Silicone oil, < 100 cS Nonionic surfac- Pharmaceutical 23 

  

tants (octyl/nonyl- formulations 

 

  

phenol polyoxy- 

  

  

ethylene ether) 

  

     Hydrocarbon Fluorocarbon Nonionic fluoro- Vehicles for  42 

  

carbon surfactant chemical  

 

   

reactions 

 

     Organic phosphate (di/trialkyl Paraffin oil or white Hydrophobic  Electro-optical 43 

phosphate, tricresylphosphate) mineral oil or cyclic fumed silica  modulating  

 or silicone silicone particles (spheri- display devices, 

 

  

cal of diameter lubricating films 

 

  

20−40 nm) plus for mechanical 

 

  

polymer co- devices 

 

  

stabiliser 

  

     Castor oil Silicone oil, 20 cS Silicone surfac- Pharmaceutical 44 

 

(PDMS) tant (PEG- formulations 

 

  

PPG18-18) dime- 

  

  

thicone) 

  Silicone oil, 20 cS (PDMS) Castor oil Silicone surfac- 

  

  

tant (silicone-EO- 

  

  

PO) 

  

     Hydrogenated triglyceride oil Silicone oil, < 500 cS Silicone surfac- Lubricant on 45 

(soybean, rapeseed, palm,  (PDMS) tant fibers  

castor)     

     

Organic phosphate Hydrocarbon Diblock or tri- Liquid toning 46 

  block copolymer systems  
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Certain polymers are also immiscible with each other (i.e. the so called immiscible 

polymer blends), but become miscible/blends in the presence of certain hydrophilic or 

hydrophobic colloidal particles. For example, Poly(isobutylene)(30%)-in-poly(dimethylsiloxane) 

(70%) blends which are completely stable to coalescence have been prepared in the presence of 

hydrophobic fumed silica particles (1 wt. % based on volume of the total blend).
47,48

 Stable 

polypropylene(70%)/polystyrene(30%) blends have also been prepared in the presence of 

hydrophilic or hydrophobic silica particles.
49

 Hydrophilic pyrogenic and hydrophobic silica 

particles were also used to prepare stable polypropylene/poly(ethylene-co-vinyl acetate) 

blends.
50

  

The aim of this work is explore the possibility of using a range of solid particles as sole 

stabilisers of o/o and o/o/o emulsions against creaming or sedimentation and coalescence. The 

oils will be vegetable and PDMS oils rather than non-aqueous solvents and oils reported by some 

authors. If the possibility is borne out, the conditions (e.g. the three-phase contact angle) 

favouring the formation of one emulsion type over the other would be investigated. 

4.2 Oil-in-Oil Emulsions Containing Equal Volume Fraction of Oils 

Stabilised by Fumed Silica Particles 

4.2.1 Emulsions from Vegetable Oil-PDMS Oil Systems Containing Particles Initially in 

the PDMS Oil Phase 

The powdered particle method was used to prepare these emulsions. However, because 

the fumed silica particles were spontaneously wetted by the PDMS oils once on their surfaces, 

they are generally considered as being initially in the PDMS oil phase. 

4.2.1.1 Oil-in-Oil Emulsions Stabilised by 75% SiOH Fluorinated Fumed Silica Particles 

The emulsions contain equal volumes (5 cm
3
) of the oils and were prepared by the 

powdered particle method as described in chapter 2. They were white, polydisperse, 

unflocculated and either vegetable oil or PDMS oil continuous. The homogenisation of a 

vegetable oil and PDMS 20 cS in the presence of the fumed silica particles gave PDMS 20 cS 

continuous emulsions, whilst that of a vegetable oil and PDMS 50 or 100 cS gave vegetable oil 

continuous emulsions as inferred from the drop test. The unstable PDMS oil continuous 

emulsions creamed, whilst the unstable vegetable oil continuous ones underwent sedimentation 

as expected. Photographs of these emulsions and some of their optical micrographs are shown in 
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Figures 4.1−4.3. The average droplet diameter of the vegetable oil continuous emulsions is 

plotted as a function of particle concentration in Figure 4.4. The stability of the emulsions to 

creaming or sedimentation and coalescence is described (in terms of fvo or fPDMS oil) in Figures 

4.5−4.7 in relation to the particle concentrations. The particle concentrations are with respect to 

the total volume (10 cm
3
) of PDMS oil and vegetable oil in the emulsions. The vegetable oil-in-

PDMS 20 cS emulsions are composed of relatively small droplets compared with the PDMS 50 

cS- and 100 cS-in-vegetable oil emulsions which are composed of even millimetre-size droplets 

at relatively low (0.1‒0.25 wt. %) particle concentrations. Just like in particle-stabilised aqueous 

emulsions,
51,52

 the size of the PDMS 50 cS-and 100 cS-in-vegetable oil emulsion droplets 

decreases as the particle concentration increases and became constant at relatively high particle 

concentrations (Figure 4.4). The control vegetable oil-PDMS oil systems without particles were 

unstable to both creaming or sedimentation and coalescence and separated completely into their 

component phases within an hour after homogenisation. The stability of the emulsions to 

creaming or sedimentation and coalescence increased with increasing particle concentration (as 

expected) leading eventually to stable emulsions at relatively high particle concentrations (1.5−2 

wt. %). At these particle concentrations, the emulsions remained completely stable to 

sedimentation and coalescence for over a month. However, stable vegetable oil-in-PDMS 20 cS 

emulsions were not obtained at all particle concentrations. Even at the highest particle 

concentration (2 wt. %), the emulsions were partially stable to creaming and coalescence. 

Clearly, large amount of particles is required for the stabilisation of these emulsions compared 

with oil-water emulsions where even 1 wt. % of particles can stabilise the emulsions against 

creaming or sedimentation and coalescence.
53
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Figure 4.1. (upper) Photographs of glass vials containing (a) sunflower oil-, (b) olive oil-, (c) 

rapeseed oil-in-PDMS 20 cS emulsions (1 month after preparation) stabilised by different 

concentrations (given, wt. %) of 75% SiOH fluorinated fumed silica particles. The emulsions 

contain equal volumes (5 cm
3
) of vegetable oil and PDMS 20 cS. (lower) Corresponding optical 

micrographs (1 month after preparation) of the emulsions at selected particle concentrations 

(given, wt. %). Scale bar = 100 μm. 
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Figure 4.2. (upper) Photographs of glass vials containing PDMS 50 cS-in-(a) sunflower oil, (b) 

olive oil and (c) rapeseed oil emulsions (1 month after preparation) stabilised by different 

concentrations (given, wt. %) of 75% SiOH fluorinated fumed silica particles. The emulsions 

contain equal volumes (5 cm
3
) of vegetable oil and PDMS 50 cS. (lower) Corresponding optical 

micrographs (1 month after preparation) of the emulsions at selected particle concentrations 

(given, wt. %). Scale bar = 100 μm. 
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Figure 4.3. (upper) Photographs of glass vials containing PDMS 100 cS-in-(a) sunflower oil, (b) 

olive oil and (c) rapeseed oil emulsions (1 month after preparation) stabilised by different 

concentrations (given, wt. %) of 75% SiOH fluorinated fumed silica particles. The emulsions 

contain equal volumes (5 cm
3
) of vegetable oil and PDMS 100 cS. (lower) Corresponding optical 

micrographs (1 month after preparation) of the emulsions at selected particle concentrations 

(given, wt. %). Scale bar = 100 μm. 
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Figure 4.4. Average droplet diameter of 300 droplets of (a) PDMS 50 cS-in-sunflower oil (),  

PDMS 50 cS-in-olive oil () and PDMS 50 cS-in-rapeseed oil () emulsions shown in Figure 

4.2 and (b) PDMS 100 cS-in-sunflower oil (), PDMS 100 cS-in-olive oil () and PDMS 100 

cS-in-rapeseed oil () emulsions shown in Figure 4.3 versus [75% SiOH fluorinated fumed 

silica]. The average droplet diameter of the emulsions was measured (1 month after preparation 

of the emulsions) from the optical micrographs (Figures 4.2 and 4.3) of the emulsions. The 

standard deviation of the measurements decreases from ≈ 40 μm (0.25 wt. % of particles) to ≈ 12 

μm (2 wt. % of particles). The average droplet diameter of the vegetable oil-in-PDMS 20 cS 

emulsions is not shown because majority of the emulsions separated into their component phases 

before optical microscopy. 
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Figure 4.5. Plot of (a) fraction of PDMS 20 cS fPDMS 20 cS and (b) fraction of sunflower oil fsuno, 

fraction of olive oil foo and fraction of rapeseed oil fro released in the sunflower oil-in-PDMS 20 

cS, olive oil-in-PDMS 20 cS and rapeseed oil-in-PDMS 20 cS emulsions, respectively, shown in 

Figure 4.1  versus [75% SiOH fluorinated silica]. The fPDMS 20 cS, fsuno, foo and fro were measured 1 

month after preparation of the emulsions. The stability of the emulsions to creaming is given by 

fPDMS 20 cS whilst that to coalescence is given by fsuno, foo and fro. The error bars represent the 

propagation error in the estimated values of fPDMS 20 cS, fsuno, foo and fro.  
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Figure 4.6. Plot of fraction of sunflower oil fsuno (), fraction of olive oil foo () and fraction of 

rapeseed oil fro (×) released in PDMS 50 cS-in-sunflower oil, PDMS 50 cS-in-olive oil and 

PDMS 50 cS-in-rapeseed oil emulsions, respectively, shown in Figure 4.2 versus [75% SiOH 

fluorinated silica]. The fsuno, foo and fro were measured 1 month after preparation of the emulsions 

as a measure of the stability of the emulsions to sedimentation. The error bars represent the 

propagation error in the estimated values of fsuno, foo and fro. 
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Figure 4.7. Plot of fraction of sunflower oil fsuno (), fraction of olive oil foo () and fraction of 

rapeseed oil fro (×) released in PDMS 100 cS-in-sunflower oil, PDMS 100 cS-in-olive oil and 

PDMS 100 cS-in-rapeseed oil emulsions, respectively, shown in Figure 4.3 versus [75% SiOH 

fluorinated silica]. The fsuno, foo and fro were measured 1 month after preparation of the emulsions 

as a measure of the stability of the emulsions to sedimentation. The error bars represent the 

propagation error in the estimated values of fsuno, foo and fro. 
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4.2.1.2 Oil-in-Oil Emulsions Stabilised by DCDMS-Coated and Fluorinated Fumed Silica 

Particles of Varying Percentage of Surface Residual SiOH Group 

The emulsions contain equal volumes (5 cm
3
) of vegetable oil and PDMS oil and were 

prepared by the powdered particle method. 1 wt. % of fumed silica particles (having 100−14% 

SiOH) was used. The particle concentration is relative to the total volume of PDMS oil and 

vegetable oil in the emulsions. The emulsions were also white, polydisperse and unflocculated. 

Depending on the vegetable oil/PDMS oil/silica particle combination and the % SiOH group on 

the particle surfaces, vegetable oil continuous, PDMS oil continuous or multiple emulsions were 

obtained (Appendix 4). Photographs and optical micrographs of these emulsions are shown in 

Figures 4.8−4.11. An optical micrograph of one of the multiple emulsions is shown also in 

Appendix 5. For the sunflower oil and olive oil/PDMS 20 cS/DCDMS-coated fumed silica 

particle combinations, very unstable PDMS 20 cS-in-sunflower oil and PDMS 20 cS-in-olive oil 

emulsions were obtained with particles having 100−25% surface SiOH group. These emulsions 

separated out almost completely into their component phases within 1 month after preparation as 

shown in Figures 4.12 and 4.13. Relatively stable PDMS 20 cS-in-sunflower oil and relatively 

unstable multiple PDMS 20 cS-olive oil emulsions were obtained with particles having 23% 

surface SiOH group. Thereafter, a transitional phase inversion occurred and relatively stable 

sunflower oil-in-PDMS 20 cS and olive oil-in-PDMS 20 cS emulsions were obtained with 

particles having 20−14% surface residual SiOH group. This type of transitional phase inversion 

has been reported in toluene-water system
7
 and was said to be driven by change in particle 

wettability resulting from the silanisation of the particles with varying amounts of DCDMS. 

After inversion, the kinetic stability of the emulsions was seen to depend on the % SiOH group 

on the particle surfaces with the 14% SiOH silica (having the least % SiOH) giving relatively 

very stable emulsions. These emulsions were stable to creaming and coalescence and did not 

release oil for over a month. For the fluorinated fumed silica particles of surface residual SiOH 

group between 75 and 50%, only sunflower oil-in-PDMS 20 cS emulsions were obtained. The 

stability of these emulsions to creaming and coalescence was seen to depend on the % SiOH 

group on the particle surfaces as expected. As such, between 59 and 50% SiOH, the emulsions 

remained stable to both creaming and coalescence for over a month (Figures 4.12 and 4.13). 

Note that the olive oil-PDMS 20 cS system was not studied with the fluorinated silica particles.  

As with the sunflower oil and olive oil/PDMS 20 cS/DCDMS-coated fumed silica 

particle combinations, transitional phase inversion was also observed in the sunflower oil and 

olive oil/PDMS 50 cS/DCDMS-coated fumed silica particle systems. A similar transitional phase 
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inversion was also observed in the sunflower oil and olive oil/PDMS 100 cS/DCDMS-coated 

fumed silica particle systems. For the sunflower oil/PDMS 50 cS/silica particle combinations, 

relatively stable PDMS 50 cS-in-sunflower oil emulsions were obtained with the 100−23% SiOH 

fumed silica particles. These emulsions were completely stable to coalescence for over a month, 

but relatively unstable to sedimentation and released relatively small fraction of sunflower oil. 

Generally, the fraction of sunflower oil released decreased as the % SiOH group on the particle 

surfaces decreases (Figure 4.14(a)). Transitional phase inversion occurred when the % SiOH 

group on the particle surfaces was between 20−14% and relatively stable sunflower oil-in-PDMS 

50 cS emulsions were obtained. These emulsions were stable to creaming and coalescence for 

over a month and did not release any oil. Similarly, PDMS 50 cS-in-olive oil emulsions were 

obtained for the olive oil-PDMS 50 cS systems with silica particles having % SiOH group 

between 100−23%. Phase inversion was observed in systems having 20 and 14% SiOH group 

giving rising to relatively stable olive oil-in-PDMS 50 cS emulsion and an unstable multiple 

emulsion respectively. The PDMS 50 cS-in-olive emulsions were completely stable to 

coalsescence (except for the 100% SiOH), but were relatively unstable to sedimentation 

releasing small fraction of olive oil. The fraction of olive oil released in the emulsions decreased 

as the % SiOH group on the particle surfaces decreases (Figure 4.14(b)). The olive oil-in-PDMS 

50 cS emulsion, however, was stable to both creaming and coalescence for over a month and did 

not release oil. The formation of multiple emulsions in a single emulsification process in the 

presence of only one fumed silica particle type have been reported in aqueous systems.
54,55

 

Stable toluene-in-1-ethyl-3-methylimidazolium-in-toluene emulsion containing equal volumes of 

the liquids was obtained in a single emulsification process in the presence of 1 wt. % of 47% 

SiOH silica particles.
54

 It was argued that contact angle hysteresis or that the distribution of 

individual particle is such that both emulsion types are formed and stabilised simultaneously 

during the emulsification. Using the powdered particle method, o/w emulsions (containing equal 

volumes of limonene and water) were inverted to o/w/o emulsions and then to w/o emulsions in 

a single emulsification process by increasing the concentration of 51−58% SiOH silica particles 

in the emulsions.
55 

The concentration at which the multiple emulsions occurred was seen to 

increase with the hydrophilicity of the particles. It was argued that the particles behave more 

hydrophilic at relatively low particle concentrations where o/w emulsions occurred, due to 

insubstantial particle aggregation and agglomeration via hydrogen bonds from SiOH groups, 

than at relatively high particle concentrations where w/o emulsions occurred.
55

 Particle 

aggregation and agglomeration was thought to increase with increase in particle concentration-

being moderate at concentrations at which the multiple emulsions occurred and highest at those 
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at which w/o occurred. It is not clear why multiple emulsions were obtained with silica particles 

of certain % SiOH in this study and more work needs to be done to account for their formation. 

A similar trend was observed in the sunflower oil and olive oil/PDMS 100 cS/silica 

systems. Relatively stable PDMS 100 cS-in-sunflower (olive) oil emulsions were obtained with 

the 100−23% SiOH fumed silica particles. Thereafter, a transitional phase inversion occurred 

leading to the formation of sunflower (olive) oil-in-PDMS 100 cS emulsions with particles 

having 20−14% SiOH. The only exception is sunflower oil/PDMS 100 cS/14% SiOH silica 

system where an unstable multiple emulsion was formed. The PDMS 100 cS-in-sunflower 

(olive) oil emulsions were also completely stable to coalsescence, but were relatively unstable to 

sedimentation releasing a small fraction of sunflower (olive) oil. The fraction of sunflower 

(olive) oil released was seen to decrease with decreasing % SiOH group on the silica particle 

surfaces as shown in Figure 4.14. The sunflower (olive) oil-in-PDMS 100 cS emulsions were, 

however, stable to both creaming and coalescence for over a month and did not release oil. The 

relationship between the average droplet diameter of the PDMS 50 cS-in-sunflower (olive) oil 

and PDMS 100 cS-in-sunflower (olive) oil emulsions and the % SiOH group on the fumed silica 

particle surfaces is given in Figure 4.15. Though there are one or two exceptions, the average 

droplet diameter of the emulsions is seen to decrease as the % SiOH on the particle surfaces 

decreases. 

The formation of relatively stable emulsions with the fumed silica particles having 

relatively high percentage of SiOH group (e.g. 100−51%) was not anticipated based on existing 

literature.
34,43

 The formation of emulsions in the presence of these particles might be due to the 

tendency of the particles to behave ‘hydrophobically’ in the oils due to reduction in the effective 

SiOH content on the particles surfaces as a result of gel formation via SiOH−SiOH hydrogen 

bonding. In order to verify this, the manner in which the 100 and 14% SiOH fumed silica 

particles interact with one another once in the PDMS and vegetable oils was investigated. PDMS 

oil and vegetable oil dispersions of these particles were prepared at 2 wt. % and 5 wt. % of the 

particles in screw cap glass vials. Photographs of glass vials containing the oil-particle 

dispersions are shown in Figure 4.16. The PDMS oil dispersions containing 2 wt. % of 100% 

SiOH fumed silica was fluid, but those containing 5 wt. % of the particles gelled. The viscosity 

of the gels was seen (visually) to increase with the viscosity of the PDMS oils. On the contrary, 

the vegetable oil dispersions were fluid at both particle concentrations. However, those 

containing 5 wt. % of the particles were slightly viscous compared with those containing 2 wt. % 

of the particles. For the 14% SiOH fumed silica having relatively small percentage of surface 

SiOH groups, no gel was obtained with the PDMS oils at both 2 wt. % and 5 wt. % of the 



142 

 

particles. However, those containing 5 wt. % of the particles were more viscous than those 

containing 2 wt. % of the particles. From the foregoing, it was inferred that the vegetable oil 

dispersions containing the 14% SiOH fumed silica would also not form gels. These findings 

indicate that the silica particles are interacting more (via hydrogen bonding) in the PDMS oils 

than in the vegetable oils.
56

 Microscopic oil droplets can also be trapped in an oil-particle gel 

contributing to the overall stability of the emulsions. This is different in water where solvation of 

particle surfaces prevents the formation of SiOH−SiOH hydrogen bonding and particles behave 

hydrophilically.
56

  

Figure 4.8. Photographs of glass vials containing sunflower oil-PDMS 20 cS emulsions 

stabilised by 1 wt. % of (a) DCDMS-coated and (b) fluorinated fumed silica particles and (c) 

olive oil-PDMS 20 cS emulsions stabilised by the DCDMS-coated fumed silica particles. The 

photographs were taken 1 month after preparation of the emulsions. The fumed silica particles 

have varying amount of surface residual % SiOH (given). The emulsions contain equal volumes 

(5 cm
3
) of vegetable oil and PDMS 20 cS. As can be seen, the particles remain dispersed in 

sunflower oil and olive oil in systems where relatively unstable emulsions were obtained with 

relatively small number of PDMS 20 cS droplets (see Figure 4.9) in them. 
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Figure 4.9. Corresponding optical micrographs (1 month after preparation) of the emulsions 

shown in Figure 4.8 at selected % of SiOH (given) on the silica surfaces. 
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Figure 4.10. (upper) Photographs of glass vials containing (a) sunflower oil-PDMS 50 cS and 

(b) olive oil-PDMS 50 cS emulsions (1 month after preparation) stabilised by 1 wt. % of 

DCDMS-coated fumed silica particles having varying % of surface residual SiOH group (given). 

The emulsions contain equal volumes (5 cm
3
) of vegetable oil and PDMS 50 cS. (lower) 

Corresponding optical micrographs (1 month after preparation) of the emulsions at selected % 

SiOH (given) on the silica surfaces. Scale bar = 200 μm. 
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Figure 4.11. (upper) Photographs of glass vials containing (a) sunflower oil-PDMS 100 cS and 

(b) olive oil-PDMS 100 cS emulsions (1 month after preparation) stabilised by 1 wt. % of 

DCDMS-coated fumed silica particles having varying % of surface residual SiOH group (given). 

The emulsions contain equal volumes (5 cm
3
) of vegetable oil and PDMS 100 cS. (lower) 

Corresponding optical micrographs (1 month after preparation) of the emulsions at selected % of 

SiOH (given) on the silica surfaces. Scale bar = 200 μm. 
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Figure 4.12. Fraction of PDMS 20 cS fPDMS 20 cS released in PDMS 20 cS-in-sunflower oil 

emulsions stabilised by 1 wt. % of DCDMS-coated fumed silica particles (●) or sunflower oil-in-

PDMS 20 cS emulsions stabilised by 1 wt.% of fluorinated fumed silica particles (○) shown in 

Figure 4.8 versus % SiOH on the fumed silica particle surfaces. fPDMS 20 cS was measured 1 month 

after preparation of the emulsions as a measure of the stability of the emulsions to coalescence 

(●) or creaming (○). The fPDMS 20 cS released in the PDMS 20 cS-in-olive oil emulsions (1 month 

after preparation) is not plotted because the fPDMS 20 cS (sunflower oil emulsions) = fPDMS 20 cS from 

the PDMS 20 cS-in-olive oil emulsions. The only exception is the 23% SiOH silica-stabilised 

multiple olive oil-PDMS 20 cS emulsion where fPDMS 20 cS ≈ 0.2. The error bars are the 

propagation error in the estimated values of fPDMS 20 cS. 

 

 

 

0

0.2

0.4

0.6

0.8

1

10 30 50 70 90

f P
D

M
S

 2
0

 c
S

 

% SiOH 

coalescence 

creaming 



147 

 

Figure 4.13. Fraction of sunflower oil fsuno released in PDMS 20 cS-in-sunflower oil emulsions 

stabilised by 1 wt. % of DCDMS-coated fumed silica particles (●) or sunflower oil-in-PDMS 20 

cS emulsions stabilised by 1 wt.% of fluorinated fumed silica particles (○) shown in Figure 4.8 

versus % SiOH on fumed silica particle surfaces. fsuno was measured 1 month after preparation of 

the emulsions as a measure of the stability of the emulsions to sedimentation (●) or coalescence 

(○). The fraction of olive oil foo released in the PDMS 20 cS-in-olive oil emulsions (1 month 

after preparation) is not plotted because  fsuno = foo from the PDMS 20 cS-in-olive oil emulsions. 

The error bars are the propagation error in the estimated values of fsuno. 
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Figure 4.14. (a) Fraction of sunflower oil fsuno released from PDMS 50 cS-in-sunflower oil (●) 

and PDMS 100 cS-in-sunflower oil (○) emulsions (1 month after preparation) and (b) fraction of 

olive oil foo released from PDMS 50 cS-in-olive oil () and PDMS 100 cS-in-olive oil () 

emulsions (1 month after preparation) shown in Figures 4.10 and 4.11 versus % SiOH on 

DCDMS-coated fumed silica particle surfaces. The fsuno and foo serve as a measure of the stability 

of the emulsions to sedimentation. The error bars are the propagation error in the estimated 

values of fsuno and foo. 
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Figure 4.15. Plot of average droplet diameter of 300 droplets of PDMS 50 cS-in-sunflower oil 

(●), PDMS 100 cS-in-sunflower oil (○), PDMS 50 cS-in-olive oil () and PDMS 100 cS-in-

olive oil () emulsions (1 month after preparation) obtained from their optical micrographs 

shown in Figures 4.10 and 4.11 versus % SiOH on DCDMS-coated fumed silica particle 

surfaces. The standard deviation of the measurements is generally in the range of 50 μm (at 

relatively high % SiOH) to 7 μm (at relatively low % SiOH).  
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Figure 4.16. Photographs of inverted glass vials containing (i) PDMS (a) 20, (b) 50 and (c) 100 

cS  plus 2 wt. % (left) and 5 wt. % (right) of 100% SiOH fumed silica, (ii) (a) sunflower, (b) 

olive and (c) rapeseed oil plus 2 wt. % (left) and 5 wt. % (right) of 100% SiOH fumed silica and 

(iii) PDMS (a) 20, (b) 50 and (c) 100 cS plus 2 wt. % (left) and 5 wt. % (right) of 14% SiOH 

fumed silica particle dispersions (1 week after formation). 

 

 

4.2.1.3 Oil-in-Oil-in-Oil Emulsions Containing Varying Volume Fraction of the Initial  

Oil-in-Oil Emulsions Stabilised by Fumed Silica Particles 

Just like in the case of surfactant-stabilised aqueous emulsions where two different 

surfactants of opposite curvature are required for the stabilisation of multiple or double 

emulsions,
57

 two different particles (e.g. hydrophilic and hydrophobic) are also required for the 

stabilisation of multiple Pickering emulsions. For aqueous multiple Pickering emulsions, 

kinetically stable o/w/o emulsions have been prepared using hydrophilic (inner oil droplets) and 

hydrophobic silica particles (outer water globules) in a double emulsification method.
58,59

 In this 

study, by varying the percentage of surface residual SiOH group on the fumed silica particle 

surfaces in the sunflower oil-PDMS 50 cS and olive oil-PDMS 100 cS systems, it was observed 

that the 100−25% SiOH fumed silica particles prefer to stabilise vegetable oil continuous 

emulsions whilst the 14 and 20% SiOH ones prefer to stabilise PDMS oil continuous emulsions 

(sec. 4.2.1.2). Using a double emulsification method exploiting this variation of emulsion type 

with the particles, o/o/o emulsions were prepared using the 14 and 51% SiOH fumed silica. In 

the first emulsification, simple emulsions containing equal volumes (5 cm
3
) of the oils were 
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prepared by using high shear Ultra-Turrax homogeniser having an operating tool of inner 

diameter 1.3 cm operating at 12000 rpm for 2 min (see sec. 2.2.2.5.2.1). The emulsions were 

prepared by the powdered particle method using 1 wt. % of 14 or 51% SiOH fumed silica in 

screw cap glass vials (inner diameter 2.4 cm and height 7.2 cm). The particle concentration is 

with respect to the total volume of both oils in the emulsions. After preparation of the simple 

emulsions, attempts were made to prepare multiple emulsions using relatively high (6000 rpm 

using Ultra-Turrax homogeniser) and low shear (500 rpm using magnetic stirrer) for the second 

emulsification. Firstly, the simple sunflower oil-in-PDMS 50 cS and olive oil-in-PDMS 100 cS 

emulsions (stabilised by 1 wt. % of 14% SiOH silica) were re-emulsified, respectively, in 

sunflower oil and olive oil dispersions containing 2 wt. % of 51% SiOH silica using low shear or 

high shear. Secondly, the simple PDMS 50 cS-in-sunflower oil and PDMS 100 cS-in-olive oil 

emulsions (stabilised by 1 wt. % of 51% SiOH silica) were re-emulsified, respectively, in 

sunflower oil and olive oil dispersions containing 2 wt. % of 14% SiOH silica using low shear or 

high shear. A photo of glass vials containing the o/o/o emulsions prepared by using low shear 

and their corresponding optical micrographs are shown in Figures 4.17 and 4.18 respectively. 

The sunflower oil-in-PDMS 50 cS-in-sunflower oil and olive oil-in-PDMS 100 cS-in-olive oil 

emulsions contain varying ϕo/o (ca. 0.3−0.7) of stable sunflower oil-in-PDMS 50 cS and olive 

oil-in-PDMS 100 cS emulsions stabilised by 14% SiOH silica (shown in Figure 4.17) 

respectively. The stability of the multiple emulsions to sedimentation is described in Figure 4.19, 

where it can be seen that the multiple emulsions containing ϕo/o = 0.5 are less stable to 

sedimentation compared with those containing ϕo/o ≈ 0.3 and 0.7. On the contrary, using PDMS 

50 cS-in-sunflower oil or PDMS 100 cS-in-olive oil emulsion stabilised by 51% SiOH fumed 

silica (shown in Figure 4.17) as a precursor simple emulsion rather led to catastrophic phase 

inversion and unstable o/o emulsions were obtained. These emulsions were sunflower oil-in-

PDMS 50 cS or olive oil-in-PDMS 100 cS with no clear phase separation (Figure 4.17). It was 

also impossible to prepare multiple emulsions using relatively high shear as it induces 

catastrophic phase inversion. This was investigated with ϕo/o ≈ 0.7. Starting with the relatively 

stable sunflower oil-in-PDMS 50 cS or olive oil-in-PDMS 100 cS emulsion stabilised by 14% 

SiOH fumed silica, relatively unstable PDMS 50 cS-in-sunflower oil and PDMS 100 cS-in-olive 

oil emulsions were obtained (Figure 4.20). Although these emulsions are completely stable to 

coalescence for over a month, the fsuno and foo released from them after a month was ca. 0.10 and 

0.14 respectively. 
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Figure 4.17. (i) Photograph (after 1 month) of glass vials containing initial simple (a) PDMS 50 

cS-in-sunflower oil and (b) PDMS 100 cS-in-olive oil (both stabilised by 51% SiOH silica), (c) 

sunflower oil-in-PDMS 50 cS and (d) olive oil-in-PDMS 100 cS (both stabilised by 14% SiOH 

silica); photographs of glass vials containing ≈ 4.5 cm
3
 of (ii) sunflower oil-in-PDMS 50 cS-in-

sunflower oil (left) and sunflower oil-in-PDMS 50 cS (right) and  (iii) olive oil-in-PDMS 100 

cS-in-olive oil (left) and olive oil-in-PDMS 100 cS (right) emulsions (1 month after preparation). 

The emulsions contain ϕo/o ≈ (a) 0.3, (b) 0.5 and (c) 0.7 of the initial simple emulsions in (i). The 

multiple emulsions in (ii) and (iii) are from the simple sunflower oil-in-PDMS 50 cS or olive oil-

in-PDMS 100 cS emulsions in (i) and are stabilised by 14% SiOH silica (inner droplets) and 

51% SiOH silica (outer droplets). The simple emulsions in (ii) and (iii) are from PDMS 50 cS-in-

sunflower oil and PDMS 100 cS-in-olive oil emulsions, respectively, and are stabilised by of 51 

and 14% SiOH silica.  
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Figure 4.18. Corresponding optical micrographs (1 month after preparation) of (A) the multiple 

and simple emulsions shown in Figure 4.17(ii) and (B) the multiple and simple emulsions shown 

in Figure 4.17(iii). 
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Figure 4.19. Fraction of sunflower oil fsuno (blue bars) and fraction of olive oil foo (red bars) 

released from sunflower oil-in-PDMS 50 cS-in-sunflower oil and olive oil-in-PDMS 100 cS-in-

olive oil emulsions (shown in Figure 4.17) respectively versus the volume fraction of simple 

emulsions ϕo/o in them. fsuno and foo were measured 1 month after preparation of the emulsions as 

a measure of the stability of the emulsions to sedimentation. The error bars represent propagation 

error. 

 

Figure 4.20. (i) Photograph of glass vials containing ≈ 15 cm
3
 of (a) PDMS 50 cS-in-sunflower 

oil and (b) PDMS 100 cS-in-olive oil emulsions (1 month after preparation) stabilised by ≈ 1 wt. 

% of 51% SiOH and ≈ 1 wt. % of 14% SiOH fumed silica particles from an attempt to prepare 

o/o/o emulsions using relatively high shear. The particle concentrations are with respect to the 

volume of the final emulsions. The emulsions contain ϕo/o ≈ 0.7 of initial relatively stable 

sunflower oil-in-PDMS 50 cS or olive oil-in-PDMS 100 cS emulsions stabilised by 1 wt. % of 

14% SiOH silica shown in Figure 4.17. (ii) Corresponding optical micrographs (1 month after 

preparation) of the emulsions in (i). Scale bar = 200 μm. 
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For some particle-stabilised aqueous emulsions, the initial location of the particles in the 
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the initial location of the fumed silica particles in the oil phases was also investigated for 

selected fumed silica particles. Photographs and the corresponding optical micrographs of the o/o 

emulsions (having equal volumes of the oils) prepared by the powdered particle method are 

shown in Figures 4.21−4.23. 75% SiOH fluorinated fumed silica, 51 and 14% SiOH DCDMS-

coated fumed silica particles were used with the oils. Because the oils wet these particles 

spontaneously, the required amount (0.2 g) of particles was placed on the surface of vegetable oil 

or PDMS oil (5 cm
3
). The particles were wetted completely by the oils and entered in them 

before the second oil phase was added. As such, the particles are considered as being initially in 

the vegetable oil or PDMS oil phase. For all the vegetable oil-PDMS oil combinations studied, 

the emulsion type is independent of the initial location of the particles (Table 4.2). The stability 

of the emulsions to creaming or sedimentation and coalescence is also summarised in Table 4.2 

in terms of the necessary oil phase separated in a month along with their average droplet 

diameter. In some cases, the average droplet diameter of the emulsions is smaller if the particles 

are initially in the vegetable oil phase compared with when the particles are initially in the 

PDMS oil phase. Many of the emulsions are more kinetically stable if the particles are initially in 

the vegetable oil phase compared with when they are in the PDMS oil phase. These observations 

might be due to the interaction of the particles once in the vegetable oil or PDMS oil phase. 

Figure 4.21. Photographs of glass vials containing emulsions of sunflower oil-PDMS (a) 20, (b) 

50 and (c) 100 cS (left), olive oil-PDMS (a) 20, (b) 50 and (c) 100 cS (middle) and rapeseed oil-

PDMS (a) 20, (b) 50 and (c) 100 cS (right) systems (1 month after preparation) stabilised by 1 

wt. % of 75% SiOH fluorinated fumed silica particles. The emulsions contain equal volumes (5 

cm
3
) of the oils and were prepared by the powdered particle method. The particles (1 wt. %) 

were initially in the (i) PDMS oil or (ii) vegetable oil phase. The emulsions are (a) PDMS 20 cS 

continuous and vegetable oil continuous for (b) and (c), irrespective of the initial location of the 

particles. 
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Figure 4.22. Corresponding optical micrographs (1 month after preparation) of the emulsions 

shown in Figure 4.21. Scale bar = 100 μm. 
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Figure 4.23. Photographs of glass vials containing emulsions (1 month after preparation) of (a) 

PDMS 50 cS-in-sunflower oil stabilised by 1 wt. % of 51 % SiOH fumed silica and (b) 

sunflower oil-in-PDMS 50 cS stabilised by 1 wt. % of 14% SiOH fumed silica (left); (a) PDMS 

100 cS-in-olive oil stabilised by 1 wt. % of 51% SiOH fumed silica and (b) olive oil-in-PDMS 

100 cS stabilised by 1 wt. % of 14% SiOH fumed silica (right). The emulsions contain equal 

volumes (5 cm
3
) of the oils and were prepared by the powdered particle method. The particles (1 

wt. %) were initially in the (i) PDMS oil or (ii) vegetable oil phase. (lower) Corresponding 

optical micrographs (1 month after preparation) of the emulsions. Scale bar = 200 μm. 
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Table 4.2. Emulsion type, average droplet diameter (± standard deviation of 300 droplets), 

estimated fraction of vegetable oil fvo and PDMS oil fPDMS oil released from the emulsions (1 

month after preparation) described in Figures 4.21−4.23. fPDMS oil and fvo provide a measure of the 

stability of the emulsions to creaming and coalescence, respectively, for PDMS oil continuous 

emulsions. For vegetable oil continuous emulsions, fPDMS oil indicates stability to coalescence and 

fvo indicates stability to sedimentation. The propagation error in values of fPDMS oil and fvo ≈ 0.002. 

  Average droplet     

Emulsion diameter/μm fvo fPDMS oil 

Particles initially in the PDMS oil phase 

   1 wt. % of 75% SiOH fluorinated fumed silica 

   Sunflower oil-in-PDMS 20 cS 73 ± 40 ≈ 1 ≈ 1 

PDMS 50 cS-in-sunflower oil 53 ± 17 0.2 0 

PDMS 100 cS-in-sunflower oil 53 ± 15 0.2 0 

Olive oil-in-PDMS 20 cS 58 ± 24 ≈ 1 ≈ 1 

PDMS 50 cS-in-olive oil 61 ± 18 0.1 0 

PDMS 100 cS-in-olive oil 65 ± 20 0.1 0 

Rapeseed oil-in-PDMS 20 cS 22 ± 12 ≈ 1 ≈ 1 

PDMS 50 cS-in-rapeseed oil 67 ± 22 0.1 0 

PDMS 100 cS-in-rapeseed oil 72 ± 20 0.2 0 

1 wt. % of 51% SiOH DCDMS-coated fumed silica 

   PDMS 50 cS-in-sunflower oil 61 ± 20 0.03 0 

PDMS 100 cS-in-olive oil 53 ± 22 0.05 0 

1 wt. % of 14% SiOH DCDMS-coated fumed silica 

   Sunflower oil-in-PDMS 50 cS 29 ± 12 0 0 

Olive oil-in-PDMS 100 cS 45 ± 14 0 0 

Particles initially in the vegetable oil phase 

   1 wt. % of 75% SiOH fluorinated fumed silica 

   Sunflower oil-in-PDMS 20 cS 37 ± 20 ≈ 1 ≈ 1 

PDMS 50 cS-in-sunflower oil 39 ± 12 0 0 

PDMS 100 cS-in-sunflower oil 35 ± 12 0.004 0 

olive oil-in-PDMS 20 cS 39 ± 25 ≈ 1 ≈ 1 

PDMS 50 cS-in-olive oil 64 ± 17 0.004 0 

PDMS 100 cS-in-olive oil 50 ± 13 0.004 0 

Rapeseed oil-in-PDMS 20 cS 81 ± 39 ≈ 1 ≈ 1 

PDMS 50 cS-in-rapeseed oil 49 ± 15 0.004 0 

PDMS 100 cS-in-rapeseed oil 42 ± 13 0.01 0 

1 wt. % of 51% SiOH DCDMS-coated fumed silica 

   PDMS 50 cS-in-sunflower oil 45 ± 29 ≈ 1 ≈ 1 

PDMS 100 cS-in-olive oil 74 ± 33 0.01 0 

1 wt. % of 14% SiOH DCDMS-coated fumed silica 

   Sunflower oil-in-PDMS 50 cS 26 ± 8 0 0 

Olive oil-in-PDMS 100 cS 21 ± 7 0 0 
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4.3 Oil-in-Oil Emulsions Containing Equal Volume Fraction of Oils 

Stabilised by Fluorinated Platelet Clay Particles 

The PF-5 Eight Pearl 300S-Al fluorinated sericite particles were also used to prepare o/o 

emulsions comprising of equal volumes (5 cm
3
) of vegetable and PDMS oils. The powdered 

particle method was used to make the emulsions. Unlike with the 75% SiOH fluorinated fumed 

silica particles where relatively stable o/o emulsions were obtained with many of the vegetable 

oil-PDMS oil combinations especially at relatively high particle concentrations, none of these 

combinations yielded a relatively stable o/o emulsion in the presence of the PF-5 Eight Pearl 

300S-Al sericite particles even at high particle concentrations. Photographs of glass vials 

containing the emulsions are shown in Figures 4.24, 4.26 and 4.28 along with their optical 

micrographs. The emulsions obtained are also white, polydisperse and unflocculated. They are 

all vegetable oil-in-PDMS oil emulsions compared with the fluorinated fumed silica particle-

stabilised ones where a transitional phase inversion resulted on going from PDMS 20 cS to 

PDMS 50 and 100 cS, yielding vegetable oil continuous emulsions. For sunflower and rapeseed 

oil-PDMS 100 cS combinations, the emulsions were kinetically very unstable within the particle 

concentration studied and separated out completely into the component phases within a month 

with the particles being largely in the PDMS oil phase (Figures 4.24 and 4.26). The rest of the 

vegetable oil-in-PDMS oil emulsions were also kinetically unstable, but did not separate out 

completely into their component phases especially at relatively high particle concentrations. 

Unlike the fumed silica-stabilised emulsions which are made up of relatively small (micrometer-

size) oil droplets, these emulsions are composed of relatively large oil droplets of average droplet 

diameter of > 0.2 mm. In fact, at relatively low particle concentrations (≤ 0.5 wt. %), the 

emulsion droplets are large enough to be seen with the eye. The stability of the emulsions to 

creaming and coalescence is given in Figures 4.25, 4.27 and 4.29 in terms of fPDMS oil and fvo, 

respectively. Generally, the stability of the emulsions to creaming and coalescence was seen to 

increase as the particle concentration increases. By and large, at relatively high particle 

concentrations (≥ 1 wt. %), the emulsions are completely stable to coalescence for over a month 

but still susceptible to creaming. 

As mentioned in chapter 2, the effect of particle fluorination on the stability of the 

emulsions was investigated in the sunflower oil-PDMS 20 cS system. The powdered particle 

method was used to make the emulsions in the presence of 1 wt. % of PF-0 Eight Pearl 300S-Al, 

PF-5, 8, 10 and 12 Eight Pearl 300S-Al fluorinated sericite. The emulsions contain equal 

volumes (5 cm
3
) of sunflower oil and PDMS 20 cS. Particle concentration is with respect to the 
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total volume of PDMS 20 cS and sunflower oil in the emulsions. These emulsions (Figure 4.30) 

are also white, polydisperse and unflocculated. Whilst a very unstable sunflower oil-in-PDMS 20 

cS emulsion was obtained with the unmodified sericite particles, the fluorinated ones formed 

relatively stable sunflower oil-in-PDMS 20 cS emulsions of the same kinetic stability. Even 

though the degree of fluorination of the particles differs significantly from each other as 

indicated by the estimated apparent γsa, fPDMS 20 cS released in a month ≈ 0.5 (Figure 4.31). The 

emulsions were all stable to coalescence and no vegetable oil was released.  

Figure 4.24. (upper) Photographs of glass vials containing sunflower oil-in-PDMS (a) 20, (b) 50 

and (c) 100 cS emulsions (1 month after preparation), stabilised by different concentrations 

(given, wt. %) of PF-5 Eight Pearl 300S-Al particles. The emulsions contain equal volumes (5 

cm
3
) of the oils and were prepared by the powdered particle method. (lower) Corresponding 

optical micrographs (1 month after preparation) of the emulsions stabilised by the given 

concentrations (wt. %) of PF-5 Eight Pearl 300S-Al particles. Also shown on the optical 

micrographs is the average droplet diameter of the emulsions (1 month after preparation). The 

emulsion droplet diameter is in the range of 113−885 μm (at 1 wt. % of particles) and 92−510 

μm (at > 1 wt. % of particles). 
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Figure 4.25. Fraction of sunflower oil fsuno (●) and fraction of PDMS oil fPDMS oil (○) released 

from sunflower oil-in-PDMS (a) 20 and (b) 50 cS emulsions (1 month after preparation) shown 

in Figure 4.24 versus [PF-5 Eight Pearl 300S-Al]. The fPDMS 20 cS (fPDMS 50 cS) and fsuno represent 

the stability of the emulsions to creaming and coalescence respectively. The error bars represent 

propagation error. 
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Figure 4.26. (upper) Photographs of glass vials containing rapeseed oil-in-PDMS (a) 20, (b) 50 

and (c) 100 cS emulsions (1 month after preparation), stabilised by different concentrations 

(given, wt. %) of PF-5 Eight Pearl 300S-Al sericite particles. The emulsions contain equal 

volumes (5 cm
3
) of the oils and were prepared by the powdered particle method. (lower) 

Corresponding optical micrographs (1 month after preparation) of the emulsions stabilised by the 

given concentrations (wt. %) of PF-5 Eight Pearl 300S-Al sericite particles. Also given on the 

optical micrographs is the average droplet diameter of the emulsions (1 month after preparation). 

The emulsion droplet diameter is in the range of 80−582 μm (at 1 wt. % of particles) and 46−407 

μm (at > 1 wt. % of particles). 
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Figure 4.27. Fraction of rapeseed oil fro (●) and fraction of PDMS oil fPDMS oil (○) released from 

rapeseed oil-in-PDMS (a) 20 and (b) 50 cS emulsions (1 month after preparation) shown in 

Figure 4.26 versus [PF-5 Eight Pearl 300S-Al]. The fPDMS 20 cS (fPDMS 50 cS) and fro represent the 

stability of the emulsions to creaming and coalescence respectively. The error bars represent 

propagation error. 
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Figure 4.28. (upper) Photographs of glass vials containing olive oil-in-PDMS (a) 20, (b) 50 and 

(c) 100 cS emulsions (1 month after preparation), stabilised by different concentrations (given, 

wt. %) of PF-5 Eight Pearl 300S-Al sericite particles. The emulsions contain equal volumes (5 

cm
3
) of the oils and were prepared by the powdered particle method. (lower) Corresponding 

optical micrographs (1 month after preparation) of the emulsions stabilised by the given 

concentrations (wt. %) of PF-5 Eight Pearl 300S-Al particles. The average droplet diameter of 

the emulsions (1 month after preparation) is also given on the optical micrographs. The emulsion 

droplet diameter is in the range of 128−677 μm (at 1 wt. % of particles) and 73−411 μm (at > 1 

wt. % of particles). 
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Figure 4.29. Fraction of olive oil foo (●) and fraction of PDMS oil fPDMS oil (○) released from 

olive oil-in-PDMS (a) 20, (b) 50 and (c) 100 cS emulsions (1 month after preparation) shown in 

Figure 4.28 versus [PF-5 Eight Pearl 300S-Al]. The fPDMS 20 cS, fPDMS 50 cS or fPDMS 100 cS and foo 

represent the stability of the emulsions to creaming and coalescence respectively. The error bars 

represent propagation error. 
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Figure 4.30. (upper) Photograph of glass vials containing sunflower oil-in-PDMS 20 cS 

emulsions (1 month after preparation) stabilised by 1 wt. % of (a) PF-0 Eight Pearl 300S-Al, PF-

(b) 5, (c) 8, (d) 10 and (e) 12 Eight Pearl 300S-Al fluorinated sericite particles. Particle 

concentration is relative to the total volume of PDMS 20 cS and sunflower oil in the emulsions. 

The emulsions contain equal volumes (5 cm
3
) of sunflower oil and PDMS 20 cS and were 

prepared by the powdered particle method. (lower) Corresponding optical micrographs (1 month 

after preparation) of the emulsions for PF-(a) 5, (b) 8, (c) 10 and (d) 12 Eight Pearl 300S-Al 

fluorinated sericite particle-stabilised emulsions. The average droplet diameter of 300 droplets 

(standard deviation ≈ 100 μm) of the emulsions is also shown on the optical micrographs. 

 

 

Figure 4.31. Fraction of PDMS 20 cS fPDMS 20cS released from sunflower oil-in-PDMS 20 cS 

emulsions stabilised by 1 wt. % of PF-0 Eight Pearl 300S-Al and PF-5 to 12 Eight Pearl 300S-Al 

fluorinated sericite particles shown in Figure 4.30 versus apparent surface energy γsa of the 

particles. fPDMS 20cS was measured 1 month after preparation of the emulsions as a measure of 

their stability to creaming. The emulsions were stable to coalescence for over a month and no 

sunflower oil was released. The error bars represent propagation error. 
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4.4 Sunflower oil-PDMS 20 cS Emulsions Stabilised by Fluorinated ZnO, 

Fluorinated Clay, Polytetrafluoroethylene, rod-shaped CaCO3, Calofort 

SV and Bentone 34 Particles  

Emulsions comprising of equal volumes (5 cm
3
) of sunflower oil and PDMS 20 cS were 

also prepared in the presence of 1 wt. % of PFX-10 ZnO (TP), PFX-10 Kunipia F, PF-10 FSE-

Al, PF-10 Eight Pearl 300S-Al
a
, Bentone 34, PTFE, rod-shaped CaCO3 or Calofort SV particles. 

The Particle concentration is with respect to the total volume of sunflower oil and PDMS 20 cS 

in the emulsions. PFX-10 Kunipia F and rod-shaped CaCO3 particles are hydrophilic whilst the 

rest of the particles are hydrophobic. The aim of the study is to know whether these particles can 

also be used as sole stabilisers of o/o emulsions. The emulsions were prepared by the powdered 

particle method. The PFX-10 Kunipia F and rod-shaped CaCO3 particles formed very unstable 

PDMS 20 cS-in-sunflower oil emulsions that separated out almost completely into their 

component phases within 4 days after preparation. The PF-10 Eight Pearl 300S-Al
a
, PF-10 FSE-

Al, PFX-10 ZnO (TP),  PTFE, Calofort SV and Bentone 34 particles formed sunflower oil-in-

PDMS 20 cS. These emulsions (Figure 4.32) are also white, polydisperse and unflocculated with 

average droplet diameter of > 0.2 mm except the Calofort SV particle-stabilised emulsion whose 

droplets are non-spherical. The possible reasons for formation of non-spherical emulsion 

droplets have been discussed in chapeter 3 (sec. 3.7). The Bentone 34 particle-stabilised 

emulsion was also very unstable and separated out almost completely into its component phases 

within 4 days after preparation. Apart from the PFX-10 ZnO (TP) particle-stabilised emulsion 

which released about 10 v/v. % of sunflower oil, the rest of the emulsions were completely stable 

to coalescence for over a month and did not release sunflower oil. However, these emulsions 

released > 50 v/v. % of PDMS 20 cS due to creaming as shown in Figure 4.33. 

For the sunflower oil-PDMS 20 cS system studied, the hydrophilic particles prefer to 

stabilise PDMS 20 cS-in-sunflower oil emulsions whilst the hydrophobic ones prefer to stabilise 

sunflower oil-in-PDMS 20 cS emulsions. The former emulsions are very unstable compared with 

the latter ones. The origin of this difference is not clear as the particles are of different shape, 

size and chemical composition, but might be due to the wettability of the particles. 
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Figure 4.32. (upper) Photograph of glass vials containing (i) PDMS 20 cS-in-sunflower oil 

emulsions stabilised by 1 wt. % of (a) rod-shaped CaCO3 and (b) PFX-10 Kunipia F particles 

and (ii) sunflower oil-in-PDMS 20 cS emulsions stabilised by 1 wt. % of (a) PFX-10 ZnO (TP), 

(b) PF-10 Eight Pearl 300S-Al
a
, (c) PF-10 FSE-Al, (d) Bentone 34, (e) PTFE and (f) Calofort SV 

particles. The emulsions were prepared by the powdered particle method and they contain equal 

volumes (5 cm
3
) of the oils. (lower) Corresponding optical micrographs of the sunflower oil-in-

PDMS 20 cS emulsions stabilised by (a) PF-10 Eight Pearl 300S-Al
a
, (b) PF-10 FSE-Al and (c) 

Calofort SV particles. The photograph and optical micrographs were obtained 1 month after 

preparation of the emulsions. Also shown on the optical micrographs of the PF-10 Eight Pearl 

300S-Al
a
 and PF-10 FSE-Al particle-stabilised emulsions are the average droplet diamater of 

300 droplets (standard deviation ≈ 100 μm) of the emulsions. 
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Figure 4.33. Fraction of PDMS 20 cS fPDMS 20cS released from sunflower oil-PDMS 20 cS 

emulsions stabilised by 1 wt. % of solid particles (given) shown in Figure 4.32 versus (a) 

apparent surface energy of the particles and (b) other (particles) given. The emulsions are PDMS 

20 cS-in-sunflower oil (for PFX-10 Kunipia F and rod-shaped CaCO3) or sunflower oil-in-

PDMS 20 cS (for all other particles). fPDMS 20 cS was measured 1 month after preparation of the 

emulsions as a measure of the stability of the emulsions to creaming or coalescence. The error 

bars represent propagation error. 
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4.5 Oil-Oil Emulsions Containing Varying Volume Fraction of Sunflower 

Oil and PDMS 50 cS Stabilised by Fluorinated Silica and Fluorinated 

Sericite Particles 

Using ternary phase diagrams, Nonomura et al.
38,39,60

 have shown that ten different 

materials (inclusive of emulsions) can be obtained from shearing solid particle/liquid-1/liquid-2 

mixtures depending on the fraction of the components of the mixture. Apart from emulsions 

which can exist in the presence of an excess phase of one of the liquids, these materials can be a 

‘powder’ if the fraction of liquid-1 and 2 are relatively low compared with the solid particles and 

as such the powder contains liquid-1 and 2 in the inner spaces between the solid particles or a 

‘separated liquid’ in which a transparent liquid is separated from the powdered mixture. Some of 

these materials were also observed in this work upon varying the volume fraction of sunflower 

oil ϕsuno between 0.05 and 0.9 in sunflower oil-PDMS 50 cS system in the presence of 1 wt. % of 

75% SiOH fluorinated fumed silica or PF-5 Eight Pearl 300S-Al fluorinated sericite particles. 

The particle concentration is with respect to the total volume (10 cm
3
) of sunflower oil and 

PDMS 50 cS in the emulsions. Photographs of glass vials containing these systems are shown in 

Figure 4.34 and their optical microscope images at selected ϕsuno are shown in Figure 4.35. 

Catastrophic phase inversion was induced upon increasing ϕsuno. For the 75% SiOH fluorinated 

fumed silica/sunflower oil/PDMS 50 cS mixtures, catastrophic phase inversion was observed at 

ϕsuno of between 0.4 and 0.5. Initially, a ‘separated oil state,’ a sunflower oil-in-PDMS 50 cS 

emulsion and a multiple emulsion were formed at ϕsuno ≤ 0.1, (0.2 and 0.4) and 0.3 respectively. 

The multiple emulsion dispersed readily in PDMS 50 cS. PDMS 50 cS-in-sunflower oil 

emulsions were then observed at ϕsuno > 0.4 due to catastrophic phase inversion. These emulsions 

are white. The droplets of the multiple and the simple emulsions are polydisperse and looked 

somewhat flocculated in some cases. The sunflower oil-in-PDMS 50 cS emulsion at ϕsuno = 0.2 

was unstable, but had no clear phase separation. At ϕsuno = 0.4, the sunflower oil-in-PDMS 50 cS 

emulsion was stable to coalescene for over a month but prone to creaming and released ≈ 75 v/v. 

% of PDMS 50 cS within a month. The multiple emulsion was stable to coalescence for over a 

month, but susceptible to creaming and as such released ≈ 52 v/v. % of PDMS 50 cS within a 

month. The PDMS 50 cS-in-sunflower oil emulsions were also stable to coalescence for over a 

month, but prone to sedimentation and the degree of sedimentation was observed to increase as 

ϕsuno increases (Figure 4.36). Catastrophic phase inversion was seen at ϕsuno of between 0.5 and 

0.6 for the PF-5 Eight Pearl 300S-Al fluorinated sericite particles/sunflower oil/PDMS 50 cS 

mixtures. However, unlike with the 75% SiOH fluorinated silica, only sunflower oil-in-PDMS 
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50 cS and PDMS 50 cS-in-sunflower oil emulsions were obtained. At ϕsuno ≤ 0.1, the sunflower 

oil-in-PDMS 50 cS emulsions occurred in the presence of excess PDMS 50 cS. The emulsions at 

ϕsuno = 0.2−0.5 were susceptible to creaming, but stable to coalescence for over a month. The 

degree of creaming in the emulsions was seen to decrease with increasing ϕsuno (Figure 4.37). 

PDMS 50 cS-in-sunflower oil emulsions occurred at ϕsuno > 0.5 due to catastrophic phase 

inversion. These emulsions were very unstable and separated out completely into their 

component phases within a week. The average droplet diameter of the fluorinated silica particle-

stabilised PDMS 50 cS-in-sunflower oil emulsions and the PF-5 Eight Pearl 300S-Al particle-

stabilised sunflower oil-in-PDMS 50 cS emulsions are plotted in Figure 4.38 as a function of 

ϕsuno in the emulsions. The average droplet diameter of the latter emulsions was seen to decrease 

with increasing ϕsuno whilst that of the former emulsions increased as ϕsuno increases. 

Figure 4.34. Photographs of glass vials containing (a) a ‘separated oil state’, sunflower oil-in-

PDMS 50 cS, PDMS 50 cS-in-sunflower oil or multiple emulsions stabilised by 1 wt. % of 75% 

SiOH fluorinated silica particles and (b) sunflower oil-in-PDMS 50 cS or PDMS 50 cS-in-

sunflower oil emulsions stabilised by 1 wt. % of PF-5 Eight Pearl 300S-Al fluorinated sericite 

particles containing varying volume fraction of sunflower oil ϕsuno (given). The photographs were 

taken 1 month after preparation of the materials. 
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Figure 4.35. Corresponding optical micrographs (1 month after preparation) of the systems 

shown in Figure 4.34 at selected ϕsuno (given). (a) 75% SiOH fluorinated silica-stabilised 

materials and (b) PF-5 Eight Pearl 300S-Al fluorinated particle-stabilised materials. Scale bar 

represents 100 μm. 
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Figure 4.36. (a) Fraction of PDMS 50 cS fPDMS 50cS () and (b) fraction of sunflower oil fsuno (●) 

released from sunflower oil-PDMS 50 cS emulsions shown in Figure 4.34 (1 month after 

preparation) stabilised by 1 wt. % of 75% SiOH fluorinated silica particles versus volume 

fraction of sunflower oil ϕsuno in the emulsions. The propagation error in the estimated values of 

fPDMS 50cS and fsuno is ≈ ± 0.02. The emulsions (sunflower oil-in-PDMS 50 cS and PDMS 50 cS-

in-sunflower oil) are separated by the dotted vertical line. 
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Figure 4.37. (a) Fraction of PDMS 50 cS fPDMS 50cS (○) and (b) fraction of sunflower oil fsuno (×) 

released from sunflower oil-PDMS 50 cS emulsions shown in Figure 4.34 (1 month after 

preparation) stabilised by 1 wt. % of PF-5 Eight Pearl 300S-Al fluorinated sericite particles 

versus volume fraction of sunflower oil ϕsuno in the emulsions. The propagation error in the 

estimated values of fPDMS 50cS and fsuno is ≈ ± 0.02. The emulsions (sunflower oil-in-PDMS 50 cS 

and PDMS 50 cS-in-sunflower oil) are separated by the dotted vertical line. 
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Figure 4.38. Average droplet diameter of 300 droplets of PDMS 50 cS-in-sunflower oil 

emulsions (1 month after preparation) stabilised by 1 wt. % of 75% SiOH fluorinated fumed 

silica (○) and sunflower oil-in-PDMS 50 cS emulsions (1 month after preparation) stabilised by 

1 wt. % of PF-5 Eight Pearl 300S-Al fluorinated sericite (●) shown in Figure 4.34 versus volume 

fraction of sunflower oil ϕsuno in the emulsions. The standard deviation of the measurements 

increases from 6 μm (ϕsuno = 0.05) to 100 μm (ϕsuno = 0.5) for the PDMS 50 cS-in-sunflower oil 

emulsions, but decreases from 17 μm (ϕsuno = 0.5) to 2 μm (ϕsuno =  0.9) for the sunflower oil-in-

PDMS 50 cS emulsions. 
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4.6 Solid Particle-Oil-Oil Three-Phase Contact Angles and Emulsion Type 

The values of θoo (through PDMS oil) for the sunflower (olive) oil/PDMS oil/DCDMS-

coated fumed silica particle systems calculated by using equation 2.15 are given in Appendix 4. 

The θoo increases as the % SiOH on the fumed silica particles increases (Figure 4.39). This is in 

contrast to oil/water/silica particle systems where the θow decreases with increasing % SiOH on 

the silica particle surfaces.
61

 Obviously, the calculated θoo values (as low as 0° and as high as 

180°) for the above-named systems are unrealistic and do not correlate with the type of 

emulsions stabilised by some of the fumed silica particles. For example, they predict sunflower 

oil-in-PDMS oil at low % SiOH and PDMS oil-in-sunflower oil at high % SiOH but did not 

predict the position of inversion. In addition, they are sensitive to the
p

o and 
d

o of the vegetable 

oils and PDMS oils tensions (which are not known precisely) as shown in Figure 4.40 for 

sunflower oil-PDMS 20 cS system and cannot be trusted. Figure 4.40 shows that calculated 

values of θoo increase with increasing 
p

o of sunflower oil, but decrease with increasing 
p

o of 

PDMS 20 cS. As a result, the position of inversion (θoo = 90°) varies. The θo of the individual 

oils in air and of θoo of the PDMS oils in sunflower/olive oil, measured on hydrophilic and 

DCDMS-coated glass slides (through the PDMS oil phase) and the type of emulsion obtained in 

any sunflower/olive oil-PDMS oil combinations are given in Table 4.3. As envisaged, for PDMS 

oil-sunflower/olive oil systems where θoo < 90° (> 90°), sunflower/olive oil-in-PDMS oil (PDMS 

oil-in-sunflower/olive oil) emulsions were obtained. The only exceptions are sunflower 

oil/PDMS 100 cS/14% SiOH silica and olive oil/PDMS 50 cS/14% SiOH silica where relatively 

unstable multiple emulsions were rather obtained. This finding is consistent with the principle 

developed by Finkle et al.
16

 in aqueous systems which says that ‘in a mixture of two liquid 

phases and solid particles, the liquid phase wetting the particles less (more) becomes the 

dispersed (continuous) phase when the mixture is homogenised.’ This is the first time this 

principle has been verified in oil/oil/particle systems. 
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Figure 4.39. Plot of θoo (through PDMS oil) versus % SiOH on DCDMS-coated fumed silica 

particle surfaces for sunflower oil-PDMS 20 cS (diamonds), sunflower oil-PDMS 50 cS (circles) 

and sunflower oil-PDMS 100 cS (triangles) systems calculated by using equation 2.15 for 

measured (filled symbols) and calculated (open symbols) 
21oo . For the calculations, γo

p
 = 0.4 

mN m
−1

 and γo
d
 = 32.9 mN m

−1
 for sunflower oil, γo

p
 = 0.9 mN m

−1
 and γo

d
 = 19.9 mN m

−1
 for 

PDMS 20 cS, γo
p
 = 0.9 mN m

−1
 and γo

d
 = 20.1 mN m

−1
 for PDMS 50 cS and γo

p
 = 0.9 mN m

−1
 

and γo
d
 = 20.5 mN m

−1
 for PDMS 100 cS as given in Table 2.14. Inset: sketch of a silica particle 

at sunflower oil-PDMS oil interface. 
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Figure 4.40. Plot of θoo versus % SiOH on DCDMS-coated fumed silica particle surfaces for 

sunflower oil-PDMS 20 cS at (a) γo
p
; γo

d
 = 0; 33.3 (+), 0.2; 33.1 (), 0.4; 32.9 (), 0.6; 32.7 (), 

1; 32.3 (×) and 1.4; 31.9 () mN m
−1

 for sunflower oil and γo
p
; γo

d
 = 0.9; 19.9 mN m

−1
 for 

PDMS 20 cS and (b) γo
p
; γo

d
 = 0; 20.8 (+), 0.2; 20.6 (), 0.4; 20.4 (), 0.6; 20.0 (), 1; 19.8 (×) 

and 1.4; 19.4 () mN m
−1

 for PDMS 20 cS and γo
p
; γo

d
 = 0.4; 32.9 mN m

−1
 for sunflower oil. 
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Table 4.3. Advancing (first entry) and receding (second entry) of θo (through oil) of the 

individual oils in air and advancing (first entry) and receding (second entry) of θoo (through 

PDMS oil) of the PDMS oils in the vegetable oils, measured on (a) hydrophilic and (b) DCDMS-

coated glass slides and the type of emulsion formed in any vegetable oil-PDMS oil combination. 

Also shown is whether the emulsions stabilised by the 100 and 14% SiOH silica, considered to 

be equivalent to the hydrophilic and DCDMS-coated glass slides, respectively, are expected () 

or not (). The θo(θoo) is quoted to ± 1(2°) which is the standard deviation of four separate 

measurements. 
a
Contact angle is θwa (through water). 

b
Contact angle is θow (through water). The 

values of the θwa on the hydrophilic and DCDMS-coated glass slides are consistent with the 

literature.
54

  

Glass 

surface  System 

 

θo/θoo Emulsion type 

 

Comment 

(a) Water  < 5, 0
a
   

 

Sunflower oil < 5, 0 

 

 

 

Olive oil < 5, 0 

 

 

 

PDMS 20 cS < 1, 0 

 

 

 

PDMS 50 cS < 1, 0 

 

 

 

PDMS 100 cS < 1, 0 

 

 

 Sunflower oil-water 52, 32
b
 Not studied  

 Olive oil-water 43, 19
b
 Not studied  

 

Sunflower oil-PDMS 20 cS 150, 150 Unstable PDMS 20 cS-in-sunflower oil  

 

Sunflower oil-PDMS 50 cS 148, 160 Stable PDMS 50 cS-in-sunflower oil  

 

Sunflower oil-PDMS 100 cS 152, 158 Stable PDMS 100 cS-in-sunflower oil  

 

Olive oil-PDMS 20 cS 148, 151 Unstable PDMS 20 cS-in-olive oil  

 

Olive oil-PDMS 50 cS 148, 150 Unstable PDMS 50 cS-in-olive oil  

 

Olive oil-PDMS 100 cS 152, 154 Stable PDMS 100 cS-in-olive oil  

(b) Water  107, 110
a
 

 

 

 

Sunflower oil 52, 35 

 

 

 

Olive oil 58, 34 

 

 

 

PDMS 20 cS < 2, 0 

 

 

 

PDMS 50 cS < 2, 0 

 

 

 

PDMS 100 cS < 2, 0 

 

 

 Sunflower oil-water 168, 171
b
 Not studied  

 Olive oil-water 167, 169
b
 Not studied  

 Sunflower oil-PDMS 20 cS 67, 44 Stable sunflower oil-in-PDMS 20 cS  

 Sunflower oil-PDMS 50 cS 72, 34 Stable sunflower oil-in-PDMS 50 cS  

 Sunflower oil-PDMS 100 cS 81, 42 Unstable multiple emulsion  

 Olive oil-PDMS 20 cS 70, 36 Stable olive oil-in-PDMS 20 cS  

 Olive oil-PDMS 50 cS 82, 32 Unstable multiple emulsion  

 Olive oil-PDMS 100 cS 71, 45 Stable olive oil-in-PDMS 100 cS  
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4.7 Conclusions 

Oil-oil Pickering emulsions comprising of sunflower/olive/rapeseed oil and PDMS oils 

(20−50 cS) were prepared using DCDMS-coated and fluorinated fumed silica particles having % 

surface SiOH group of 100−14 and 75−50%, respectively, fluorinated ZnO,  fluorinated sericite 

and bentonite clay particles as stabilisers. Other solid particles like rod-shaped CaCO3, PTFE, 

Bentone 34 and Calofort SV were also used. The emulsions (average droplet diameter of mm to 

μm) were either vegetable oil or PDMS oil continuous depending on the particle type and the % 

of surface SiOH group for the DCDMS-coated fumed silica particles. The kinetic stability of the 

emulsions increased with increasing particle concentration, as expected. Some of the emulsions 

containing relatively high particle concentration (≥ 1 wt. %) remained stable for over a month, 

but some did not. The stable emulsions where white and composed of polydisperse and 

unflocculated droplets. Transitional and catastrophic phase inversions were observed in the 

fumed silica particle-stabilised emulsions. The transitional phase inversion occurred if the 

viscosity of the PDMS oils in a vegetable oil is varied in the presence of 75% SiOH fluorinated 

fumed silica particles or the % surface SiOH on the DCDMS-coated fumed silica particles in a 

vegetable oil-PDMS oil combination is varied from 100−14% SiOH. For the DCDMS-coated 

fumed silica particles, multiple emulsions were observed near the point (23 and 20% SiOH) of 

inversion in some cases. The multiple emulsions occurred before or after inversion. The 

catastrophic phase inversion occurred at ϕsuno of between 0.4 and 0.5 when the ϕsuno in sunflower 

oil-PDMS 50 cS emulsions is varied between 0.05 and 0.9 in the presence of 75% SiOH 

fluorinated fumed silica. In the same systems, catastrophic phase inversion occurred at ϕsuno of 

between 0.5 and 0.6 when PF-5 Eight Pearl 300S-Al sericite particles were used. Vegetable oil-

PDMS oil-hydrophilic/DCDMS-coated glass three-phase contact angles were measured and they 

were seen to correlate with the type of emulsions stabilised by the 100% SiOH and 14% SiOH 

DCDMS-coated fumed silica particles. Generally, the relatively hydrophobic particles formed 

more stable emulsions compared with the hydrophilic ones. 
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Chapter 5  

Influence of the Degree of Fluorination on the Behaviour of Fumed Silica 

Particles at Oil-Air Surfaces 

5.1 Introduction 

It is now evident that colloidal particles of suitable wettability can self-adsorb at oil-

water, water-air and oil-air interfaces and thus act as sole stabilisers of related materials like 

emulsions,
1,2

 aqueous foams
3,4

 or water liquid marbles
5
 and oil foams

6,7
 or oil liquid marbles

8
 

respectively. For fumed silica particles (primary particle diameter of 20−30 nm), varying the 

degree of surface coating (i.e. hydrophobicity) using DCDMS permits stabilisation of air-in-

water foams
9
 and o/w emulsions

10
 when the particles are relatively hydrophilic and w/o 

emulsions
10

 and water-in-air powders (or dry water)
11

 when the particles become hydrophobic. 

The change in curvature of the water-air interface by increasing the hydrophobicity of the 

particles led to the inversion of foam into dry water powder
11

 which is “a collection of large 

number of tiny water marbles.” For oil-air interfaces, the particles need to be oleophobic or 

omniphobic
6,7

 and possess γsa that is lower than that of typical hydrophobic particles 

(hydrocarbon-coated) before adsorption can occur as the γla of many oils is relatively low. Since 

the γsa of fluorocarbons is lower than that of hydrocarbons, fluorocarbon-coated particles have 

been shown to meet the prerequisite.
12

 The surfaces of hydrophilic fumed silica nanoparticles 

were modified with 1H,1H,2H,2H-perfluorodecyltriethoxysilane to omniphobic fluorinated silica 

particles.
12

 The static θla (through liquid) of the fluorinated particles with microdrops (5 μL) of 

oils of tensions between 29−31 mN m
−1

, diiodomethane (γla = 50.8 mN m
−1

) and water (γla = 

72.8 mN m
−1

) measured on glass slides spin coated with the particles is ca. 140−147, 159 and 

168° respectively. Notice that the γla of liquids above and throughout this chapter are quoted at 

20 °C. Other examples of fluorocarbon-coated particles/surfaces and fluorocarbon particles 

exhibiting oleophobic properties to certain oils include fluoroalkyl-polyhedral oligomeric 

silsesquioxane (POSS),
13,14

 poly[2-(perfluorooctyl)ethylacrylate] (PFA-C8),
15

 fluoroalkylsilane-

coated silica particles
16

 and fluorooctyltrichlorosilane-coated photoresist surfaces.
17

 In the first 

example,
12

 the advancing θla of an n-hexadecane drop in air measured through the oil phase on 

an electrospun-coated substrate was as high as 150°. The particles were also used to stabilise 

marbles of toluene (γla = 28.4 mN m
−1

), n-hexadecane (γla = 27.5 mN m
−1

), octane (γla = 21.6 mN 
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m
−1

) and ethanol (γla = 22.4 mN m
−1

). In the second example,
15

 the PFA-C8 microparticles (γsa = 

7.82 mN m
−1

) were used to stabilise diiodomethane, toluene and methanol (γla = 22.5 mN m
−1

) 

marbles. In ref. 16, sol-gel films of silica were prepared and their surface energy and roughness 

were controlled using varying amounts of colloidal silica particles (10−15 nm) and a 

fluoroalkylsilane. The optimised surfaces exhibited advancing θla of 120 and 150° for dodecane 

and water respectively. For the other example,
17

 super-oleophobic textured surfaces were formed 

on silicon wafers using photolithography. Pillars of a photoresist of diameter 3 μm and height 7 

μm were subsequently coated with a long chain fluorooctyltrichlorosilane. The highest 

advancing θla for n-hexadecane was 161° and it was demonstrated that the wavy nature (300 nm) 

of the pillar walls was responsible for the high levels of oleophobicity. 

As was mentioned in chapter 1, stable oil liquid marbles and particle-stabilised oil foams 

have only been reported in a few cases
6-8

 despite the importance of oil foams in the oil, food and 

other related industries. In one of the studies, oil mixtures were used to effect the adsorption of 

oligotetrafluoroethylene (OTFE) particles to oil-air surfaces to form stable oil foams.
8
 In the rest 

of the studies, OTFE and polytetrafluoroethylene (PTFE) particles were used to stabilise oil 

foams and in addition, the role of γla of the oil in achieving particle adsorption and foam stability 

was shown. In this chapter, the behaviour of fluorinated fumed silica in contact with a range of 

oils and non-aqueous liquids in relation to their ability to stabilise oil liquid marbles and oil 

foams is reported. By varying the degree of fluorination of the particles, the influence of particle 

wettability on the stability of these materials was investigated. Comparisons are made with 

hydrophilic fumed silica (100% SiOH silica) and very hydrophobic silica (14% SiOH silica) of 

the same primary particle size which have been coated with DCDMS. The behaviour of the 14% 

SiOH silica particles at both water-air and oil-water interfaces have been studied previously.
9,18

 

Although these particles are not the ideal choice of particles, they are one of the few particle 

types for which progressive surface modification and their influence on interfacial behaviour 

have been studied in detail. In addition, such particles have widespread industrial importance but 

their mode of action is unknown in most cases. 

5.2 Behaviour of Fumed Silica Particles on Liquid Surfaces 

The behaviour of a known mass of particles placed on the surface of all the liquids at rest 

is summarised in Figure 5.1. Particles were either wetted and entered the liquid or were non-

wetted and remained on the liquid surface. The 100% SiOH silica particles were wetted by all 

the liquids (of γla between ca. 12 and 73 mN m
−1

) as expected due to their high surface energy. 
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By contrast, the 14% SiOH silica particles of lower surface energy (coated with DCDMS) were 

wetted by all oils except liquids of γla higher than ca. 47 mN m
−1

 like diiodomethane and H-

bonding solvents like glycerol and water. The fluorinated silica particles of lowest fluorine 

content (75% SiOH) were wetted by most oils of γla < 38 mN m
−1

, but was not wetted by liquids 

of higher tension. The fluorinated silica particles of medium fluorine content (59% SiOH) were 

only wetted by oils of γla below ca. 21 mN m
−1

 and that having the highest fluorine content (50% 

SiOH) was wetted by isopropyl myristate and liquids having  γla below 27 mN m
−1

. Clearly, the 

wettability of the particles changes upon hydrophobisation with DCDMS or fluorination and 

more markedly as the degree of fluorination increases. 

Since the powdered fumed silica particles contain air (in addition to that trapped in the 

glass vials) which must be expelled before the fumed silica particles will be in contact with the 

liquid, the glass vials were hand shaken vigorously for 30 s and the resulting observations are 

given in Table 5.1. The 100% SiOH fumed silica particles gave either clear or cloudy dispersions 

with all the liquids. The 14% SiOH fumed silica particles gave clear dispersions with oils and 

climbing films with the non-aqueous solvents and water which did not wet them at rest. 

Climbing films have been observed previously in systems containing hydrophobic solid particles 

and water and have been linked to the coalescence of unstable particle-coated bubbles with the 

planar liquid-air surface.
19

 This reduces the total interfacial area, increases the surface 

concentration of the adsorbed particles and hence increases the surface pressure of the planar 

interface causing the film to climb.
19

 The 75% SiOH fluorinated fumed silica particles form clear 

dispersions with oils which wet them and either cloudy dispersions or climbing films with 

liquids which do not wet them at rest except in diiodomethane in which a small amount of foam 

was obtained. In the case of the 59% SiOH fluorinated fumed silica particles, particle dispersions 

were observed in oils of γla < 32 mN m
−1

 and foams (for both oils and polar solvent) for liquids 

of higher γla. Lastly, the 50% SiOH fluorinated fumed silica particles yielded either dispersions 

in oils which wet them, oil foams for many oils and climbing films in two non-aqueous solvents 

and water. It was confirmed that these materials do not form in the absence of particles implying 

that particle adsorption is implicated in their formation. It can be seen (Table 5.1) that upon 

increasing the degree of fluorination, a wider range of oils of lower γla can be foamed as particle 

adsorption is favoured due to the relatively lower γsa of the particles as shown previously.  
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Figure 5.1. Behaviour (at ambient conditions) of fumed silica particles (50 mg) on the surfaces 

of liquids (3 cm
3
) of varying surface tension γla. On the abscissa: 1-particles were wetted by the 

liquid, 2-particles were partially wetted by the liquid (i.e. some particles entered the liquid) and 

3-particles were not wetted by the liquid. The number in brackets after a liquid represents its γla 

(± 0.1 mN m
−1

) at 20 °C. 
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Table 5.1. Behaviour of fumed silica particles (50 mg) on the surfaces of the various liquids (3 

cm
3
) after agitation at ambient conditions. 

Particle Liquid After agitation 

100% SiOH  All liquids in Figure 5.1 except those below Clear dispersion 

silica Perfluorohexane, α-bromonaphthalene, Cloudy dispersion 

 

diiodomethane, glycerol 

    

14% SiOH silica All liquids in Figure 5.1 except those below Clear dispersion 

 

Ethylene glycol, diiodomethane Small bubbles + climbing films 

 

Formamide, glycerol, water Climbing films 

   

75% SiOH  All liquids in Figure 5.1 except those below Clear dispersion 

fluorinated silica Geraniol, tricresyl phosphate, formamide, Cloudy dispersion 

 α-bromonapthalene, ethylene glycol  

 

Diiodomethane Small bubbles 

 

Glycerol, water Climbing films + fine foam 

 

Perfluorohexane, PDMS 50 cS,  Clear dispersion 

 

cyclohexane, toluene, isopropyl myristate 

    

59% SiOH Hexadecane, benzene, limonene, Cloudy dispersion 

fluorinated silica tricaprylin, Miglyol 812N, squalane  

 

All other liquids in Figure 5.1 except water Fine foam 

   

50% SiOH  Perfluorohexane, PDMS 50 cS,  Clear dispersion 

fluorinated silica cyclohexane, isopropyl myristate  

 

Other liquids except those below Fine foam 

  Formamide, glycerol, water Climbing films 
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5.3 Oil Foams Stabilised Solely by Fluorinated Fumed Silica Particles 

Foams of a selection of oils and a non-aqueous polar solvent formed by the moderately 

fluorinated silica particles possessing 59% SiOH were investigated. The foams were prepared in 

four different ways. The first involves hand shaking the liquids with different concentrations of 

the powdered particles. The second involves dispersing the particles in the liquids using 

ultrasound before hand shaking. The third (and fourth methods) involve aerating the liquid-

particle mixture with high shear Ultra-Turrax homogeniser for 1 min alone (followed by hand 

shaking), at a fixed particle concentration, as described in chapter 2. Photos of the foams formed 

by handing shaking the powdered particles with the liquids and the optical microscope image of 

that at 0.5 wt. % of the particles are shown in Figure 5.2. Unlike surfactant-stabilised aqueous 

foams, these non-aqueous foams are composed of relatively small bubbles (< 0.2 mm) 

possessing textured surfaces and are generally non-spherical in shape irrespective of particle 

concentration. The latter is due to the jamming of particles on bubbles surfaces which prevents 

relaxation to a spherical geometry.
20

 The initial foam volume is seen to increase progressively as 

the particle concentration increases as expected (Figure 5.3) as it does with surfactant foaming 

agents below the critical micelle concentration.
21

 For ethylene glycol (highest γla), climbing films 

were also observed on the walls of the glass vials. In sealed glass vials, these foams exhibited a 

small degree of liquid drainage alongside a small reduction in foam volume but after a day or so 

the foams remain ultra-stable for at least one year. On the other hand, if particles were first 

dispersed in the liquids using ultrasound and then shaken in the same manner (second method), 

no foam was obtained for any of the five liquids at 2 wt. % particles. It was observed that 

following this protocol in which particle agglomerates are broken down into smaller aggregates, 

viscous dispersions are formed which prevent the incorporation and breakup of air within by 

shaking. A three-dimensional network of particles is formed in the liquids by hydrogen bond 

formation between free SiOH groups on adjacent aggregates,
22

 as opposed to the first method in 

which particle aggregates attach to air bubbles before entering the continuous phase. The visual 

and microscopic appearances of the foams produced from the third method are shown in Figure 

5.4. The increase shear compared with hand shaking yields smaller bubbles of excellent stability 

to coalescence as shown in Figure 5.5. Photos and optical microscope images of the latter foams 

following additional hand shaking (fourth method) are shown in Figure 5.6 and their stability to 

coalescence is illustrated in Figure 5.7. After an initial small decrease in foam volume, foams of 

the oils remain stable to coalescence for at least 1 year except foams of α-hexylcinnamaldehyde 

which collapse slowly until no foam remains after 10 days. It was observed that the particles 
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became progressively wetted by the oil and thus desorbed from the bubbles surfaces allowing 

coalescence to prevail. α-Hexylcinnamaldehyde exhibits the lowest γla of all the oils selected and 

obviously the system is very sensitive to the amount of shear imposed. 

Figure 5.2. (upper) Photos of glass vials containing foams stabilised by different concentrations 

(given, wt. %) of 59% SiOH fluorinated fumed silica particles soon after preparation by hand 

shaking for (a) α-hexylcinnamaldehyde, (b) eugenol, (c) benzyl acetate, (d) α-bromonaphthalene 

and (e) ethylene glycol. (lower) Optical micrographs of the above-named foams at 0.5 wt. % of 

particles (1 day after preparation) for (a) α-hexylcinnamaldehyde, (b) eugenol, (c) benzyl acetate, 

(d) α-bromonaphthalene and (e) ethylene glycol. 
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Figure 5.3. Initial foam volume versus particle concentration for the various foams described in 

Figure 5.2 (soon after preparation). The foam volume is quoted to ± 0.1 cm
3
 which is the 

propagation error in the estimated foam volume. 
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Figure 5.4. (upper) Visual appearance and (lower) optical micrographs of (a) α-

hexylcinnamaldehyde, (b) α-bromonaphthalene, (c) benzyl acetate and (d) eugenol foams 

stabilised by 2 wt. % of 59% SiOH fluorinated fumed silica particles immediately after 

formation using Ultra-Turrax homogeniser. 
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Figure 5.5. Volume of foams described in Figure 5.4 versus time. On the abscissa, the volume of 

foam at 0 day represents the initial foam volume (i.e. volume of foam soon after preparation). 

The foam volume is quoted to ± 0.1 cm
3
 (propagation error in the estimated foam volume). 
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Figure 5.6. (upper) Photo and (lower) optical micrographs of (a) α-hexylcinnamaldehyde, (b) α-

bromonaphthalene, (c) benzyl acetate and (d) eugenol foams stabilised by 2 wt. % of 59% SiOH 

fluorinated fumed silica particles immediately after formation using Ultra-Turrax homogeniser 

followed by hand shaking. 
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Figure 5.7. Volume of foams described in Figure 5.6 versus time. On the abscissa, the volume of 

foam at 0 day represents the initial foam volume (i.e. volume of foam soon after preparation). 

The foam volume is quoted to ± 0.1 cm
3
 (propagation error in the estimated foam volume). 
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5.4 Oil Marbles Stabilised by Fluorinated Fumed Silica Particles 

Attempts were made to prepare liquids marbles from all the liquids using all the particles. 

No marbles were stabilised by the 100% SiOH silica particles. However, the 14% SiOH silica 

particles were able to stabilise marbles of the relatively high tension (≥ 47.7 mN m
−1

) liquids like 

ethylene glycol, formamide and water. The 75, 59 and 50% SiOH fluorinated silica particles of 

increasing fluorine content and degree of oleophobicity gave liquid marbles with liquids having 

γla ≥ 50.8 mN m
−1 

(except formamide), γla ≥ 29.5 mN m
−1

 and γla ≥ 27.5 mN m
−1

 (except 

isopropyl myristate), respectively. Photos of some of the liquid marbles stabilised by 50% SiOH 

fluorinated fumed silica particles are shown in Figure 5.8. It can be seen that some of the marbles 

are white like the particles but some retain the colour of the encapsulated liquid, e.g. α-

hexylcinnamaldehyde and diiodomethane. Also, many of the marbles are quasi-spherical, but a 

few of them have a puddle shape, e.g. diiodomethane liquid marble. Calculations (at 20 °C) show 

that for the quasi-spherical liquid marbles like water R' (1.34 mm) < κ
−1

 (2.72 mm) and R' (1.34 

mm) > κ
−1 

(1.25 mm) for the puddle-shaped diiodomethane liquid marbles, as expected. For 

particles having the ability to stabilise liquid marbles, a liquid marble formed instantaneously 

when a drop of the liquid was placed on the powdered bed of particles. This type of behaviour 

has also been observed by McHale et al.
23

 who suggested that this is as a result of the droplet 

attempting to minimise its surface area towards that of a sphere and the lack of any significant 

substrate resistance other than gravity as the solid particles are not bound to each other. The 59% 

SiOH fluorinated fumed silica particle-stabilised marbles (5 and 10 μL) were further 

investigated. Figure 5.9 shows that the contact length l (i.e. length of contact between marble and 

the substrate) of these marbles is inversely proportional to κ
−1

 of the liquids and directly 

proportional to the apparent contact angle θA of the marbles on the substrate. The θA was 

observed to be greater than θ'A of the bare liquids on the PTFE substrate as shown in Figure 5.10. 

This is consistent with the observation of Matsukuma et al.
15

 on 5 μL oil marbles. The 10 μL 

liquid marbles were allowed to evaporate on a Krüss DSA 10 instrument and their images were 

taken every 5 min for a period of 90 min. The volume Vmarble of a quasi-spherical liquid marble at 

a given time was estimated from equation 5.1 where h and rb represent the marble height and 

contact radius of the marble, respectively. Figure 5.11 shows a plot of Vmarble versus time for the 

liquid marbles. Notice that the initial Vmarble of the liquid marbles estimated using equation 5.1 is 

slightly greater than 10 μL because the particle layers on the marbles did not allow accurate 

determination of the parameters used in the equation. 
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Figure 5.8. Photos (soon after formation) of 50% SiOH fluorinated fumed silica particle-

stabilised liquid marbles (10 μL) resting on a hydrophilic glass slide in air. 
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Figure 5.9. (A) contact length l and (B) apparent contact angle θA (± 2°; measured through the 

liquid) of either 5  (+) or 10 (▲) μL liquid marbles stabilised by 59% SiOH fluorinated fumed 

silica particles on a PTFE substrate versus the capillary length κ
−1

 of the liquid: (a) water, (b) 

formamide, (c) α-hexylcinnamaldehyde, (d) benzyl acetate, (e) α-bromonaphthalene, (f) ethylene 

glycol, (g) Miglyol 812N, (h) eugenol, (i) tricresyl phosphate, (j) diiodomethane and (k) 

tricaprylin.  
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Figure 5.10. The apparent contact angle θ'A (± 2°, through liquid) of bare liquids (10 μL) with 

PTFE substrate as a function of the capillary length κ
−1

: (a) water, (b) formamide, (c) α-

hexylcinnamaldehyde, (d) benzyl acetate, (e) α-bromonaphthalene, (f) ethylene glycol, (g) 

Miglyol 812N, (h) eugenol, (i) tricresyl phosphate, (j) diiodomethane and (k) tricaprylin. 
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Figure 5.11. (upper) Volume Vmarble of liquid marbles (10 μL) stabilised by 59% SiOH 

fluorinated fumed silica particles versus time as they rest on a PTFE substrate at ambient 

conditions. Also shown are data points for bare water and diiodomethane drops (10 μL). (lower) 

Images of the liquid marbles after 2 days for (a) benzyl acetate, (b) α-bromonaphthalene and (c) 

water. 
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Some of the marbles did not evaporate e.g. those of Miglyol 812N, benzyl acetate, eugenol, α-

bromonaphthalene, tricresyl phosphate, formamide and ethylene glycol and were stable to 

evaporation for over a day whilst others evaporated slowly. Diiodomethane liquid marbles 

evaporated slowly and vanished within a day. The water liquid marbles also evaporated slowly 

and buckled within 90 min. Bare diiodomethane and water evaporated faster than the marbles 

suggesting that the particle coating reduced the evaporation of the encapsulated liquid. The rate 

of evaporation of the liquid marbles and the bare liquids is related to the vapour pressure of the 

liquids (water = 3.17 kPa
(24)

, diiodomethane = 0.16 kPa
(25)

 and other liquids e.g. α-

bromonaphthalene = 7.13 × 10
−4

 kPa
(26)

) at 25 °C. It can be seen that bare water (water liquid 

marble) of relatively higher vapour pressure evaporated faster than bare diiodomethane 

(diiodomethane liquid marble) of relatively lower vapour pressure and that the extremely low 

vapour pressure liquids like α-bromonaphthalene did not evaporate all. Tricaprylin liquid marble 

broke up after 24 min and α-hexylcinnamaldehyde liquid marble did not evaporate but crumpled 

within a day.  

5.5 Relationship between Solid-Liquid-Air Three-Phase Contact Angle and 

the Type of Materials Formed  

As explained in chapter 1, the θla a particle makes with the liquid-air interface determines 

which material is stabilised on mixing air, particles and liquids.
6
 Unfortunately, measurement of 

such angles for nanoparticles is extremely challenging especially if the particles are not all 

spherical and polydisperse in size like fumed silica. As a result, the contact angle a drop of liquid 

in air makes with glass slides spin coated with the particles were measured to gain an idea of θla. 

It is anticipated that such angles will have contributions from both the inherent γsa of the particle 

films as well as their detailed roughness and many studies have investigated the effect of 

controlled surface roughness on the wettability of particle films by liquids in designing 

superhydrophobic or superhydrophilic surfaces.
27-35

 Plots of cos θla (apparent advancing) versus 

the γla of all the liquids studied for different particle-coated glass slides are shown in Figure 

5.12(i) and both the apparent advancing and receding θla are listed in Table 5.2 alongside the 

type of materials formed for any particle/liquid combinations. Such plots are often linear with a 

negative slope at least for relatively smooth substrate.
36,37

 As described in chapter 2, glass slides 

composed of the 100 and 14% SiOH fumed silica and 75, 59 and 50% SiOH fluorinated fumed 

silica particles were spin coated from a 9 wt. % particle dispersion in a ethanol-water mixture 

(1:3), 5 wt. % particle dispersion in ethanol, 8 wt. % particle dispersion in ethanol, 5 wt. % 



201 

 

particle dispersion in acetone and 4 wt. % particle dispersion in cyclohexane respectively. A 

complete coating of the glass substrate is formed at these concentrations. Although the solvent is 

different for any particle type, the SEM micrographs (Figure 5.12(ii)) of the spin coated glass 

slides show that the particle layers are not more than 16 μm thick except the 50% SiOH 

fluorinated fumed silica particles whose surfaces have particle coating of ≈ 60 μm thick. In 

measuring θla on these surfaces, it is assumed that θla will be independent of the thickness of the 

particle layer except in cases where it is significantly small (e.g. < 0.2 μm) and independent of 

the nature of solvent, but would depend largely on particle oleophobicity and on roughness of the 

spin coated glass surfaces. Thus, θla measured on these surfaces should give an idea of the degree 

of oleophobicity of the particles which the glass slide is composed of. The surfaces of the 100% 

SiOH and 75% SiOH fluorinated silica particle-spin coated glass substrates are relatively smooth 

compared with the rest of the surfaces coated with the other particles. The apparent advancing θla 

of all the liquids (from perfluorohexane to water) measured through the liquid were all ≤ 16° for 

surfaces composed of 100% SiOH silica particles, indicating an omniphilic surface. In contrast, 

the 14% SiOH silica particle-coated surfaces exhibited a high apparent advancing θla for water 

(147°) with no hysteresis, but a low value for n-hexadecane (7°), with that for several other 

liquids being between these extremes. The apparent advancing θla for water and n-hexadecane on 

a smooth DCDMS-coated glass substrate plateau at 102° and 25° respectively at high 

concentrations of DCDMS.
38

  

For substrates composed of films of the fluorinated fumed silica particles, a non-linear 

dependence of cos θla on γla was observed in which cos θla is more or less constant over a range 

of values of γla for liquids exhibiting high (> 140°) apparent advancing θla. Similar findings were 

reported recently
39

 for fluorinated ZnO microparticle surfaces in which apparent advancing θla 

was ca. 150° for water-ethanol mixtures of γla between 35 and 73 mN m
−1

. Using the 75% SiOH 

fluorinated fumed silica particles; all the liquids exhibited apparent advancing θla of < 20° except 

diiodomethane, glycerol and water for which apparent advancing θla > 20°. The transition from 

wetting towards non-wetting occurs abruptly at γla around 65 mN m
−1

. Considering the similarity 

in behaviour of these particle surfaces to those of the 14% SiOH silica particles, it can be 

deduced that despite the presence of low energy fluoro groups, the high percentage of residual 

SiOH groups renders them of similar wettability to the 14% SiOH silica particles (Table 5.2). 

For the 59% SiOH fluorinated fumed silica particle-coated substrates, the abrupt transition from 

wetting towards non-wetting occurs at a lower γla around 33 mN m
−1

 and as such the surface is 

oleophobic (i.e. apparent advancing θla < 130°) to several oils like benzyl acetate and eugenol. 

The surfaces of the 50% SiOH fluorinated fumed silica particles (most fluorinated) were 
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oleophobic to many oils and only oils of tension less than around 28 mN m
−1

 wetted them 

completely. For oils exhibiting very high apparent θla (up to ca. 150°), the hysteresis between 

advancing and receding angles is very small (≈ 5°, Table 5.2), an indication of the roughness of 

the substrate surfaces. SEM images of the fluorinated fumed silica particle-coated glass surfaces 

are given in Figure 5.12(ii). An increase in oleophobicity with increasing degree of fluorination 

(and thus decreased apparent γsa) is thus observed and the so-called omniphobic surfaces
39,40

 can 

be prepared quite easily with these particles. 

Figure 5.12. (i) Cosine of apparent advancing contact angle θla (measured through the liquid) of 

0.1 cm
3
 of various liquids in air on glass slides spin coated with 100% SiOH silica (×), 75 (□), 59 

(○) and 50% SiOH (▲) fluorinated fumed silica particles versus surface tension γla of the liquids 

at 20 °C. (ii) SEM images of particle-coated glass slides for (a) 75, (b) 59 and (c) 50% SiOH 

fluorinated fumed silica particles. 
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Table 5.2. Apparent advancing (first entry) and receding (second entry) θla in degrees (measured 

into the liquid) of 0.1 cm
3
 (advancing) and 0.05 cm

3
 (receding) drop of liquid in air on glass 

slides spin coated with the particles at room temperature (22.7 ± 1.1ºC). All angles quoted are ± 

2º (standard deviation of 4 separate measurements). The types of materials obtained after 

agitating the systems described in Figure 5.1 are also given: ○-liquid gave particle dispersion, ●-

liquid gave substantial amount of foam, -liquid gave insignificant amount of foam, ■-liquid 

gave foam + climbing films and †-liquid gave climbing films. For marbles: -liquid did not form 

marble, -liquid formed marble. 

      Fluorinated fumed silica particles 

Liquid 

100% 

SiOH
a
 14% SiOH 75% SiOH 59% SiOH 50% SiOH 

Perfluorohexane 9, 0 , ○ 10, 10: , ○ 19, < 5: , ○ < 5, 5: , ○ 

PDMS 50 cS 

 

, ○ 10, < 5: , ○ 9, < 5: , ○ < 5, 5: , ○ 

Cyclohexane 11, 0 , ○ 11, < 5: , ○ 17, < 5: , ○ < 5, 5: , ○ 

n-Hexadecane 8, 8 7, 7: , ○ 9, 8: , ○ 16, 8: , ○ 28, 25: , ● 

Toluene 9, 0 , ○ 9, < 5: , ○ 17, < 5: , ○ 82, 22: , ● 

Benzene 

 

, ○ 10, < 5: , ○ 17, < 5: , ○ 124, 133: , ● 

Limonene 10, 0 , ○ 9, < 5: , ○ 13, < 5: , ○ 23, 13: ,  

Isopropyl myristate 10, 0 , ○ 9, < 5: , ○ 10, < 5: , ○ 11, < 5: ,  

Tricaprylin 

 

, ○ 10, 10: , ○ 71, 20: , ○ 136, 131: , ● 

Miglyol 812N 

 

, ○ 11, 10: , ○ 30, 16: , ○ 138, 132: , ● 

Squalane 

 

, ○ 10, 10: , ○ 22, 13: 
b
, ○ 140, 130: , ● 

Geraniol 11, 11 , ○ 11, 11: , ○ 23, 14: 
b
, ○ 140, 130: , ● 

Sunflower oil 

 

, ○ 18, 13: , ○ 23, 11: 
b
, ○ 139, 131: , ● 

α-Hexylcinnam- 

     aldehyde  , ○ 12, 11: , ○ 133, 107: , ● 142, 139: , ● 

Eugenol 

 

, ○ 12, 11: , ○ 139, 108: , ● 133, 132: , ● 

Benzyl acetate 

 

, ○ 10, 10: , ○ 138, 108: , ● 139, 139: , ● 

Tricresyl phosphate 

 

, ○ 19, 12: , ○ 141, 130: , ● 145, 139: ,  

α-Bromonaphthalene 12, 12 , ○ 16, 10: , ○ 141, 132: , ● 140, 139: ,  

Ethylene glycol 

 

, † 17, 11: , ○ 140, 106: ,  143, 140: ,  

Diiodomethane 16, 16 , † 113, 87: , ● 134, 122: , ● 144, 127: ,  

Formamide 

 

, † 17, 11: , ○ 140, 138: ,  145, 142: , † 

Glycerol 

 

, † 47, 33: , ● 144, 144: ,  140, 137: , † 

Water 15, 15 147, 146: , † 130, 105: ,  148, 143: , † 149, 145: , † 
a
No liquid marbles could be formed for these particles with any liquid. 

b
Marble formed at rest but broke up whilst rolling. 
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It can be seen in Table 5.2 that liquids exhibiting apparent advancing θla ≥ 28º with the 

fluorinated fumed silica particles formed stable marbles and foams (provided the apparent 

advancing θla is between 82 and 145°) with them. The only exception is the case (θla = 28º) 

where n-hexadecane marble and foam are formed by the 50% SiOH fluorinated fumed silica 

particles. For n-hexadecane and squalane of relatively low tension in which molecules interact 

mainly through dispersion forces, foams and marbles are obtained only with the most fluorinated 

silica particles. This is in contrast to α-bromonaphthalene and diiodomethane of relatively high 

tension, and in which molecules also interact mainly by dispersion forces, where there is a clear 

transition from particle dispersions to foams and then foams + climbing films in addition to 

marbles as the degree of fluorination increases. Water of highest tension in which molecules 

interact through hydrogen bonds, polar and dispersion forces, however, formed mainly climbing 

films and marbles with both the fluorinated and hydrocarbon-coated silica particles. Marbles 

formed not just for liquids exhibiting high apparent advancing angles with the particles, but also 

those exhibiting low apparent advancing angles like n-hexadecane/50% SiOH fluorinated silica 

and glycerol/75% SiOH fluorinated silica. It is thought that these marbles are stabilised mainly 

by particle multilayers. Comparing these systems with aqueous ones, two important observations 

are apparent. Firstly, in aqueous systems, stable foams are obtained only with particles making 

apparent θla significantly more than 0º but less than 90º and stable marbles are obtained only 

with particles exhibiting apparent θla significantly > 90°. Secondly, stabilisation of both foams 

and marbles (i.e. inversion of curvature of liquid-air surfaces) without changing either the 

surface chemistry of the particles or properties of the liquids does not happen in aqueous systems 

as it occurs here in some cases. The formation of both foams and liquid marbles in the presence 

of these particles might be due to the difference in the methods used for preparation of these 

materials or contact angle hysteresis. The findings relating to fluorinated silica particle-oil-air 

systems are summarised in Figure 5.13. In the upper sketch, the θla of a particle at the oil-air 

interface measured through the oil is shown. This can be tuned from zero to intermediate to high 

values upon either increasing the γla of the oil (i.e. using different oil types) or decreasing the γsa 

of the particles (by fluorination). In the lower sketch, the type of bulk materials formed in the 

presence of many particles for the corresponding θla scenario is illustrated. By progressively 

increasing θla, the transition dispersion → foam → marble is achieved. 
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Figure 5.13. (upper) Position of a fluorinated silica particle (sphere) at the liquid (or oil)-air 

interface as a function of surface tension γla or surface energy γsa. The angle θla increases from 

zero to medium to high values from left to right. (lower) Corresponding bulk materials formed: 

(i) dispersion, e.g. diiodomethane plus 100% SiOH silica (apparent advancing θla = 16°), (ii) air-

in-oil foam, e.g. diiodomethane plus 75% SiOH fluorinated silica (apparent advancing θla = 

113°) and (iii) oil-in-air marble, e.g. diiodomethane plus 50% SiOH fluorinated silica (apparent 

advancing θla = 135°). 

 

5.6 Conclusions 

The behaviour of fluorinated fumed silica particles of increasing degree of fluorination in 

mixtures of air and liquid, for liquids ranging from non-polar hydrocarbons and polar oils to high 

cohesive energy density liquids like glycerol and water has been investigated. Comparisons are 

made with hydrophilic and very hydrophobic fumed silica particles. The materials which form 

after aeration depend on both the γla and the degree of fluorination of the particles which dictates 

the degree of wetting of the particles by the liquids. An oil dispersion of particles forms in 

liquids of relatively low γla with particles of low fluorine content where apparent advancing θla < 

20°. Particle-stabilised a/o foams were obtained in oils of relatively high tension (> 32 mN m
−1

) 

and particles of moderate fluorine content and with oils of lower tension (> 27 mN m
−1

) and 

particles of high fluorine content where apparent advancing θla lies between 82 and 145°. In 

many cases, oil liquid marbles were also stabilised, with particles of highest fluorine content 

encapsulating oils of lower γla. 
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Chapter 6   

Dry Oil Powders and Oil Foams Stabilised by Fluorinated Clay and 

Fluorinated ZnO Particles 

6.1 Introduction 

Following the pioneering work of Ramsden
1
 and Pickering,

2
 ultra-stable oil-water 

emulsions
3
 and aqueous

4,5
 and non-aqueous (oil) foams

6,7
 have been prepared using small solid 

particles alone. For spherical particles, the extent to which the fluid phases wet the particles, 

quantified by θla (measured through the more polar phase) they make with the fluid-fluid 

interface, dictates the type of end material as described in chapter 1. It is known that in oil (o)-

water (w) systems (equal volumes), relatively hydrophilic particles (θow < 90°) partition more in 

the water phase and tend to stabilise o/w emulsions whilst relatively hydrophobic ones (θow > 

90°) partition more in the oil phase and prefer to stabilise w/o emulsions.
8
 In the case of air (a)-

water (w) systems, partially hydrophobic (very hydrophobic) particles are necessary for 

stabilisation of air-in-water (a/w) foams
9
 (water-in-air (w/a) materials, e.g. liquid marbles).

10,11
 In 

non-aqueous systems like oil, preparation of stable air-in-oil (a/o) foams and oil-in-air (o/a) 

materials (e.g. oil liquid marbles) requires relatively oleophilic (θla < 90°) and oleophobic (θla > 

90°) particles, respectively.
12

 Omniphilic particles have fairly large affinity for both water and oil 

and would stabilise a/w and a/o systems, whilst omniphobic particles having very little affinity 

for both water and oil tend to stabilise w/a and o/a systems. Oleophobic and omniphobic surfaces 

are created from hydrophilic precursors by surface chemical modification using suitable 

fluorocarbons of low surface energy.
13-15

 Other properties that also influence the type of final 

product formed in liquid-air systems include the γsa, γla and the speed of mixing.
16

 In oil-air 

systems, it has been shown that with appropriate agitation, a combination of relatively low γla 

and relatively high γsa oleophilic particles yields a particle dispersion, but a combination of 

liquids of intermediate (high) γla and oleophobic particles of intermediate (low) γsa gives oil 

foams (oil liquid marbles).
7
 

Liquid marbles, first described by Aussillous and Quéré,
10

 are now widely studied
17-20

  

and can be considered an element of dry liquid powdered materials, i.e. dry water (if the liquid is 

water) and dry oil powders (if the liquid is an oil). Dry water
21

 (dry oil)
22

 is a free-flowing 

powder containing numerous water (oil) droplets coated with small solid particles which are 
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poorly wetted by them. The encapsulated liquid may be released by evaporation or on 

application of mechanical stress. The particles confer stability on the liquid droplets and allow 

them to move with minimum adhesion to a substrate. This principle is also used by nature, both 

in the self-cleaning mechanism of various plant leaves
23

 and in the excretion of honeydew 

globules from aphids.
24

 Even though both dry water and dry oil powders have potential 

applications in the cosmetic, pharmaceutical and other related industries, studies on them are few 

and far between, especially for dry oils. This is partly due to the relatively low γla of many oils 

and partly due to the relatively high γsa of many colloidal particles. Reports on oil liquid marbles 

are also limited for the same reason. From thermodynamic considerations,
25

 this prevents particle 

adsorption and hence stabilisation of the related materials.
7
 Papers on dry water include those 

from Binks and co-workers
21,26,27

 and Forny et al.
28

 Some potential applications of dry water 

have been reported by Forny et al.
29

 and Carter et al.
30,31

 Catastrophic phase inversion of 

particle-stabilised water-air systems, from a/w foams to w/a powders (containing about 98 wt. % 

of water with respect to the total mass) was demonstrated in ref. 21, by either a progressive 

change in silica-particle hydrophobicity at constant air : water ratio or by changing the air : water 

ratio at fixed particle wettability. The change in particle wettability was linked to the first 

inversion, whilst change in the volume fraction of the phase(s) was crucial for inversion in the 

second case.
21

 Transitional phase inversion of dry water to aqueous foam was reported in ref. 26. 

Addition of charged surfactant to mixtures of air, water and hydrophobic silica nanoparticles 

under high shear initially formed dry water powder at low surfactant concentrations and a/w 

foam at higher surfactant concentrations.
26

 In another study,
27

 charged partially hydrophobic 

silica particles were used to show how changes in pH and salt concentration affect phase 

inversion of water-air-particle systems. Dry water formation was favoured at low pH or high salt 

concentration as the colloidal particles were made hydrophobic, but a high pH or low salt 

concentration resulted in charged, partially hydrophilic particles which were able to stabilise 

aqueous foams.
27

 The θla and particle attachment energy ∆Gm needed for dry water formation by 

spherical hydrophobic particles were investigated in ref. 28. For these particles (R = 8 nm), θla of 

118° and ∆Gm of ≈ −1.1 × 10
3
 kT favoured dry water formation.

28
 About the applications of dry 

water, dry water containing 98−99 wt. % of water by mass was used to store water,
29

 enhance the 

kinetics of heterogeneous catalytic hydrogenation
30

 and to enhance gas uptake rates in gas 

hydrates.
31

 On dry oil powders, Murakami and Bismarck
22

 used agglomerated oligomeric 

tetrafluoroethylene (OTFE) particles to prepare dry oil powders (containing 10‒15 wt. % of oil 

relative to the total mass). The dry oil powders were prepared by spraying oils from a spray gun 

on particles placed on a Tefal frying pan. Another preparation of dry oil powders employed 
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protein
32

 or particle-stabilised
33

 o/w emulsions as precursors followed by slow or rapid drying. 

Following this protocol, an oil powder containing about 90 wt. % of oil relative to the total mass 

which showed no sign of oil leakage over several months was prepared. This process however 

requires high energy and the drying stage is time consuming. A similar procedure which does not 

require evaporation of the continuous phase has been used to prepare oil-in-water-in-air (o/w/a) 

materials termed either a powdered emulsion
34

 or a dry water emulsion.
35

 To obtain powdered 

emulsions,
34

 particle-stabilised o/w emulsions stable to coalescence were aerated with very 

hydrophobic solid particles using a blender at high shear. The hydrophobic particles coat the 

newly created water globules in air which encase the oil droplets in water. Similarly, o/w 

emulsions stabilised by branched copolymer surfactant were diluted before aerating in the 

presence of hydrophobic silica nanoparticles to obtain the dry water emulsion.
35

 To the best of 

my knowledge, a systematic study on the preparation of dry oil powders is yet to be reported. In 

this study, using fluorinated solid particles of varying γsa and polar oils and n-alkanes of varying 

γla and low shear, it is shown that dry oil powders containing up to 80 wt. % of oil (relative to the 

total mass) can be prepared by simply hand shaking a mixture of fluorinated solid particles and 

oil. The dry oil powders invert to ultra-stable oil foams at high oil : particle ratio. These materials 

can be used for cosmetic applications. 

6.2 Behaviour of Particles on Oil Surfaces with Agitation 

Figure 6.1 summarises the results of the particle immersion experiment for the PF-0 to 

PF-12 Eight Pearl 300S-Al sericite particles. The most oleophilic particles of PF-0 Eight Pearl 

300S-Al were wetted by all the oils and water and entered them within 30 s at rest. On agitation, 

a cloudy dispersion forms in the liquids. The following behaviour was observed for the other 

fluorinated particles. For the relatively low tension oils (γla below 22 mN m
‒1

), the particles were 

either partially or completely wetted at rest or were not wetted at rest but entered the oil after 

agitation to give a cloudy dispersion. Oils of relatively high surface tension (γla above 22 mN m
‒

1
) did not wet the particles at rest. On agitation (apart from PDMS 20 cS and PF-5 Eight Pearl 

300S-Al mixture which gave a cloudy dispersion), all the oils possessing γla between 22‒32 mN 

m
‒1

 produced a foam or a foam with a climbing film. Oils with γla between 32‒37 mN m
‒1

 gave 

foam and climbing films on agitation except cetyl 2-ethylhexanoate, macadamia nuts oil and 

jojoba oil that gave only foam with the least fluorinated particles and 2-ethyhexyl-4-

methoxycinnamate that gave mainly climbing films with the most fluorinated ones. Water, 

possessing the highest γla, gave only a climbing film with the fluorinated particles. Photos of 
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some of the materials formed by the particles with the various oils are shown in Figure 6.2. The 

transition from oil dispersions to oil foams and ultimately to non-wetting states as the γla of the 

liquid increases is consistent with earlier predictions and findings.
12 

Figure 6.1. Behaviour of the Eight Pearl 300S-Al sericite particles (50 mg) on the surfaces of the 

various liquids (3 cm
3
) at rest. Abscissa: 1-particles were wetted by the liquid, 2-particles were 

partially wetted by the liquid (i.e. some particles entered the liquid whilst some did not) and 3-

particles were not wetted by the liquid. Ordinate: number in brackets is liquid γla (± 0.1 mN m
–1

) 

at 25 °C. 
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Figure 6.2. Photos of glass vials containing PF-(a) 0, (b) 5, (c) 8, (d) 10 and (e) 12 Eight Pearl 

300S-Al sericite particles (50 mg) and liquids (3 cm
3
) after agitation (30 s): (1) n-pentane-

particle dispersions, (2) cyclomethicone-particle dispersions, (3) PDMS 20 cS-particle dispersion 

alone, dispersion + little foam or foam, (4) isocetane-particle dispersion or foam, (5) n-

hexadecane-particle dispersion or foam, (6) squalane-particle dispersion alone,  foam alone or 

foam + climbing films, (7) 2-ethylhexyl-4-methoxycinnamate-particle dispersion, foam + 

climbing films or climbing films and (8) water-particle dispersion or climbing films. 

 

A summary of the particle immersion experiment for the PFX-10 Kunipia F, PFX-10 

ZnO (TP), PF-10 Eight Pearl 300S-Al
a
 and PF-10 FSE-Al fluorinated particles is given in 

Appendix 6.1. It can be seen that PFX-10 Kunipia F was completely wetted by cyclomethicone, 

n-octane and water and entered them within 7 min at rest and was partially wetted by PDMS 6 

and 20 cS, but was not wetted by the rest of the liquids. On agitation, a cloudy dispersion forms 

in all the liquids. The PFX-10 ZnO (TP) particles were completely or partially wetted by only 

liquids having γla below 21 mN m
‒1 

like PDMS 6 and 20 cS. When agitated, a cloudy dispersion 

forms in these liquids and those of higher γla up to 25 mN m
−1

 which did not wet them 

previously, foams formed in liquids having γla > 25 mN m
−1

, e.g. n-hexadecane, glyceryl tri(2-

ethylhexanoate) and 2-ethylhexyl-4-methoxycinnamate and
 
climbing films were formed in water. 

The PF-10 Eight Pearl 300S-Al
a
 and PF-10 FSE-Al particles were not wetted by all the liquids at 

rest. Upon agitation, cloudy dispersions were seen in liquids of γla below 26 mN m
−1

, foams in 

liquids of higher tensions and climbing films in water of highest tension. Just like with the 

fluorinated sericite particles, a transition from oil dispersions to oil foams and ultimately to non-

wetting state as the γla of the liquid increases for the PFX-10 ZnO (TP) to PF-10 FSE-Al was 

observed. 
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6.3 Oil Liquid Marbles and Dry Oil Powders Stabilised by Particles 

As mentioned earlier, oil liquid marbles can be conceived as the smallest unit of dry oil 

powders, although the size of a marble is significantly larger and it can be seen by eye. Marble 

formation was possible with most oil and particle combinations that produced oil foams 

described above. As the degree of particle fluorination increases, the robustness of the marbles 

also increased. For water and many oils, it is generally accepted that relatively small (≤ 100 μL) 

liquid marbles, where the effect of γla dominates that of gravity, are quasi-spherical, whilst 

relatively large (> 100 μL) ones, where the effect of gravity dominates that of γla, are puddle-

shaped.
17,36

 Here, however, the oil marbles (10 μL) assume a ‘sausage-like’ shape if the oil 

droplet is rolled on the particle bed (to and fro) in only one direction. Otherwise, they are quasi-

spherical (see later). 

Based on the findings in chapter 5 and the foregoing, it was anticipated that the PFX-10 

Kunipia F, PFX-10 ZnO (TP), PF-10 Eight Pearl 300S-Al
a
 and PF-10 FSE-Al fluorinated 

particles exhibiting relatively low apparent γsa would stabilise marbles and dry oil powders of the 

oils under investigation. Even though the apparent γsa of the four particle types differs 

significantly from each other, marble formation was possible with all the oil/particle 

combinations except with four combinations, namely, cyclomethicone/PFX-10 Kunipia F, 

water/PFX-10 Kunipia F, cyclomethicone/PFX-10 ZnO (TP) and PDMS 6 cS/PFX-10 ZnO (TP). 

Apart from the PFX-10 ZnO (TP) particle-stabilised marbles which were all quasi-spherical as 

expected (considering their capillary length κ
−1

 and radius R'), many of the marbles stabilised by 

the rest of the particles had a ‘sausage-like’ shape especially if the oil droplet was rolled on the 

particle bed (to and fro) in only one direction just like in the case of the fluorinated sericite 

particles. This observation deviates from the general rule which says the effect of γla dominates 

that of gravity for relatively small liquid marbles having R' << κ
−1

 and are quasi-spherical and 

vice versa for relatively large ones (R' >> κ
−1

) which are puddle-shaped.
17,36

 The reason for this 

deviation is not clear at the moment, but might be due to the shape of the particles considering 

the fact that the PFX-10 ZnO (TP) particles are spherical whilst the rest of the particle types are 

platelet. 

Following successful preparation of liquid marbles with these oils and fluorinated 

particles, attempts were made to prepare dry oil powders from them too. This was done in five 

different ways as stated earlier, conscious of the critical oil : particle ratio COPR, with the best 

being the sequential approach whose results are discussed here. Dry oil powder formation was 

possible with the majority of the oil and particle combinations that formed oil marbles. Figure 
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6.3(a) shows that the COPR increases with an increase in the degree of fluorination for the PF-5 

to PF-12 Eight Pearl 300S-Al sericite particles. The effect of the degree of fluorination and 

hence the apparent γsa on the COPR is shown in Figure 6.3(b) for isocetane, glyceryl tri(2-

ethylhexanoate) and 2-ethylhexyl-4-methoxycinnamate for these particles. An inverse correlation 

exists between apparent γsa and the COPR. The amount of oil encapsulated within powders 

ranges from 44 (dry isocetane powder stabilised by PF-5 Eight Pearl 300S-Al particles) to 81 wt. 

% (2-ethylhexyl-4-methoxycinnamate powder stabilised by PF-12 Eight Pearl 300S-Al 

particles), the latter exceeding that reported earlier
22

 by a factor of five. Similar to liquid marble 

formation, the most oleophilic PF-0 Eight Pearl 300S-Al and relatively high γsa particles did not 

adsorb at the liquid-air interfaces and thus did not enable dry oil formation. Dry oil formation for 

the rest of the particles and with oils possessing γla below 25 mN m
‒1

 (i.e. cyclomethicone, 

PDMS 6 and 20 cS) was also not possible even though marbles could be prepared. Dry oil 

powders were successfully prepared from the rest of the oils and particle types via sequential 

addition of the required amount of oil to the particles, followed by low shear, up to the COPR. 

The dry oil powders invert to oil foams after COPR (see sec. 6.4). Formation of dry water was 

not possible because of the large difference between its γla and the apparent γsa of the particles. In 

addition, the high γla of water did not allow disruption of a big water drop into smaller droplets 

by gentle shaking unlike the case with the relatively low γla oils. Photos of some dry oil powders 

and their corresponding optical micrographs (alongside photos of some oil marbles) are shown in 

Figures 6.4 and 6.5, respectively. It can be seen that the oil droplets (> 100 μm) within the 

powders are non-spherical in shape. Such deviation from spherical shape has been reported 

previously for particle-coated fluid dispersed phases and is due to the jamming of particles at the 

interface preventing their relaxation to a spherical geometry.
37

 A cryo-SEM image from an oil 

powder is included in Figure 6.5 where a fractured oil droplet coated with particles containing 

frozen oil within is clearly visible. Majority of the PFX-10 ZnO (TP), PF-10 Eight Pearl 300S-

Al
a
 and PF-10 FSE-Al particle/oil combinations that formed oil marbles previously also formed 

dry oil powders. However, the PFX-10 Kunipia F particles did not form any dry oil powders and 

this could be due to their relatively large particle size (> 400 μm) compared with the rest of the 

particles. For the PFX-10 ZnO (TP), PF-10 Eight Pearl 300S-Al
a
 and PF-10 FSE-Al particles, 

the COPR increases as the γla of the liquids increases (Appendix 6.2) just like in the case of the 

PF-5 to PF-12 Eight Pearl 300S-Al sericite particles. The PFX-10 ZnO (TP) particle-stabilised 

dry oil powders appear (visually) to be composed of fine oil droplets and free-flowing compared 

with the rest of the dry oil powders. The amount of oil encapsulated within powders ranges from 

ca. 29 (dry cyclohexane powder stabilised by PFX-10 ZnO (TP) particles) to ca. 78 wt. % 
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(rapeseed oil powder stabilised by PF-10 Eight Pearl 300S-Al
a
 particles). Photographs of some 

dry oil powders stabilised by the PFX-10 ZnO (TP), PF-10 Eight Pearl 300S-Al
a
 and PF-10 FSE-

Al particles and optical micrographs of some of them (along with photographs of some liquid 

marbles) are shown in Appendixes 6.3 and 6.4, respectively. A cryo-SEM image from an oil 

powder stabilised by the PFX-10 ZnO (TP) fluorinated particles is also included in Appendix 6.4 

where frozen oil droplets coated with particles are clearly visible. It can be seen that the oil 

droplets (size 2−400 μm) within the powders are non-spherical in shape.  

The absence of significant oil staining upon placing the dry oil powders on a filter paper 

and watch glass suggests that the oil droplets in the powder are stable against oil leakage. Apart 

from the n-alkanes powders that released some of the encapsulated alkane droplets after a week, 

the dry oil powders are stable to oil leakage and hence to phase separation for at least 2 years. 

However, they liquefy and cream releasing the encapsulated oil when sheared on the skin or a 

surface (Figure 6.6) except in cases where the oil content (relative to the total mass of powder) is 

less than 60 wt. % which form a paste. The dry oil powders invert to oil foams upon vigorous 

shaking as verified with squalane, liquid paraffin and jojoba oil stabilised by PF-8 Eight Pearl 

300S-Al and PFX-10 ZnO (TP) fluorinated particles. This suggests that the dry oil powders are 

metastable with the stable state being oil foam. 
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Figure 6.3. The COPR versus (a) surface tension γla (25 °C) of the oils for PF-5 (), 8 (▲), 10 

(●) and 12 (■) Eight Pearl 300S-Al particles and (b) apparent surface energy γsa (25 °C) of the 

particles for isocetane (▲), glyceryl tri(2-ethylhexanoate) () and 2-ethylhexyl-4-

methoxycinnamate (●). Inset: schematic of a/o foam above COPR and dry oil powder at or 

below COPR.  For simplicity, the oil droplets and air bubbles are spherical. The error bars 

represent the minimum amount of oil required for phase inversion per gram of particles. 
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Figure 6.4. (upper) Photos of watch glasses containing dry oil powders 1 month after formation 

of (a) squalane, (b) liquid paraffin, (c) cetyl 2-ethylhexanoate and (d) macadamia nuts oil 

stabilised by PF-12 Eight Pearl 300S-Al sericite particles. (lower) Photo of corresponding dry 

liquid paraffin powder flowing through a glass funnel onto a Pyrex watch glass. Scale bar = 10 

mm. 
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Figure 6.5. (upper) Optical micrographs soon after formation of dry (i) squalane powder 

stabilised by PF-5 Eight Pearl 300S-Al, (ii) liquid paraffin powder stabilised by PF-8 Eight Pearl 

300S-Al, (iii) cetyl 2-ethylhexanoate powder stabilised by PF-10 Eight Pearl 300S-Al and (iv) 

cryo-SEM image (3 months after preparation) of 2-ethylhexyl-4-methoxycinnamate oil powder 

stabilised by PF-12 Eight Pearl 300S-Al particles. The oils (10 cm
3
) were coloured with Sudan 

red dye (ca. 5 mg) to aid visualisation. (lower) Photos of liquid marbles (10 μL) resting on a 

hydrophilic glass slide in air stabilised by PF-12 Eight Pearl 300S-Al sericite particles soon after 

formation. The liquid is (a) phenyl silicone, (b) squalane, (c) pentaerythritol tetra(2-

ethylhexanoate), (d) jojoba oil, (e) 2-ethylhexyl-4-methoxycinnamate and (f) water. The inset in 

(b) is a 10 µL squalane droplet, R' (1.34 mm) < κ
−1

 (1.98 mm), rolled in only one direction to and 

fro. Scale bar = 3 mm. 
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Figure 6.6. Photos of (a) 2-ethylhexyl-4-methoxycinnamate dry powder, (b) corresponding oil 

foam both stabilised by 0.5 g of PF-8 Eight Pearl 300S-Al sericite particles containing 1.45 and 

1.50 g of oil, respectively, and (c) a cream obtained by shearing 8.5 mg of (a) on a dry glass 

slide. 

 

6.4 Catastrophic Phase Inversion of Dry Oil Powders to Oil Foams at High 

Oil : Particle Ratio 

Above the COPR, catastrophic phase inversion from a dry oil powder to an ultra-stable 

oil foam was observed for all the oils and the stable air bubbles coated with particles are also 

non-spherical but smaller than the oil droplets in the dry oil powders. Particle-stabilised non-

aqueous foams of excellent stability, in which the gas bubbles deviated from spherical geometry, 

were reported previously.
6,7,22

 Phase inversion was confirmed by verification of the continuous 

phase of the materials through the dispersion test. The dry oil powders did not disperse in the 

neat oils whereas the foams readily did (Figure 6.7). This phase inversion is similar to that in 

emulsions (i.e. o/w to w/o and vice versa)
38

 and is driven by the high oil : particle ratio. 
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Increasing the oil content at fixed mass of particles can potentially increase the size of the oil 

droplets or their number in the dry oil powder, but reduces the amount of non-adsorbed particles 

in the system. Evidence from Figure 6.8, for PF-8 Eight Pearl 300S-Al particles containing 

different amounts of liquid paraffin, suggests that the former is favoured over the latter. Above 

the COPR, there are little or no particles to sufficiently coat the oil droplets following oil 

addition. In other words, the total amount of oil surfaces the particles can coat and stabilise in the 

form of dry oil powder is greater than that of the air surfaces trapped in the glass vial. This 

makes the o/a powder metastable and hence it inverts to the stable a/o foam (Figure 6.9 and 

Appendix 6.5) upon gentle shaking. Such a catastrophic phase inversion has also been reported 

in aqueous systems in the context of dry water.
26

 Most of the oil foams did not show any sign of 

drainage or coalescence for over two years, but some of them underwent limited drainage within 

the first week after formation to yield very stable foams subsequently. These were those of 

squalane or 2-ethylhexyl-4-methoxycinnamate stabilised by PF-8 Eight Pearl 300S-Al, cetyl 2-

ethylhexanoate stabilised by PF-10 Eight Pearl 300S-Al and either glyceryl tri(2-

ethylhexanoate), pentaerythritol tetra(2-ethylhexanoate) or jojoba oil stabilised by PF-12 Eight 

Pearl 300S-Al particles. A summary of the drainage and coalescence stability of the PFX-10 

ZnO (TP), PF-10 Eight Pearl 300S-Al
a
 and PF-10 FSE-Al particle-stabilised foams is given in 

Appendix 6.6. A relatively small fraction of oil was released in foams where drainage was 

observed. In foams where coalescence was observed, the particles entered the oils and the air 

bubbles were lost. In general, the foams are viscoelastic except those stabilised by the PFX-10 

ZnO (TP) fluorinated particles which are ‘liquid-like’ (cf. Figure 6.9 and Appendix 6.5). 

Figure 6.7. Photos of 400 mg of (a) 2-ethylhexyl-4-methoxycinnamate dry powder and (b) 

corresponding oil foam both stabilised by 0.5 g of PF-8 Eight Pearl 300S-Al sericite particles 

containing 1.45 and 1.50 g of oil, respectively, added to 20 cm
3
 of 2-ethylhexyl-4-

methoxycinnamate after vigorous stirring. The o/a powder (a) does not disperse whereas the a/o 

foam (b) does. 
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Figure 6.8. Optical micrographs of dry liquid paraffin powder stabilised by 0.5 g of PF-8 Eight 

Pearl 300S-Al sericite particles containing various amounts of liquid paraffin (given). 

 

 

Figure 6.9. (a) Photo of liquid paraffin foam stabilised by PF-12 Eight Pearl 300S-Al particles, 

obtained from phase inversion of its corresponding powder, being forced out of a plastic syringe 

onto a black aluminium substrate, (b) corresponding optical micrograph of the liquid paraffin 

foam, (c) optical micrograph of squalane foam stabilised by PF-5 Eight Pearl 300S-Al particles 

and (d) cryo-SEM image of pentaerythritol tetra(2-ethylhexanoate) foam stabilised the PF-12 

Eight Pearl 300S-Al particles obtained from phase inversion of their powders. The optical 

micrographs were obtained soon after foam formation whilst the cryo-SEM image was obtained 

2 weeks after foam formation. 
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6.5 Relationship between Solid-Liquid-Air Three-Phase Contact Angle and 

the Type of Material Formed 

Since the type of material a mixture of air, liquid and solid particles make depends on the 

contact angle which the particles make with the liquid, it is important to have an idea of this 

angle here. It is generally accepted that if a liquid completely wets the particles (θla = 0º) it gives 

a particle dispersion and for θla = 180º no adsorption occurs. For intermediate values of θla, 

particles are more wetted by the liquid (θla < 90º) or air (θla > 90º) phase and foams or liquid 

marbles/dry liquid powders are stabilised, respectively, at least in the case of water.
4,21

 However, 

the θla reported here are not on the particles themselves but on disks composed of the particles 

with the danger being that certain surface groups are buried during particle compression. In 

addition, the particles are plate-like (except the PFX-10 ZnO (TP)) and the possibility exists that 

the fluoro-coating may be different on the edges compared with the faces. Also, a liquid may 

potentially wet the compressed disks less than it would wet the individual particles leading to an 

exaggeration of the magnitude of θla. The configuration of such asymmetric particles at the fluid 

interface within materials like oil foams and oil powders is unknown at present although Garrett 

discusses the likely configuration, albeit at a water-air surface, which depends on the particle 

geometry.
39

 Based on the foregoing, values of θla are regarded as apparent angles. Consequently, 

unravelling a clear correlation between θla and material type is obviously a challenge. Table 6.1 

and Appendix 6.7 show both the advancing and receding values of θla alongside the type of 

material that was obtained from the various oil and particle combinations in the case of vigorous 

mixing and gentle agitation. Notice that the liquids are arranged in order of increasing γla. With 

reference to Table 6.1, all the oils wet the oleophilic sericite (PF-0 Eight Pearl 300S-Al) particle 

disks (apparent advancing θla < 5º in many cases) as expected. For the other particle disks (i.e. 

PF-5 to PF-12 Eight Pearl 300S-Al) values of apparent advancing θla ranging from 0° (n-

pentane) to 151° (water on PF-12 Eight Pearl 300S-Al disk) were obtained. In addition, 

relatively high (above 15º) hysteresis was observed which might be due to the relatively smooth 

nature of these surfaces
15

 since contact angle hysteresis is usually low for rough surfaces.
40

 

Particle dispersions in liquid were obtained in liquids of relatively low γla where apparent 

advancing θla is between 0 and 73°. The only exception is the case of PDMS 20 cS and PF-10 

Eight Pearl 300S-Al particles (θla = 73º) where foam is formed. In cases where γla was moderate 

(between 27‒37 mN m
‒1

) and θla was between 73 and 130º, an oil foam or a foam + climbing 

films were observed. For water (highest γla) where apparent advancing θla ≥ 140º, only climbing 

films were observed. In addition, oils marbles form not just for high θla systems like jojoba oil 
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with PF-12 Eight Pearl 300S-Al, but also when the angle is as low as 30°, e.g. cyclomethicone 

with PF-5 Eight Pearl 300S-Al. This is very different to the case of water liquid marbles where 

very hydrophobic particles are required. It was further observed that the robustness of the 

marbles to transport increases as the degree of fluorination increases. In contrast to liquid marble 

formation, dry oil powder formation was only possible with particles exhibiting apparent 

advancing θla above ca. 65º and oils possessing tension above 27 mN m
‒1

. Based on Appendix 

6.7, disks composed of the PFX-10 Kunipia F particles which were completely or partially 

wetted by few oils and water at rest gave values of apparent advancing θla ranging from 0°(water) 

to 104°(2-ethylhexyl-4-methoxycinnamate) with hysteresis of > 23° in many cases. Upon 

vigorous agitation, the liquid/particle combinations all form particle dispersions, but marbles 

were obtained with all the combinations except cyclomethicone and water where apparent 

advancing θla is 58° and 0° respectively. For the PFX-10 ZnO (TP), PF-10 Eight Pearl 300S-Al
a
 

and PF-10 FSE-Al particle disks, values of apparent advancing θla were between 54° 

(cyclomethicone) and 127° (water), 61° (cyclomethicone) and 130° (water) and 49° 

(cyclomethicone) and 139° (water), respectively, with high (> 25°) hysteresis in many cases. 

Unlike the PFX-10 Kunipia F particle/liquid combinations, foams were obtained with the PFX-

10 ZnO (TP), PF-10 Eight Pearl 300S-Al
a
 and PF-10 FSE-Al particle/liquid combinations upon 

vigorous agitation provided the γla of the liquid is above 26 mN m
−1 

otherwise a particle 

dispersion results. However, climbing films were obtained in water (highest tension). Also, the 

particles were able to stabilise marbles (and powders) of majority of the liquids under 

investigation. It can be seen (Table 6.1 and Appendix 6.7) that for all the fluorinated particles, 

there is a transition from dispersion to foam to liquid marbles as γla increases. Secondly, foams 

and marbles can be stabilised in one and the same system depending on the mixing conditions. 

Thirdly, omniphobic surfaces can be created with these fluorinated particles except with the 

PFX-10 Kunipia F particles which are wetted by water. 

The cosine of both the apparent advancing and receding θla on the particle disks is plotted 

as a function of γla in Figure 6.10 and Appendix 6.8. The inset is an example of one of the disks 

on which θla was measured. The value of cos θla (apparent advancing) is more or less constant for 

all the liquids on PF-0 Eight Pearl 300S-Al surfaces, but decreases with increasing γla on the 

fluorinated particle surfaces as does the cosine of the apparent receding angles. For certain 

smooth substrates, such plots are often linear of negative gradient.
41

 Also shown on the graphs 

are the regions where either dispersions, foams or climbing films occur upon vigorous agitation 

or dry oil powders forms upon gentle mixing. Since the apparent receding θla is always less than 

the apparent advancing one, the boundaries between the different regions depend on which angle 
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is taken. It is not obvious which angle is operative during the mixing of particles with liquid. In 

the case of oil-water systems, the emulsion type was seen to depend on which liquid first makes 

contact with the particles and the observation was argued in terms of the difference between the 

apparent advancing and receding θla.
42

 In general, Figure 6.10 and Appendix 6.8 show that for 

the particles under investigation (except PFX-10 Kunipia F), a particle dispersion forms when 

cos θla is approximately 1, foams are stabilised as it decreases and eventually only liquid marbles 

(and hence dry oil powders or climbing films) are obtained when it is close to ‒1. This is 

consistent with previous findings with PTFE
6
 and fluorinated silica particles.

7 
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Table 6.1. Apparent advancing (first entry) and receding (second entry) θla measured through the 

liquid of a drop (0.1 or 0.05 cm
3
) of liquid in air on compressed disks of fluorinated sericite 

particles at room temperature. The apparent advancing θla on PF-0 Eight Pearl 300S-Al particle 

disks ranges from 0°(n-pentane) to ca. 27°(water), but the apparent receding angles were ca. 0° 

for all the liquids under investigation. The materials obtained after agitation of the liquid-particle 

mixtures (described in Figure 6.1) are also given: ○ -dispersion, ●-foam, -foam + climbing 

films, †-climbing films. For liquid marbles: -no marble and -liquid formed marble. 

  θla/± 2º 

Liquid PF-5 PF-8 PF-10 PF-12 

n-Pentane 0, 0: ○, 0, 0: ○, 0, 0: ○, 0, 0: ○, 

n-Hexane 0, 0: ○, 0, 0: ○, 0, 0: ○, 0, 0: ○, 

n-Heptane 43, 21: ○, 56, 25: ○,  50, 29: ○, 46, 22: ○, 

Cyclomethicone 30, 12: ○, 37, 20: ○, 47, 27: ○, 39, 24: ○, 

PDMS 6 cS  32, 18: ○, 36, 30: ○, 63, 39: ○, 62, 38: ○, 

n-Octane  51, 27: ○, 66, 40: ○, 63, 36: ○, 63, 33: ○, 

PDMS 20 cS 65, 42: ○, 71, 35: ○, 73, 43: ●, 73, 32: ○, 

n-Decane 66, 36: ●, 88, 62: ●, 80, 47: ●, 84, 55: ●, 

n-Dodecane 77, 63: ●, 92, 64: ●, 99, 65: ●, 95, 59: ●, 

n-Tetradecane  82, 47: ●, 101, 69: ●, 106, 60: ●, 106, 73: ●, 

Isocetane 63, 39: ●, 68, 44: ●, 79, 52: ●, 56, 34: ●, 

n-Hexadecane 90, 65: ●, 98, 69: ●, 105, 73: ●, 118, 93: ●, 

Phenyl silicone 95, 72: ●, 91, 65: ●, 89, 61: ●, 96, 65: ●, 

Tripropyleneglycol     

trimethylacetate 78, 32: ●, 93, 44: ●, 76, 34: ●, 97, 56: ●, 

Squalane 98, 76: ●, 111, 71: ●, 105, 70: , 107, 71: , 

Glyceryl      

tri(2-ethylhexanoate) 106, 81: ●, 101, 60: ●, 93, 60: ●, 110, 80: ●, 

Pentaerythritol     

tetra(2-ethylhexanoate) 110, 59: ●, 101, 57: ●, 97, 55: , 118, 64: , 

Liquid paraffin 109, 83: , 121, 88: , 121, 87: , 126, 87: , 

Cetyl 2-ethylhexanoate 112, 75: ●, 111, 73: , 94, 70: , 96, 71: , 

Macadamia nuts oil 112, 76: ●, 101, 80: , 115, 83: , 128, 94: , 

Jojoba oil 113, 78: ●, 121, 88: , 114, 82: , 123, 94: , 

2-Ethylhexyl-4-     

methoxycinnamate 91, 64: , 117, 77: , 113, 81: , 118, 77: †, 

Water  138, 111: †, 145, 119: †, 143, 123: †, 151, 127: †, 
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Figure 6.10. Cosine of apparent (a) advancing and (b) receding θla of a liquid droplet in air on 

compressed particle disks of PF-0 (○), PF-5 (●), PF-8 (), PF-10 (×) and PF-12 () Eight Pearl 

300S-Al particles as a function of γla (at 25 °C). Inset: photograph of (a) side and (b) top view of 

a PF-10 Eight Pearl 300S-Al sericite disk made by compressing the powdered particles (scale bar 

= 6 mm). The type of material formed on vigorous agitation and with gentle mixing is also 

indicated. 

 

 

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80

co
s 

(θ
la

/°
) 

 

γla /mN m‒1 

dispersion, no dry powder 

foam, dry powder 

climbing films, dry powder 

foam + climbing films,  

dry powder 

(a) 

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80

co
s 

(θ
la

/°
) 

γla/mN m−1 

climbing films, no dry powder 

foam, foam + climbing films, 

dry powder 

dispersion, no dry powder (b) 



227 

 

6.6 Conclusions 

The behaviour of PF-5 to PF-12 Eight Pearl 300S-Al fluorinated sericite particles, PFX-

10 Kunipia F, PFX-10 ZnO (TP), PF-10 Eight Pearl 300S-Al
a
 and PF-10 FSE-Al fluorinated 

particles in mixtures with air and oil has been studied. The material which forms after aeration 

depends on the γla of the oil, apparent γsa of the particles which controls their degree of wetting 

and energy input. Upon vigorous agitation (PF-5 to PF-12 Eight Pearl 300S-Al fluorinated 

sericite particles), oil dispersions are formed in liquids of relatively low tension (< 22 mN m
‒1

). 

Particle-stabilised air-in-oil a/o foams form in liquids of higher tension where apparent 

advancing la lies between 73 and 130°. For oils of tension above 27 mN m
‒1

 with particles for 

which apparent advancing la > 65°, it was observed that dry oil powders in which oil droplets 

stabilised by particles forms by gentle mixing up to a COPR and do not leak oil for over 2 years. 

For many of the systems forming dry oil powders, stable oil liquid marbles were also prepared. 

For the PFX-10 Kunipia F, PFX-10 ZnO (TP), PF-10 Eight Pearl 300S-Al
a
 and PF-10 FSE-Al 

fluorinated particles, it was observed that vigorous agitation forms (a) oil dispersions in all the 

liquids containing PFX-10 Kunipia F particles and in liquids of relatively low γla (i.e. < 26 mN 

m
−1

) like n-dodecane, PDMS 20 cS and cyclomethicone containing the other particles and (b) 

particle-stabilised a/o foam in liquids having γla > 26 mN m
−1

 where apparent advancing la lies 

between 92 and 124°. On the contrary, oil-in-air marbles were obtained with all the oil/particle 

combinations, upon gentle agitation, except with water/PFX-10 Kunipia F, cyclomethicone/PFX-

10 Kunipia F, cyclomethicone/PFX-10 ZnO (TP) and PDMS 6 cS/PFX-10 ZnO (TP) 

combinations for which apparent advancing θla is 0, 58, 54 and 56°, respectively. For oils of 

tension > 24 mN m
‒1

/PFX-10 ZnO (TP), PF-10 Eight Pearl 300S-Al
a
 and PF-10 FSE-Al 

particles where apparent advancing la ≥ 87°, dry oil powders which do not leak oil for over 2 

years were also stabilised by gentle agitation up to a COPR. The powders (stabilised by these 

particles and the previous particles) containing at least 60 wt. % of oil release the encapsulated 

oil when sheared on a substrate and become ‘creamy’. Above the COPR (oil powders stabilised 

by these particles and the previous particles), catastrophic phase inversion occurred and ultra-

stable viscoelastic oil foams were obtained. Foams stabilised by the PFX-10 ZnO (TP) 

fluorinated particles were however ‘liquid-like.’ The oil foams disappear and leave an ‘oily’ 

surface when sheared on a substrate. 
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Chapter 7  

A Summary of Conclusions and Future Work 

7.1 Conclusions 

The behaviour of different particle types at fluid interfaces (oil-water, oil-oil and oil-air) 

in terms of the type of materials they stabilise has been studied. For the oil-water interfaces, 

edible o/w emulsions were stabilised by the rod- and cube-shaped CaCO3 particles. For the oil-

oil interfaces, o/o and o/o/o emulsions were prepared using fluorinated and DCDMS-coated 

fumed silica, fluorinated ZnO, fluorinated sericite and bentonite clay, PTFE, Bentone 34, rod-

shaped CaCO3 and Calofort SV particles as stabilisers. Finally, for the oil-air interfaces, oil 

liquid marbles, dry oil powders and oil foams were also prepared using the fluorinated fumed 

silica, fluorinated ZnO, fluorinated sericite and bentonite clay particles. The following 

conclusions can be drawn from the study: 

 Kinetically stable o/w Pickering emulsions containing tricaprylin and Miglyol 812N as 

oils and water, where the volume fraction of oil in the emulsion ranges from 0.5 to 0.7, 

can be stabilised using 4 wt. % of rod and cube-shaped hydrophilic CaCO3 particles. The 

emulsions are white, basic (pH > 8), polydisperse, flocculated and kinetically stable for 

over 3 years, but released relatively small fraction of the oils. Depending on the oil and 

method of emulsion preparation, the cube-shaped CaCO3 particle-stabilised emulsions 

released relatively small fraction of the oils compared with the rod-shaped CaCO3 

particle-stabilised ones. 

 Kinetically stable oil-oil Pickering emulsions containing equal volumes of vegetable oils 

(sunflower, olive and rapeseed oils) and PDMS (20−100 cS) oils can be prepared using 1 

wt. % of hydrophilic, hydrophobic (hydrocarbon-coated) and omniphobic (fluorocarbon-

coated) silica particles. Omniphobic (fluorocarbon-coated) sericite and Calofort SV 

particles can also be used, but a relatively high particle concentration will be required. 

Vegetable oil-in-PDMS oil and PDMS oil-in-vegetable oil emulsions can be prepared 

depending on the particle type. For the silica particles, measured values of the three-

phase contact angles correlated reasonably well with the emulsion type. The emulsions 

are white, polydisperse, largely unflocculated and kinetically stable for over a month, but 

released relatively small fraction of the the oils. 
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 Foams and liquid marbles of liquids (mainly oils) having surface tension (20 °C) in the 

range of 27−64 mN m
−1

 and water liquid marbles can be prepared using fluorinated silica 

particles of low apparent surface energy. Many of the foams are stable to coalescence for 

at least a year. Marbles of liquids of low vapour pressure are stable to evaporation for 

over 3 days. Liquid marbles, powders and foams of oils having surface tension (25 °C) in 

the range of 24−37 mN m
−1

 and water liquid marbles can be prepared using fluorinated 

platelet sericite and fluorinated ZnO particles of low apparent surface energy. Marbles of 

oils of low vapour pressure are stable to evaporation for over 3 days. The oil powders did 

not release the encapsulated oils for over 2 years. Many of the oil foams are also 

kinetically stable for over 2 years. The formation of these materials depends on the 

surface tension of the liquids (and/or oils), the degree of fluorination (and hence the 

apparent surface energy) of the particles and energy input. The apparent surface energy 

of the particles controls their wettability which is quantified in terms of the solid particle-

liquid-air contact angle. Depending on the energy input, marbles, dry oil powders and 

foams can be prepared using the same particle. 

7.2 Future Work 

 The rod- and cube-shaped CaCO3 particles used here to study the effect of particle 

anisotropy on the stability of Pickering emulsions are polydisperse and of irregular shape. 

Anisotropic particles which are less polydisperse and have approximately the same shape 

should be used to study the effect of particle anisotropy on the stability of Pickering 

emulsions. The results of such a study should be compared with that of an isotropic 

particle of the same material. Due to lack of time, the correlation between θow and the 

type of emulsion these particles have stabilised was not established. The θow should be 

measured and correlated with the o/w emulsions stabilised.  

 Although the θoo values were inferred from planar microscope glass slides and correlated 

with the type of emulsions stabilised by the 100% SiOH and 14% SiOH DCDMS-coated 

fumed silica particles, the θoo the particles themselves make with oil-oil interfaces should 

be measured to make the correlation of θoo with the emulsion type more meaningful. 

Using a single emulsification route and a single particle type, multiple emulsions were 

obtained in some cases. Although the formation of these emulsions was argued in terms 

of contact angle hysteresis, further work should be done to verify this. For some 

industrial applications, the formation of an emulsion (be it aqueous or non-aqueous) is 
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undesirable. How to destabilise these oil-oil Pickering emulsions should be investigated 

for such applications.  

 The reasons for the deviation of some of the relatively small (10 μL) oil liquid marbles 

from a quasi-spherical shape should be investigated. The behaviour of other fluorinated 

solid particles at oil-air interfaces should be investigated with the aim of stabilising oil 

liquid marbles, dry oil powders and oil foams of oils of relatively low tension (e.g. 12 

mN m
−1

). Attempts should be made to prepare more novel materials, e.g. dry o/o and 

o/o/o emulsion powders using the knowledge gained from this study, for potential 

applications in the cosmetic and pharmaceutical industries. 
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Appendixes 

Appendix 1 

Droplet diameter of (a) tricaprylin-in-water and (b) Miglyol 812N-in-water emulsions (ϕo = 0.5) 

3 days after preparation, stabilised by 2 wt. % of rod-shaped CaCO3 particles, measured in the 

presence of 0 (●), 2 × 10
−3

 (○), 3 × 10
−3

 () and 4 × 10
−3

 wt. % of rod-shaped CaCO3 particles in 

water as the diluting phase at ambient conditions. The control measurement for only the CaCO3 

particle-dispersion (4 × 10
−3

 wt. %) is also shown (▲). 
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Appendix 2 

EDX map of PF-8 Eight Pearl 300S-Al fluorinated sericite particles. 

 

 

Appendix 3 

For the spinning drop tensiometer, the vegetable oil-PDMS oil interfacial tension 
21oo  can be 

written as (B. Vonnegut, Rev. Sci. Instr., 1941, 13, 6−9): 
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where ω = angular velocity (radians per second), Rc = radius of cylindrical vegetable oil drop, Δρ 

= density difference between the vegetable oil and PDMS oil and Lc = length of vegetable oil 

drop (excluding the hemispherical ends). This equation is valid only if the ratio of Lc to Dc is ≥ 4. 

In order to determine 
21oo , the following quantities were measured (in the stated units): N = 

rotation speed in revolutions per minute, Δρ (g cm
−3

), Dc = apparent vegetable oil drop diameter 
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in units of the microscope graticule, apparent vegetable oil drop length (Lc) in units of 

microscope graticule, 
2on = refractive index of PDMS oils (25 °C) and nT = refractive index of 

the thermostatting oil. Equation 1 must be modified to allow for the conversion of measured 

values of N into ω and of Dc into Rc. This is done as follows: 
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The factor x in equation 3 is used to convert measured Dc (in graticule units) to Rc (in metres) 

and it includes both the magnification of the microscope and the factor 2 (for conversion of Rc to 

Dc). In addition to the magnification of the microscope, there is additional magnification caused 

by the lens effect of the curved capillary which depends on the ratio of the nT to 
2on (L.M. 

Coucoulas, R.A. Dawe and E.G. Mahers, J. Colloid Interface Sci., 1983, 93, 281−284). 

Substituting equations 2 and 3 into equation 1 gives equation 4 which was used for calculating 

21oo . 
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The constant A (given by equation 5) contains all sample invariant conversion factors. The factor 

of 10
6
 arises from the conversion of density unit from g cm

−3
 to kg m

−3
 and tension units from N 

m
−1

 to mN m
−1

. For the lens magnification (× 2.5) and instrument (RED (site 04)) used here, x is 

1.79 × 10
−3

 and thus A = 1.572 × 10
−8

. 
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Appendix 4 

Estimated θoo for sunflower/olive oil-PDMS oils and the corresponding emulsion type. Also 

shown is whether the emulsion obtained is expected () or not (). 

Appendix 4.1. Estimated θoo for sunflower oil-PDMS 20 cS and the corresponding emulsion 

type.  

  

Sunflower oil-PDMS 20 cS θoo 

(through PDMS 20 cS)/°   

 

Silica 

particles 

Using cal’d 

 
21oo   

Using meas’d 

21oo  Emulsion type 

 

 

Comment 

100% SiOH 101 101 Unstable PDMS 20 cS-in-sunflower oil  

88% SiOH 93 92 Unstable PDMS 20 cS-in-sunflower oil  

78% SiOH 86 86 Unstable PDMS 20 cS-in-sunflower oil  

70% SiOH 80 80 Unstable PDMS 20 cS-in-sunflower oil  

61% SiOH 73 74 Unstable PDMS 20 cS-in-sunflower oil  

51% SiOH 66 67 Unstable PDMS 20 cS-in-sunflower oil  

42% SiOH 60 61 Unstable PDMS 20 cS-in-sunflower oil  

33% SiOH 53 55 Unstable PDMS 20 cS-in-sunflower oil  

25% SiOH 47 50 Unstable PDMS 20 cS-in-sunflower oil  

23% SiOH 46 49 Stable PDMS 20 cS-in-sunflower oil  

20% SiOH 45 47 Stable PDMS 20 cS-in-sunflower oil  

14% SiOH 41 44 Stable sunflower oil-in-PDMS 20 cS  

Appendix 4.2. Estimated θoo for sunflower oil-PDMS 50 cS and the corresponding emulsion 

type.  

  

Sunflower oil-PDMS 50 cS 

θoo (through PDMS 50 cS)/°   

 

Silica 

particles 

Using cal’d 

 
21oo  

Using meas’d 

21oo  Emulsion type 

 

 

Comment 

100% SiOH 99 95 Stable PDMS 50 cS-in-sunflower oil  

88% SiOH 90 90 Stable PDMS 50 cS-in-sunflower oil  

78% SiOH 83 86 Stable PDMS 50 cS-in-sunflower oil  

70% SiOH 77 82 Stable PDMS 50 cS-in-sunflower oil  

61% SiOH 71 78 Stable PDMS 50 cS-in-sunflower oil  

51% SiOH 63 74 Stable PDMS 50 cS-in-sunflower oil  

42% SiOH 56 70 Stable PDMS 50 cS-in-sunflower oil  

33% SiOH 50 66 Stable PDMS 50 cS-in-sunflower oil  

25% SiOH 44 64 Stable PDMS 50 cS-in-sunflower oil  

23% SiOH 43 63 Stable PDMS 50 cS-in-sunflower oil  

20% SiOH 41 62 Stable sunflower oil-in-PDMS 50 cS  

14% SiOH 38 61 stable sunflower oil-in-PDMS 50 cS  
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Appendix 4.3. Estimated θoo for sunflower oil-PDMS 100 cS and the corresponding emulsion 

type. 

  

Sunflower oil-PDMS100 cS 

θoo (through PDMS 100 cS)/°   

 

Silica 

particles 

Using cal’d 

 
21oo  

Using meas’d 

21oo  Emulsion type 

 

 

Comment 

100% SiOH 93 93 Stable PDMS 100 cS-in-sunflower oil  

88% SiOH 84 84 Stable PDMS 100 cS-in-sunflower oil  

78% SiOH 77 76 Stable PDMS 100 cS-in-sunflower oil  

70% SiOH 71 70 Stable PDMS 100 cS-in-sunflower oil  

61% SiOH 64 63 Stable PDMS 100 cS-in-sunflower oil  

51% SiOH 57 55 Stable PDMS 100 cS-in-sunflower oil  

42% SiOH 50 48 Stable PDMS 100 cS-in-sunflower oil  

33% SiOH 42 40 Stable PDMS 100 cS-in-sunflower oil  

25% SiOH 36 33 Stable PDMS 100 cS-in-sunflower oil  

23% SiOH 35 31 Stable PDMS 100 cS-in-sunflower oil  

20% SiOH 33 29 Stable sunflower oil-in-silicone 100 cS  

14% SiOH 30 25 multiple emulsion (disperses easily in  

   

sunflower oil)  

Appendix 4.4. Estimated θoo for olive oil-PDMS 20 cS and the corresponding emulsion type.  

  

Olive oil-PDMS 20 cS θoo 

(through PDMS 20 cS)/°   

 

Silica 

particles 

Using cal’d 

 
21oo  

Using meas’d 

21oo  Emulsion type 

 

 

Comment 

100% SiOH 0 0 Unstable PDMS 20 cS-in-olive oil  

88% SiOH 0 0 Unstable PDMS 20 cS-in-olive oil  

78% SiOH 0 0 Unstable PDMS 20 cS-in-olive oil  

70% SiOH 0 0 Unstable PDMS 20 cS-in-olive oil  

61% SiOH 0 0 Unstable PDMS 20 cS-in-olive oil  

51% SiOH 0 0 Unstable PDMS 20 cS-in-olive oil  

42% SiOH 0 0 Unstable PDMS 20 cS-in-olive oil  

33% SiOH 0 0 Unstable PDMS 20 cS-in-olive oil  

25% SiOH 0 0 Unstable PDMS 20 cS-in-olive oil  

23% SiOH 0 0 Unstable multiple emulsion   

   (disperses easily in olive oil)  

20% SiOH 0 0 Stable olive oil-in-PDMS 20 cS  

14% SiOH 0 0 Stable olive oil-in-PDMS 20 cS  
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Appendix 4.5. Estimated θoo for olive oil-PDMS 50 cS and the corresponding emulsion type. 

  

Olive oil-PDMS 50 cS θoo 

(through PDMS 50 cS)/°   

 

Silica 

particles 

Using cal’d 

 
21oo  

Using meas’d 

21oo  Emulsion type 

 

 

Comment 

100% SiOH 0 0 Unstable PDMS 50 cS-in-olive oil  

88% SiOH 0 0 Stable PDMS 50 cS-in-olive oil  

78% SiOH 0 0 Stable PDMS 50 cS-in-olive oil  

70% SiOH 0 0 Stable PDMS 50 cS-in-olive oil  

61% SiOH 0 0 Stable PDMS 50 cS-in-olive oil  

51% SiOH 0 0 Stable PDMS 50 cS-in-olive oil  

42% SiOH 0 0 Stable PDMS 50 cS-in-olive oil  

33% SiOH 0 0 Stable PDMS 50 cS-in-olive oil  

25% SiOH 0 0 Stable PDMS 50 cS-in-olive oil  

23% SiOH 0 0 Stable PDMS 50 cS-in-olive oil  

20% SiOH 0 0 Stable olive oil-in-PDMS 50 cS  

14% SiOH 0 0 Unstable multiple emulsion   

   

(disperses easily in olive oil)  

Appendix 4.6. Estimated θoo for olive oil-PDMS 100 cS and the corresponding emulsion type. 

  

Olive oil-PDMS 100 cS θoo 

(through PDMS 100 cS)/°   

 

Silica 

particles 

Using cal’d 

 
21oo  

Using meas’d 

21oo  Emulsion type 

 

 

Comment 

100% SiOH 0 0 Stable PDMS 100 cS-in-olive oil  

88% SiOH 0 0 Stable PDMS 100 cS-in-olive oil  

78% SiOH 0 0 Stable PDMS 100 cS-in-olive oil  

70% SiOH 0 0 Stable PDMS 100 cS-in-olive oil  

61% SiOH 0 0 Stable PDMS 100 cS-in-olive oil  

51% SiOH 0 0 Stable PDMS 100 cS-in-olive oil  

42% SiOH 0 0 Stable PDMS 100 cS-in-olive oil  

33% SiOH 0 0 Stable PDMS 100 cS-in-olive oil  

25% SiOH 0 0 Stable PDMS 100 cS-in-olive oil  

23% SiOH 0 0 Stable PDMS 100 cS-in-olive oil  

20% SiOH 0 11 Stable olive oil-in-PDMS 100 cS  

14% SiOH 0 25 Stable olive oil-in-PDMS 100 cS  
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Appendix 5 

Optical micrograph (1 month after preparation) of olive oil-PDMS 20 cS multiple emulsion 

stabilised by 1 wt. % of 23% SiOH DCDMS-coated fumed silica particles shown in Figure 4.8. 
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Appendix 6 

Appendix 6.1. Behaviour of fluorinated platelet clay and fluorinated ZnO particles (50 mg) on 

liquid surfaces (3 cm
3
) at rest. Abscissa: 1-particles were wetted by the liquid, 2-particles were 

partially wetted by the liquid and 3-particles were not wetted by the liquid. Ordinate: number in 

brackets is liquid surface tension (± 0.1 mN m
‒1

) at 25 °C. 

 

 

 

 

0 1 2 3

Cyclomethicone (20.2)

PDMS 6 cS (20.6)

PDMS 20 cS (20.8)

Octane (20.8)

Cyclohexane (23.9)

Dodecane (24.3)

Tetradecane (25.4)

Hexadecane (26.3)

Isocetane (26.7)

Phenyl silicone (27.6)

Tripropyleneglycol trimethylacetate (29.3)

Squalane (30.7)

Glyceryl tri(2-ethylhexanoate) (30.8)

Olive oil (31.2)

Sunflower oil (31.8)

Rapseed oil (31.9)

Pentaerythritol tetra(2-ethylhexanoate) (32.1)

Liquid paraffin (32.3)

Cetyl 2-ethylhexanoate (32.6)

α-Hexylcinnamaldehyde (33.3) 

Macadamia nuts oil (35.1)

Jojoba oil (35.2)

2-Ethylhexyl-4-methoxycinnamate (36.8)

Water (72.1)

behaviour of particles on liquid surfaces 

PF-10 FSE-Al

PF-10 Eight Pearl

300 S-Al

PFX-10 ZnO (TP)

PFX-10 Kunipia F
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Appendix 6.2. The critical oil : particle ratio COPR versus surface tension γla (25 °C) of the oils 

for PFX-10 ZnO (TP) (●), PF-10 Eight Pearl 300S-Al
a
 (▲) and PF-10 FSE-Al (). Inset: 

schematic illustration of a/o foam above COPR and dry oil powder at or below COPR. For 

simplicity, the particles, oil droplets and air bubbles are spherical. The error bars represent the 

minimum amount of oil required for phase inversion per gram of particles. 
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Appendix 6.3. (upper) Photographs of watch glasses containing dry oil powders (1 year after 

formation) of dry (a) squalane powder stabilised by PFX-10 ZnO (TP) particles, (b) olive oil 

stabilised by the PF-10 FSE-Al particles and (c) macadamia nuts oil stabilised by PF-10 Eight 

Pearl 300S-Al
a
 particles. (lower) Photograph of corresponding dry squalane powder flowing 

freely through a glass funnel onto a Pyrex watch glass. Scale bar  = 10 mm. 
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Appendix 6.4. Optical micrographs (soon after preparation) of dry oil powders of (i) squalane 

and (ii) sunflower oil stabilised by PFX-10 ZnO (TP) particles prepared from 5 cm
3
 of the oils 

containing 4 mg of Sudan Red dye and (iii) cryo-SEM image (3 months after preparation) of dry 

squalane powder stabilised by PFX-10 ZnO (TP) particles. (lower) Photos of liquid marbles (10 

μL) resting on a hydrophilic glass slide soon after preparation. The marbles are (a) olive oil 

liquid marble stabilised by PFX-10 Kunipia F, (b) olive oil liquid marble stabilised by PFX-10 

ZnO (TP), (c) sunflower oil liquid marble stabilised by PFX-10 ZnO (TP), (d) macadamia nuts 

oil liquid marble stabilised by PF-10 Eight Pearl 300S-Al
a
, (e) rapeseed oil liquid marble 

stabilised by PF-10 FSE-Al and (f) water liquid marble stabilised by PF-10 FSE-Al.  
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Appendix 6.5. Photo (soon after preparation) of (a) squalane foam stabilised by PFX-10 ZnO 

(TP) particles (containing 1.15 g of squalane) being poured onto a Pyrex watch glass, (b) 

corresponding optical micrograph of squalane foam in (a), (c) photo (soon after preparation) of 

squalane foam stabilised by PF-10 Eight Pearl 300S-Al
a
 particles (containing 1.35 g of squalane) 

being forced from a plastic syringe onto a black aluminium substrate and (d) corresponding 

optical micrograph of squalane foam in (c). The foams were obtained by inverting the 

corresponding dry oil powders (Appendix 6.4) and were viewed soon after formation. 

 

Appendix 6.6. List of oil foams that underwent drainage or coalescence and those ultra-stable to 

these processes.   

Particle Drainage Coalescence Ultra-stable foam 

PFX-10 ZnO (TP) Foams in Appen- Olive oil, sunflower oil, n-Dodecane and 

 

dix 6.7 except α-hexylcinnamaldehyde and phenyl silicone foams 

 

those listed under gylceryl tri(2-ethylhexan- 

 

 

the other headings oate) foams 

 

    PF-10 Eight Pearl Foams in Appen- Olive oil, rapeseed oil and n-Dodecane, n-tetradecane 

300S-Al
a
 dix 6.7 except α-hexylcinnamaldehyde isocetane, phenyl silicone 

 

those listed under foams and tripropyleneglycol 

 

the other headings 

 

trimethylacetate foams 

    PF-10 FSE-Al Foams in Appen- Tripropyleneglycol tri- n-Dodecane, n-tetradecane, 

 

dix 6.7 except methylacetate, sunflower PDMS 20 cS, isocetane and  

 

those listed under oil, rapeseed oil and α-hexyl- phenyl silicone foams 

 

the other headings cinnamaldehyde foams 
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Appendix 6.7. Apparent advancing (first entry) and receding (second entry) θla in degrees 

(measured into the liquid) of 0.1 cm
3
 (advancing) and 0.05 cm

3
 (receding) of selected liquids in 

air on compressed particle disks at ambient conditions. All angles quoted are ± 1° (standard 

deviation of 4 separate measurements). The type of material obtained after agitating the systems 

described in Appendix 6.1 is also shown as: ○-liquid gave dispersion, ●-liquid gave substantial 

amount of foam, -liquid gave little foam and †-liquid gave climbing films. For marbles: -

liquid did not form marble and -liquid formed marble. 

  Particle 

Liquid 

‡
PFX-10

 

Kunipia F  

PFX-10  

ZnO (TP) 

PF-10 Eight  

Pearl 300S-Al
a
 

PF-10  

FSE-Al 

Cyclomethicone 58,35:  54,39: ,○ 61,49: ,○ 49,35: ,○ 

PDMS 6 cS 76,57:  56,35: ,○ 69,48: ,○ 69,44: ,○ 

PDMS 20 cS 72,41:  60,33: ,○ 72,47: ,○ 73,47: ,○ 

n-Octane 72,45:  71,32: ,○ 75,39: ,○ 68,38: ,○ 

Cyclohexane 71,46:  87,44: ,○ 92,59: ,○ 79,36: ,○ 

n-Dodecane  ,○ ,○ ,○ 

n-Tetradecane  ,○ , ,● 

n-Hexadecane 67,45:  77,47: ,○ 93,67: ,● 95,54: ,● 

Isocetane  ,● ,● ,● 

Phenyl silicone 88,53:  92,63: ,● 105,75: ,● 109,75: ,● 

Tripropylene glycol    

trimethylacetate  ,● ,● ,● 

Squalane 100,68:  123,90: ,● 114,83: ,● 106,82: ,● 

Glyceryl tri(2-ethylhexanoate)  ,● ,● ,● 

Olive oil  ,● ,● ,● 

Sunflower oil 101,67:  120,82: ,● 124,89: ,● 121,82: ,● 

Rapseed oil  ,● ,● ,● 

Pentaerythritol tetra(2-ethyl-     

hexanoate) 101,66:  105,76: ,● 122,93: ,● 115,79: ,●

Liquid paraffin  ,● ,● ,● 

Cetyl 2-ethylhexanoate  ,● ,● ,● 

α-Hexylcinnamaldehyde  96,68:  117,81: ,● 111,75: ,● 117,80: ,● 

Macadamia nuts oil 98,77:  111,81: ,● 122,89: ,● 115,83: ,● 

Jojoba oil  ,● ,● ,● 

2-Ethylhexyl-4-methoxy-    

cinnamate 104,76:  117,89: ,● 122,90: ,● 111,79: ,●

Water 0,0:  127,88: ,† 130,101: ,† 139,94: ,† 
‡
Cloudy dispersion was obtained with all the liquid/particle mixtures. 
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Appendix 6.8. Cosine of apparent (a) advancing and (b) receding θla (through liquid) of a liquid 

droplet in air on compressed particle disks of PFX-10 Kunipia F (○), PFX-10 ZnO (TP) (●), PF-

10 Eight Pearl 300S-Al
a
 () and PF-10 FSE-Al (+) particles versus γla (at 25 °C). Inset: 

photograph of (a) side and (b) top view of an PF-10 Eight Pearl 300S-Al
a
 disk made by 

compressing 500 mg of the powdered particles (scale bar = 6 mm). The type of material formed 

on vigorous agitation and gentle mixing is also shown. 

 

 

 

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

10 30 50 70

co
s 

(θ
la

/°
) 

γla /mN m‒1 

dispersion, no dry powder 

foam, dry powder; only  

dispersion for Kunipia F 

climbing films, no dry powder 

(a) 

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

10 30 50 70

co
s 

(θ
la

/°
) 

γla /mN m‒1 

dispersion, no dry powder 

foam, climbing films,  

dry powder; only dispersion  

for Kunipia F 

climbing films, no dry powder 

(b) 


