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ABSTRACT

Particles adsorbed at liquid interfaces are commonly used to stabilize water-oil Pickering emulsions
and water-air foams. The fundamental understanding of the physics of particles adsorbed at water-air
and water-oil interfaces is improving significantly due to novel techniques that enable the
measurement of the contact angle of individual particles at a given interface. The case of non-aqueous
interfaces and emulsions is less studied in the literature. Non-aqueous liquid-liquid interfaces in
which water is replaced by other polar solvents have properties similar to those of water-oil
interfaces. Nanocomposites of non-aqueous immiscible polymer blends containing inorganic particles
at the interface are of great interest industrially and consequently more work has been devoted to
them. By contrast, the behaviour of particles adsorbed at oil-oil interfaces in which both oils are
immiscible and of low dielectric constant (¢ < 3) is scarcely studied. Hydrophobic particles are
required to stabilise these oil-oil emulsions due to their irreversible adsorption, high interfacial

activity and elastic shell behaviour.
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1. Introduction

The knowledge of the physicochemical aspects regarding the adsorption of particles at
liquid interfaces is of great importance in understanding the behaviour of emulsions stabilised by
particles [1,2]. Using particles instead of ionic or non-ionic surfactants present some advantages
including the high adhesion energies that the particles possess at liquid interfaces and the Pickering
effect that prevents coalescence when the particles covering an emulsion droplet come in contact [3].
Identifying the polar and apolar regions of molecular surfactants permits the prediction to some
extent of their adsorption physics to different liquid interfaces [4]. This is less straightforward for
particles, in which different parameters like the chemical nature, size, roughness and wettability play
arole in the adsorption energy displayed by the particles at a given liquid interface [5,6,7].

The vast majority of interfaces and emulsions stabilised by particles reported in the
literature involve an aqueous phase and an oil phase. Nevertheless, here we will focus on the less
studied case of non-aqueous liquid-liquid interfaces, and in particular, oil-oil interfaces [8]. Water-free
or non-aqueous liquid-liquid interfaces are rather wide concepts covering interfaces in which the
water phase in a water-oil system is replaced by either a polar non-aqueous solvent, a liquid polymer
or another oil [9,10]. When the water phase is replaced by a polar solvent like propylene glycol [11],
glycerol [12,13], formamide [14,15,13,16,17] or methanol [18], the solvent-oil interface is expected to
retain the essential physics as that with the water phase [9]. On the other hand, the cases of liquid
polymer-oil [19,20,21,22,23] and immiscible liquid polymer blends [24]
[25,26,27,28,29,30,31,32,33,34] [35,36,37,38,39,40,41,42] [43,44] are quite different and reported
more frequently in the literature due to their important industrial applications. Nevertheless, we want
to stress also the less studied case of true oil-oil interfaces. Such oils need to be largely immiscible but
also need to possess a very low dielectric permittivity € (typically < 5). This way, the oil-oil interface is
one in which any polar interaction arising from the particles adsorbed at the interface will be
significant. It is scarcely reported in the literature [9]. This is the principal motivation of this review:
to compile the most recent works about particles adsorbed at a range of non-aqueous liquid-liquid

interfaces, including the case of oil-oil interfaces.

2. Adsorption of particles at liquid interfaces: Theoretical aspects

Molecular surfactants, surface-active polymers and particles are used widely for stabilising
emulsions and foams [45]. Nevertheless, although particles can display similar behaviour to molecular
surfactants and surface-active polymers, they differ in two main aspects:

1) Particles do not assemble to form micelles (i.e. there are no solubilisation phenomena) [45].

2) Particles are solid-like entities incapable of the same spatial reconfiguration and bending of
4
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molecular surfactants and surface-active polymers. However, soft particles like microgels
rearrange to some extent when placed at a liquid-liquid interfaces depending on their cross-
linking density [46]. Such rearrangement is not as severe as the spatial reconfigurations that

molecular surfactants and polymers experience however.

Usually, the contact angle 6 or the flotation height h (they are related, see Figure 1a [47]) can be
used to describe the attachment of a perfectly smooth spherical particle adsorbed at an interface. In
the Young’s equation 1, the contact angle 0 is related to the interfacial tensions involved in the
attachment of the particle to the interface (see Figure 1a) [48]. Thus, yre (and yps) are the interfacial
tensions between the particle and the upper (and bottom) fluids and yriz is the interfacial tension

between the two fluids in the absence of particles.

Ypf2 — Ypf1 — Yrif2 COS 0=0 (1)

This equation brings two important approximations: the line tension and the roughness are neglected.
The line tension t depends on the three-phase contact line of the particle attached to the interface
(see Figure 1a). For larger particles this line tension can be neglected, but for smaller nanoparticles
the line tension can even cause detachment from the interface [49]. Moreover, the effect of the
roughness of the particles cannot be neglected in the case of small nanoparticles [47].

If ypez> ypr1, the particles prefer to be more immersed in fluid 1 (we would refer to them as
hydrophilic if this is water) and they display contact angles in the range (0-90°), see Figure 1b. If the
opposite occurs, yrrz < Ypri, the particles prefer to be more immersed in fluid 2 (we would refer to them
as hydrophobic in a typical water-oil interface) and they display contact angles in the range (90-180°),
see Figure 1b.

If the line tension cannot be neglected, the Young’s equation can be expressed as in equation 2.

YPf2—YPf1
cos 6

T
— Yrf2 T Rsin® 0 (2)
where R is the particle radius. This equation still does not account for the roughness of the particle,
which cannot be neglected for small nanoparticles. However, as this roughness cannot be expressed in
an analytical way, the roughness effect needs to be incorporated for each experimental system. The
simplest model of the energy of desorption (Edes) of a particle attached at a given interface is given by

equation 3 which is derived from Young’s equation 1.

Eges = TR*Y4(, (1 & cos 8)? (3)
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In equation 3, Bis the Young three-phase contact angle [45]. The sign inside the bracket is positive
when the particle is more immersed in fluid 2 and negative when it is more immersed in fluid 1. Thus,
even small particles of few nanometers in size can be irreversibly attached to interfaces provided that
vr1z and 6 are adequate. However, the size of the particle is the main factor for a given interface
because Edes is proportional to the square of the particle radius.

We can consider the particles irreversibly attached to the interface when the energy of
adsorption is greater than the thermal energy ksT, where ks is the Boltzmann constant and T the
temperature measured in Kelvin [50]. To get an idea about the order of magnitude of the desorption
energy of particles from interfaces, we will consider an example in which sz = 50 mN/m, typical of an
alkane-water interface. The value of Eges of the particle depends then on its radius R and its contact
angle 6. As can be seen in Figure 1c, Edes depends on 6 displaying a maximum and a minimum for the
extreme cases of 6 = 0° or 180° respectively. For a particle attached to the interface with 8 = 90°, it can
be seen that the energy of desorption is ~0.4 ksT for particles of 10 nm and ~4,000 ksT for particles of
1 um. Thus, the major effect of particle size on the energy of desorption is clearly seen where bigger
particles can be irreversibly attached compared with smaller nanoparticles.

If equation 2 is considered to include the line tension effects in the energy of desorption,
equation 4 becomes a more complete and complex description of the energy of desorption, provided

that the roughness effects cannot be analytically added to this expression [47].

Eges = Ygy5, €05 0 2TR?*(1 — cos 8y) + 2R sin 6, — mR*y,, , (cos B,,)? (4)

In equation 4, 6 is the contact angle defined by the Young’s equation 1 and 6n is the experimentally
accessible angle. Only if there is mechanical equilibrium, dEdes/36m = 0 and 6 can be written as in

equation 5.

-1
cosem=cose(1— - ) (5)

RYfi5,

This equation shows that for 6m ~ 90° the contact angle 0 is similar to that given in the simpler
equation 1 because the line tension is perpendicular to the interface and the tangential component,
which affects the immersion height of the particle, is negligible. Once again, the maximum
contribution of the line tension is for the extreme cases of Om = 0° and 180°, while it is not relevant
when the contact angle is between 60° and 120° [51].

All the above expressions are obtained for homogeneous particles with a homogeneous
surface. One way to improve the amphiphilic character of particles at interfaces is to functionalise the
particle surface with capping ligands [52,53,54]. Thus, the particle can be functionalised with two

6

©2018, Elsevier. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



capping ligands which are better solvated in one of the two fluids of the interface. Typically, for a
water-oil interface, such capping ligands are hydrophilic and hydrophobic to enhance their solvation
in water and oil, respectively. The capping ligands can be arranged at the particle surface totally
mixed, forming patches or in a dissymmetric Janus configuration. The latter Janus configuration leads
to an enhanced interfacial activity of the nanoparticles provided that the two capping ligands,
hydrophilic and hydrophobic, display affinities for the water and oil fluids, respectively [55]. Thus, the
Janus particle is not only surface-active but also amphiphilic just like molecular surfactants are that
present a hydrophilic part and a hydrophobic part. For example, homogeneous particles with a
contact angle of 90° are strongly surface-active although they are not amphiphilic. Instead, Janus
particles are both surface-active and amphiphilic [55]. The amphiphilicity of Janus particles at a
water-oil interface can be tuned through variation of both the angle a (relative areas of the polar and
apolar domains, see Figure 2) and the difference between 6a and 6r (equilibrium contact angles of the
two domains). The homogeneous particles show zero amphiphilicity (o = 0°/180° or (0a-6p) = 0°).
Janus particles show the strongest amphiphilicity when o = 90° and |6a- 6p| = 180°.

The surface free energy E of a Janus particle at a water-oil interface as a function of the

immersion angle S (see Figure 2) is given by equations 6 and 7 [55].

For B <a,

E(B) = 2R [yao (1 + cos @) + ¥po(cosB — cosa) + ¥y (1 — cosB) =S vow(sin?B)|  (6)

and for B > a,

E(B) = 2mR? [0 (1 + cos B) + yaw (cosa — cosB) + Ypu (1 — c05@) = > ¥Vow (sin?B)|  (7)

In equations 6 and 7, yao, ypro, yaw, ypw and yow are the interfacial tensions of the apolar-oil, polar-oil,
apolar-water, polar-water and oil-water interfaces, respectively. Equations 6 and 7 neglect the radius
of curvature of the oil-water interface relative to the particle radius, the line tension and the buoyancy
effects and consider that the apolar (polar) region is oriented towards the apolar (polar) fluid. Thus,
the energy of desorption still scales with jwR? and all the casuistry explained for homogeneous
particles apply for Janus particles. The contact angles 64 and 0p correspond to the equilibrium angles
given by the Young’s equation 1 for the apolar and polar part of the particle given in equations 8 and 9

[55].

cosf, = YAWw=Y40 (8)
Yow
cosf, = YEW=YPO 9)
Yow
7
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Thus, an average contact angle can be obtained by weighting the relative areas of the polar and apolar

domains as in equation 10 [55].

64(1+cosO)+ 6p(1—cosa)

eaverage = > (10)

The three possible immersion angles fare listed in equation 11 [55].

For o <6a <6p, then 3 =064
For Ba<a < 0p, then B = a

For 6a<0p<a, then 3 =0Op (11)

The energy of desorption can be calculated from equations 6, 7 and 11. Figure 3 shows the energy of
desorption for particles with different values of the angle A8 (defined as |6 a- 8 p|/2). In Figure 3, a =
90° r = 10 nm and yow= 36 mN m. Thus, the particle amphiphilicity is changed by AB. The extreme
cases of AB = 0° and 180° correspond to the homogeneous hydrophilic/hydrophobic nanoparticles
and A8 = 90° corresponds to a Janus particle in which the polar region of the particle is completely
immersed in the polar fluid and the apolar region is completely immersed in the apolar fluid. As can
be seen in Figure 3, by increasing the particle amphiphilicity through A6, the strength of particle
adsorption increases up to a maximum of 3-fold for Baverage of 90°. In addition, the Janus particles
maintain strong adsorption with average contact angles near 0° or 180°, where the surface activity of
the homogeneous particles is low. While this discussion is done in terms of apolar and polar regions,
these results might be extended for oil-oil interfaces by considering that the polar and apolar fluids
are instead the two more dense and less dense apolar fluids. In such a situation, the apolar affinity of
the two capping ligands might be tuned through their hydrophobicity, provided that the two oils
possess a difference in hydrophobicity to some extent.

Moreover, van der Waals interactions and electrostatic interactions between interfacial
particles become even more important when there is not a polar phase in which a screening effect of
the particle charge can occur. van der Waals interactions arise from the orientation-averaged
interactions between permanent dipoles (Keesom interactions), interactions of permanent dipoles
with induced dipoles (Debye interactions) and interactions between fluctuating dipoles (London
interactions). The first two interactions occur only for permanent dipoles, while the London
interaction is always present and it is always attractive for two like particles in a given medium [52].
Steric repulsive effects are also important when the particles are functionalised with polymers since
they exert an osmotic pressure when compressed between two particles [52]. Finally, capillary
interactions are usually neglected for smaller nanoparticles because they originate from deformations
of the fluid-fluid interface. Such deformation usually comes from the weight of the particle which is
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negligible for sub-micron particles. However, even for small nanoparticles, the roughness of the
nanoparticle surface may lead to deformation of the interface due to pinning effects [52,56,57,58],

which makes the capillary interactions significant.

3. Characterization of interfacial activity

The usual way to characterise the interfacial activity of particles adsorbed at interfaces is to measure
the interfacial pressure, being the interfacial tension of the bare interface minus that of the particle
covered interface. This can be done by several methods including using a Langmuir balance or via
pendant drop tensiometry amongst others [50]. While the Langmuir balance is less complex than
pendant drop tensiometry because it measures the interfacial pressure directly with a Wilhelmy plate
and compresses the interface by moving barriers, pendant drop tensiometry allows using significantly
lower volumes of the fluids and lower quantities of particles. This is especially useful with particles
that cannot be synthesised at laboratory scale in large quantities as is the case for most Janus
nanoparticles [50]. Pendant drop tensiometry is composed of a CMOS (complementary metal-oxide
semiconductor image sensor) camera and a computer, which performs the acquisition of images.
Then, the drop shape is fitted with edge-detecting software to the Young-Laplace equation using the
Axisymmetric Drop Shape Analysis Profile (ADSA-P).Real time drop images are processed at each
step of volume variation and the drop area and interfacial tension are calculated. This system can be
used in cases where the interfacial tension is low, as expected for oil-oil interfaces [59]. An entropic
edge detector has been applied to a pendant drop of the aqueous phase in the oil phase obtained after
mixing 1-propanol, n-heptane and water. In this experiment, a pendant drop not bigger than 0.32 pL is
formed with very low contrast of the images (see Figure 4). In these conditions, only the entropic edge
detector is useful and low interfacial tensions can be measured at different temperatures (see Figure
5). The interfacial tension decreases upon increasing temperature, from 0.262 mN/m at 18 °C to 0.080
mN/m at 70 °C. This method is also demonstrated in this review for oil-oil interfaces containing
attached particles with new results measured in our lab. in Section 4.3.

As seen in the previous Section 2, the macroscopic interfacial tension is related to the
microscopic contact angle (i.e. immersion depth) of the particles at a given interface. In principle,
determining this microscopic contact angle should permit one to estimate the interfacial activity of
the particles at the interface. However, this microscopic contact angle is difficult to measure and it is
even very dependent on the experimental technique [47]. One common assumption is that the contact
angle for particles at an interface is the same as that for a flat macroscopic surface made of the same
material or from close-packed monolayers of particles deposited onto a flat substrate. This approach
neglects microscopic effects as roughness, line tension and even thermal fluctuations [47]. Another

assumption is that the contact angle can be obtained from measurement of the collapse pressure
9
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which corresponds to a close-packed monolayer. This is not the case however for many systems in
which there may not be collapse or this might occur for non close-packed percolating colloidal layers
(in particular with non-homogeneous particles as Janus particles) [50]. There are relaxation processes
such as buckling that can modify the contact angle of particles at the interface under compression
[39].

Other techniques are based on the immobilization of the particles at interfaces to directly
measure their contact angle as with the Gel Trapping Technique (in which the aqueous phase is
gelled) [60] or the Freeze-Fracture Shadow-Casting (FreSCa) Cryo-SEM technique (in which the
interface is vitrified and fractured, shadow casting the particles at the interface with tungsten)
[61,62]. However, as mentioned before, such techniques provide different contact angles even for the
same technique by varying parameters like the spreading solvent or slightly changing the size of the
particles [47]. For example, 2.8 um polystyrene particles at a water- decane interface exhibit a contact
angle of 85° measured by FreSCa and 122° measured by the Gel Trapping Technique [61].
Nonetheless, the higher contact angles measured by the latter were explained in terms of the most
hydrophilic particles remaining embedded in the gellan gum after the PDMS replica was peeled off
and hence were ‘missing’ in the final contact angle distribution [63]. Very recently, it was shown that
attaching a microparticle to an AFM cantilever enables the contact angle to be determined via
detachment of the particle from the interface [63].

These techniques can be useful to relate the microscopic and macroscopic behaviour. For
example, it can be seen how the microscopic aggregation state of PMMA homogeneous nanoparticles
(PMMA-HPs) and silica nanoparticles functionalised with methacryloxypropyltrimethoxysilane
(silica-FPs) at the water-decane interface (see Figure 6) is related with the macroscopic appearance
(see Figure 7). The interface is clear for the well dispersed PMMA-HPs but it is turbid for the
aggregated silica-FPs [62]; in the latter, particles aggregates are visible at the interface at the back of
the pendant drop (out of focus). Moreover, further evidence that they are placed at the interface is
that when there is a drift all the particles move together like a shell around the interface. These
techniques cannot be employed in non-equilibrium conditions. All of them need the nanoparticles to
be immobilised in one way or another. However, there are more complex techniques which enable
one to measure the interfacial activity of particles at interfaces in non-equilibrium conditions. For
example, neutron reflectivity allows in-situ measurements of the contact angle of nanoparticles
adsorbed at fluid interfaces (see Figure 8) [64]. This technique was used to measure two sets of 4.8
nm gold nanoparticles: homogeneous particles coated by perdeuterated 1-octanethiol (d-OT) and
functionalised particles coated by perdeuterated 1-octanethiol and 6-mercapto-1-hexanol (d-OT:MHol
1:1). The contact angle of the former particles was 119.5 £ 5.5°, in good agreement with simulations.
The functionalised particles displayed a contact angle of 85 + 10°, much lower than that of d-OT

particles as expected due to the presence of hydrophilic ligands. With this technique it was even
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possible to determine the structure of the capping ligand on the functionalised particles, showing a
random mixing of the two capping ligands as opposed to a Janus dissymmetric structure [64].
Moreover, modern techniques as ultrafast three-dimensional imaging upon irradiation with light, X-
rays or electrons enable to find in real time the orientation and position of individual nanoparticles at
interfaces [65,66,67]. These techniques however require significantly larger effort in the data
extraction but might be a good route in the future to characterise the interfacial activity of

nanoparticles in real-time non-equilibrium conditions.

In order to obtain the rheological characteristics of the interfaces with adsorbed particles there
are two main paths: bulk 3D-rheology and 2D-interfacial dilatational rheology. The bulk 3D-rheology
in which an emulsion prepared with the two fluids and the particles is subjected to periodic shear or
squeeze deformations obtain the 3D viscosity and elasticity of the emulsion as a function of the shear
or squeeze rate and time. This bulk characterization provides important information concerning the
flow behaviour and the stability of the emulsions, useful for practical applications [20]. Moreover, this
can be performed at the same time as the real structure of the emulsion is obtained by confocal
microscopy [25]. Nevertheless, this bulk characterization might not capture all the physics
undergoing at the 2D-interface level. The interfacial dilatational rheology can be measured to obtain
the corresponding interfacial viscosity na and elasticity Ed by increasing and decreasing periodically
the area of the interface with adsorbed particles. This is achieved by compressing and expanding the
interface confined within the barriers of a Langmuir balance or by growing and shrinking a pendant

drop of one fluid immersed in a second fluid [50].

4. Interfacial activity of particles adsorbed at non-aqueous liquid-liquid interfaces:

Experimental data

Binks and Tyowua [9] recently reported an extensive compendium of the different experimental
works, including patents, of the behaviour of non-aqueous liquid-liquid interfaces with adsorbed
particles. They reported that it was necessary to distinguish between three cases: (i) substitution of
the water phase in a water-oil mixture by a polar solvent of high dielectric constant, (ii) blends of
immiscible liquid polymers and (iii) mixtures of two immiscible oils of low dielectric constant (e <
3.2). In addition, oil-air interfaces stabilised by either fatty alcohol [68] or fatty acid [69] crystals have
been reported to be very stable over time and they have applications in diverse fields such as food and
cosmetic industries. In any case, the phrase oil-oil is a matter of discussion because “o0il” is usually
used to denote substances that are not hydrophilic and in a more generic way the Encyclopaedia
Britannica says that an oil is “any greasy substance that is liquid at room temperature and insoluble in

water”. After all, the term “0il” is not compounded in the IUPAC Golden Book [70]. This loose concept
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explains why some authors name polar-non-polar interfaces or polymer blends as oil-oil interfaces
[9].

Although there is a plethora of different particles and different types of non-aqueous liquid-
liquid interfaces reported in the literature, the vast majority belong to the second category of polymer
blends as will be noted in the following sub-sections. We take the example of microgel particles, which
are polymeric particles with a more cross-linked core and a less cross-linked corona. These are of
interest due to their capability of being temperature or pH-sensitive, typically becoming swollen
below or above a given value of temperature or pH [71]. Microgels are excellent colloidal probes at
water-air and water-oil interfaces. At the water-hexane interface, they are reported to produce
colloidal monolayers beyond the close-packing regime [71]. These microgels have been well
characterised at water-hexane interfaces and observed to be shaped as fried eggs due to the poor
solvation of the particular microgel in the oil phase [72]. Even though these results involve the use of
water and microgels, which are well dispersed in water, there are also non-aqueous microgels
reported in the literature which are expected to retain the same physics fundamentals at non-aqueous
liquid interfaces [73]. For such non-aqueous microgels, the main factor determining the colloidal
stability in oil is the steric barrier afforded by polymer chains extending into solution. Moreover,
microgels are reported to be capable of stabilising non-aqueous emulsions [14]. In the following sub-
sections, we compile the main experimental data of particles adsorbed at non-aqueous liquid-liquid

interfaces.

4.1 Non-aqueous polar liquid-oil interface

If the water in a water-oil emulsion is replaced by a polar solvent, the emulsion is expected to retain
the same fundamental behaviour, although it might be comparatively less polar than water-containing
emulsions (since water has a dielectric constant € of ~ 80 at 20° C). Binks et al. [11] prepared
emulsions of propylene glycol (¢ ~ 32) and paraffin (¢ ~ 2) stabilised by fumed silica particles of
different hydrophilicity. They reported on the appearance and stability of the emulsions as a function
of the particle hydrophilicity (see Figure 9). It was necessary to lower the hydrophilicity of the
particles (i.e. reduce the silanol content at particle surfaces) to obtain transitional phase inversion
compared to using water as the polar solvent. Thus, the particles behave as more hydrophilic in
propylene glycol systems than in water. The glycol was not completely emulsified for particles
forming glycol-in-oil emulsions (14% SiOH). For oil-in-glycol emulsions, even after 6 months, the
emulsions were stable against coalescence and creaming for the more hydrophobic particles. For 61%
and 71% SiOH, coalescence and creaming occurred, and above this percentage complete phase
separation occurred immediately after emulsion formation (see Figure 9). Thus, Ostwald ripening

needs also to be taken into consideration [2] this does not follow on. They reported also that the
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emulsion average drop diameter was minimum at phase inversion (Figure 10(a)) with particularly
small oil drops of around 5 pm being stabilised by particles possessing 23% SiOH. The optical
micrographs in Figure 10(b) revealed non-spherical drops for lower % SiOH.

Dyab and co-workers [12], [13], [14] also investigated non-aqueous emulsions in which water
was replaced by either glycerol (¢ > 48), formamide (¢ ~ 109) or ethylene glycol (¢ ~ 37). These
emulsions were stabilised by hydrophobised amorphous silica and organo-modified Laponite clay
nanoparticles [12], kaolininte clay [13] or non-aqueous microgels [14]. Dyab and Atta [14] used cross-
linked poly(N-isopropylacrylamide-co-2-acrylamido-2-methylpropane sulfonic acid), poly(NIPAM-co-
AMPS), microgels of diameter 600 nm functionalised with a non-ionic polymerisable surfactant
(polyoxyethylene 4-nonyl-2-propyl-phenyl maleate ester). They measured the formamide-paraffin oil
interfacial tension as a function of the microgel concentration in formamide. While the bare interface
exhibited a tension of 29.5 + 0.9 mN/m, they reported a significant reduction of the interfacial tension
to around 3.5 mN/m by 2.5 wt.% of particles (see Figure 11) with equilibrium occurring quickly.
Therefore, microgels adsorb at the formamide-paraffin interface as they do at the water-hexane
interface [71]. They attributed the high surface activity to either the presence of charges on the AMPS
monomer or to the formation of a 3-D network of particles in the continuous phase which can
improve the stability of the emulsions. They also reported that unlike the water-based microgels
studied by them earlier, these particular microgels did not show any sensitivity to temperature within
the range of 20-80 °C. Moreover, Tawfeek et al. [13] explored the synergism between a polymerisable
non-ionic surfactant (Noigen RN10) and kaolinite clay particles in stabilising these non-aqueous
emulsions. Using kaolinite particles with equal volumes of paraffin oil and formamide resulted in no
stable emulsions at all concentrations, although stability was enhanced by addition of Noigen RN10.
They also reported that the addition of Noigen RN10 surfactant to stable silicone oil (¢ ~ 3)-in-
glycerol emulsions containing kaolinite particles resulted in emulsion destabilization at all
concentrations. Thus, the surfactant can improve or decrease the emulsion stability depending on the
type of oil and hence on the nature of the polar liquid-oil interface. There was no evidence of
catastrophic phase inversion in these emulsions (by variation of the formamide:oil ratio) as
commonly occurs in water-oil Pickering emulsions. Additionally, Dyab and Al-Haque [12] reported on
the preparation of emulsions, foams, liquid marbles and polymeric materials from a range of non-
aqueous systems stabilised solely by either dichlorodimethylsilane (DCDMS)-modified amorphous
silica or organo-modified Laponite clay nanoparticles, including examples of double emulsions like
formamide-in-styrene (& ~ 2)-in-formamide.

Datta et al. [15] also prepared emulsions of silicone oil-in-formamide but stabilised by Pluronic
P105, a non-ionic amphiphilic copolymer, instead of particles. However, they measured in a
systematic way the bulk rheology of those emulsions, concluding that emulsions exhibiting attractive

interactions between drops show a dramatically enhanced elasticity compared to the usual repulsive
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emulsions. They found that the linear and non-linear rheology of such emulsions depended sensitively
on the interactions between the droplets, proving useful to design emulsions with a specific elastic
and flow behaviour. Rizelli et al. [18] prepared non-aqueous Pickering emulsions using anisotropic
block copolymer nanoparticles. The emulsions were prepared with sunflower oil (¢ ~ 3), methanol (&
~ 33) and poly(2-(dimethylamino)ethylmethacrylate)-poly(benzyl methacrylate) (PDMA-PBzMA)
worm-like particles. They reported that emulsions prepared with increasing sunflower oil content
were stable up to a volume fraction of 0.6. There was an ageing effect in all cases, in which the
sunflower oil droplets gradually increased in size over time during several days. Nevertheless, after
this period, the emulsions remained stable for at least 2 months at room temperature. As an example
of the food industry interest in non-aqueous emulsions, Hu et al. [74] studied non-aqueous emulsions
formed by a mixture of propylene glycol and Transcutol® CG (an ethoxydiglycol, € ~ 12) and evening
primrose seed oil. They named this kind of emulsion as “non-aqueous self-double-emulsifying drug
delivery systems (SDEDDS)” and concluded that SDEDDS can spontaneously emulsify to ‘oil’-in-‘oil’-
in-water double emulsions with drugs encapsulated in the internal ‘oil’ phase. The SDEDDS were

stable for up to 3 months at 40 °C.

4.2 Polymer-oil and polymer-polymer interfaces

Regarding the polymer-oil interface, Atanase and Riess [19,20,21] addressed in three different studies
the interface formed by PEG 400 (polyethyleneglycol, € ~ 14) and paraffin oil or Miglyol 812
(triglyceride, € ~ 4) and stabilised by different block copolymers. They reported that the block
copolymers formed reverse micelles in paraffin oil. The emulsion characteristics, such as quiescent
stability, droplet size and rheological behaviour, were a function of the copolymer concentration and
they were correlated with the copolymer molecular characteristics. They could even prepare
biocompatible emulsions for topical applications [21]. However, the block copolymers are rather large
surfactants with two differentiated regions compared to particles. Similarly, Voigt et al. [22] reported
emulsion formation of a solution of poly(lactic-co-glycolic acid) in dimethyl sulphoxide (¢ ~ 47)
dispersed in several vegetable oils. The stability of these emulsions was improved from a few min to
12 h through the addition of glycerol monostearate (GMS) to the continuous oil phase, providing a
viscosity increase and the formation of a GMS layer at the emulsion drop interface. Also, the
injectability of such emulsions was improved, allowing for a faster parenteral administration and
hence a reduction of the pain exposure time for patients. Thus, the polymer-oil interfaces display
useful biocompatible applications including drug delivery.

As stated before, there are plenty of studies devoted to polymer-polymer interfaces. The
studies of immiscible polymer blends usually focus on the 3-D bulk rheology of emulsions stabilised

by particles for their industrial applications and also usually involve high temperatures at which the
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polymers melt. Bai et al. [25] reported a non-polar bijel composed of styrene trimer and low
molecular weight polybutene that was stabilised by hydrophobic silica nanoparticles (see Figure 12).
They found that the silica nanoparticles at the interface suppressed coarsening in the bijels. Interfacial
localization of the particles was demonstrated using confocal microscopy and cryo-SEM. Causa et al.
[26] studied the morphology and texture of poly(e-caprolactone)-polyethylene oxide blend films
stabilised by titanium dioxide particles, hydroxyapatite particles and aluminium-magnesium layered
double hydroxide platelets. They concluded that, as in the case of bulk multiphase systems, the
morphology of the polymer blend could be controlled by either the blend composition or by the
addition of small amounts of inorganic nanoparticles. Laoutid et al. [27] reported blends of
polyamide-6 and polycarbonate with alumina nanoparticles. The thermal and rheological
measurements showed that the nanoparticles acted as protective agents reducing the thermal
degradation of the polymer pair during melt processing. Liu et al. [28] studied blends of styrene-
butadiene rubber and polyisoprene with organo-montmorillonite clay particles. They studied the
effects of the organoclay particles on the phase separation behaviour and the morphology of the
polymer blend by rheological methods. They found that even a small amount of clay particles could
strongly influence the phase separation behaviour and the morphology evolution of the immiscible
blends, raising their viscoelasticity and slowing down the phase separation. Maani and Carreau [29]
reported the rheological and morphological behaviour of blends of polypropylene and ethylene-
octene copolymer containing nanosilica particles. The presence of nanosilica particles improved the
morphological stability of all blends, but the effect was higher when the nanoparticles were localised
in the dispersed ethylene- octene phase. While shearing diminished the viscoelastic properties of the
blends in the absence of silica particles, the sheared nanocomposites (i.e. polymer blend with
particles) enhanced the viscoelasticity due to the interconnection of solid particles during shearing.
Mao et al. [30,31] reported two studies of blends of polyisobutylene and polydimethylsiloxane in the
presence of either spherical or ellipsoid polystyrene particles. They concluded that during shearing,
droplets became elongated and rotated periodically about their major axes while aligning along the
vorticity direction in ellipsoid-filled emulsions due to both an extremely small Reynolds number that
arrested the coalescence and a strong confinement effect. No such behaviour was observed in
emulsions containing spherical particles however. Moghimi et al. [32] studied the effect of micron-
sized hydrophobic calcium carbonate particles on the stabilization of polydimethylsiloxane and
polyisobutylene immiscible blends. The particles provided negligible contribution to the bulk
rheology of the phases but suppressed the coalescence. Surface coverage calculations revealed that
the steric barrier was not the stabilising mechanism because the droplet surface was scarcely covered
by particles. They concluded that particle-induced droplet bridging might be the stabilization
mechanism due to patchy interactions induced by the heterogeneous distribution of particles along

the interface. Pawar and Bose [33] discussed the influence of the location of nanoparticles on the
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morphologies appearing in polymer blends. The increased yield stress of the particle-loaded phase
slows down the relaxation resulting in arresting peculiar morphologies which would otherwise be
thermodynamically unfavourable due to the increased interfacial area. In the case of interfacially
adsorbed particles however, the resulting solid-like interfaces can also preserve the irregular
structures. These transitions are very different to those in classical copolymer compatibilised polymer
blends. Qian et al. [34] reported the morphology and crystallization behaviour of poly(E-
caprolactone) in its 80/20 blends with poly(styrene-co-acrylonitrile) containing hydrophobic or
hydrophilic nanosilica particles. It was found that hydrophilic nanosilica displayed a more significant
effect in the morphology of the blends than hydrophobic nanosilica. Salehiyan et al. [36,37] studied
polypropylene-polystyrene blends with either silica or clay particles. They proposed the normalised
non-linear/normalised linear viscoelastic ratio (NLR) to determine the nature of the relation between
droplet size and rheological properties. They found that the NLR and droplet size were inversely
proportional, resulting in a promising tool to investigate the microstructural changes of polymer
blends. Sangroniz et al. [35] reported the linear and non-linear rheological behaviour of
polypropylene-polyamide blends with hydrophobic nanosilica particles. The size of the polyamide
droplets in the emulsion was reduced up to 25 times when the particles were added. Trifkovic et al.
[38] found that montmorillonite clay nanoparticles stabilised polymeric blends of polyethylene-
poly(ethylene oxide). Thus, organically modified clays localised at the interface and provided
complete suppression of coarsening, even at concentrations as low as 1 wt.%. Zou et al. [39] studied
the polybutadiene/polydimethylsiloxane (10/90) blend and the inverse system with fumed silica
particles. The nanoparticles significantly affected the morphology of the blends, inducing droplet
clustering and decreasing the droplet size, regardless of which phase preferentially wetted the
particles. This was unexpected given that these particles usually displayed this behaviour when they
were preferentially wetted by the continuous phase.

Fenouillot et al. [40] reported in a review that the reason for the uneven distribution of
nanoparticles in polymer blends is linked to the wettability of the particles by the polymers. However,
they mentioned the lack of reliable techniques to accurately determine the particle-polymer
interfacial energy, especially at high temperatures. Moreover, Taguet et al. [41] in a review concluded
that the nanoparticles have a great influence on the mechanical, barrier, thermal and fire properties of
polymer blends mainly because of their size. The small size of the nanoparticles generates high
interfacial area with the polymer chains such that their configurational entropy at the surface of
nanoparticles is greatly decreased. As Salzano de Luna and Filippone [42] stated in a recent review:
“imparting new physical properties and novel behaviour to a polymer blend through the simple
addition of nanoparticles is what really makes polymer nanocomposites attractive”. All of the above
results for polymer blend nanocomposites are a selection of the large amount of work being devoted

currently to polymer blends which deserves a review in itself. Here, they are contemplated as
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examples of non-aqueous emulsions.

4.3 Oil-oil interfaces

Oil-oil liquid interfaces are quite different from water-oil or polar solvent-oil interfaces, not only
because of the low dielectric constant of both oils compared to polar solvents but also because their
interfacial tension is particularly low (< 3-5 mN/m). Moreover, the large chains within polymers
compared to low molar mass oil molecules make their treatment different. For example, many oils are
liquid at room temperature whereas many polymers usually need high temperatures to be melted.

Binks and Tyowua [9] recently published an extensive compilation of the studies concerned
with oil-oil interfaces in the literature, including patents (see Table 1), and found that oil-in-oil
emulsions are used in a wide variety of industries including cosmetics [75,76,77], personal care
[78,79,75,80], electronics [81,82,83] and pharmaceuticals. [84,85,86]. They are also used in
antifoaming applications [87,88], in liquid toning [89] and as reaction vehicles involving reactants
sensitive or explosive to the presence of traces of water [90]. However, only four studies listed in
Table 1 used particles to stabilise the emulsions as opposed to molecular surfactants or polymers: the
particle types were organo-clay [78], fluorosilicone [76], fluorolauroyl taurate [77] and wax [88].
Thus, a detailed understanding of particles adsorbed at oil-oil interfaces is still lacking. Therefore,
they explored systematically the behaviour of immiscible mixtures of vegetable oil and silicone oil in
the presence of fumed silica particles, coated with either hydrocarbon groups or fluorocarbon chains,
and other particles such as fluorinated clay microplatelets. First, they measured the interfacial tension
and miscibility of each pair of oils: sunflower, rapeseed and olive oil as one of the phases and PDMS
silicone oil of different viscosities (20, 50 and 100 cS) as the other phase. The vegetable oils were
completely immiscible with the silicone oils. For all vegetable oil-silicone oil combinations, the
interfacial tension was below 3 mN/m. Taking the example of sunflower 0il-20 ¢S PDMS silicone oil,
the hydrophilic fumed silica particles (possessing 100% SiOH on their surfaces) displayed an
advancing and receding contact angle (through PDMS) of 150° and produced an unstable silicone oil-
in-vegetable oil emulsion. On the other hand, the hydrophobic fumed silica particles (functionalised
with DCDMS and with 14% SiOH) displayed an advancing and receding contact angle of 67° and 44°,
respectively, forming stable vegetable oil-in-silicone oil emulsions.

The behaviour of oil-oil emulsions was studied in a systematic way. Emulsions of equal
volumes of sunflower oil or olive oil and 20 ¢S PDMS silicone oil and 1 wt.% of DCDMS-coated silica
particles with different % SiOH on their surfaces were prepared. The particles were not pre-dispersed
in either oil, but added as a powder. The appearance of the emulsions after one month is shown in
Figure 13. The most hydrophilic particles (100% SiOH) and particles of intermediate hydrophobicity
(88-25% SiOH) formed silicone oil-in-vegetable oil emulsions which were extremely unstable to

coalescence with complete phase separation within several days. For more hydrophobic particles
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(23%), stable silicone oil-in-vegetable oil emulsions were formed. For the most hydrophobic particles
possessing 14% SiOH for sunflower oil or either 20% or 14% SiOH for olive oil, stable vegetable oil-in-
silicone oil emulsions were obtained. The authors concluded that the most stable emulsions to
creaming and coalescence were obtained with the most hydrophobic particles [9].

Moreover, Binks and Tyowua [9] explored this behaviour with other hydrophobic particles like
PF-5 Eight Pearl 300S-Al powder, which contains partially fluorinated sericite clay platelet
microparticles. They studied the mixture of sunflower 0il-20 cS silicone oil at different clay platelet
concentrations (see Figure 14(a)). The emulsions were vegetable oil-in-silicone oil and the extent of
creaming and coalescence decreased with increasing particle concentration (see Figure 14(b)), where
it can be seen that particle concentrations > 1 wt.% produced emulsions stable to coalescence.
Moreover, the cryo-SEM image in Figure 14(c) showed the vegetable oil as rough compared with the
smooth silicone oil. The spherical silicone particles in this case were positioned at the interface of the
two oils and are relatively close-packed. These findings reinforced the results with silica particles
highlighting that hydrophobic particles of different size and shape were effective stabilisers of oil-in-
oil emulsions.

We have characterised the interfacial activity of the fumed silica hydrophobic particles (14%
SiOH) and PF-5 Eight Pearl 300S-Al particles used in the study of Binks and Tyowua [9] by pendant
drop tensiometry, which proved successful in low interfacial tension systems [59]. We dispersed
different concentrations of particles in 20 cS PDMS silicone oil and formed a pendant drop in air. Next,
the pendant drop (which may have adsorbed particles) was immersed in sunflower oil (purified by
mixing with florisil salt and further filtration to remove polar impurities). The interfacial activity and
interfacial dilatational rheology was obtained as in previous work [54]. First, the oil-oil interfacial
tension was monitored for a 40 pL pendant drop until it was stable (5 min for the silica particles and
80 min for the clay particles). Next, the interfacial tension was monitored during the exchange of the
silicone oil drop phase, achieved with a double capillary and two micro-injectors to see if the particles
were irreversibly attached at the interface when the drop phase was renewed with fresh 20 ¢S PDMS
silicone oil. Moreover, the interfacial activity was also characterised by growing and shrinking cycles
(between 40 and 5 pL at 0.1 puL/s) in which the surface pressure for different interfacial areas of the
pendant drop were obtained. Finally, after the growing and shrinking cycles, the interfacial
dilatational rheology was measured by performing periodic injections and extractions of 1 pL of the
silicone drop phase at different periods (1 s, 5 s and 10 s), thus obtaining the interfacial dilatational
elastic modulus, Eq4 and viscosity modulus, 1.

For hydrophobic fumed silica particles (14% SiOH), the compression and expansion cycles are
plotted in Figure 15(a) for different particle concentrations before the exchange of the silicone oil drop
phase. As can be seen, the surface pressure (II = yo-y, where yo= 1.46 mN/m is the interfacial tension

of the bare sunflower 0il-20 cS PDMS silicone oil interface measured with the pendant drop) increases
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with particle concentration and with the compression of the interface. The high hysteresis and open
cycles (no overlap of either compression or expansion cycles) of the two highest concentrations
suggest that the particles were leaving the interface upon compression. This was proven with the
pendant drop exchange which produced closed (compression and expansion cycles overlap)
hysteresis cycles as can be seen in Figure 15(b). The results suggest that once drop exchange occurs,
the particles are irreversibly attached to the interface, since the drop exchange with pure silicone oil
doesn’t produce a lower interfacial activity. The highest concentration here of 0.47 wt.% in the silicone
oil is comparable to 1 wt.% in a 1:1 mixture of silicone oil and vegetable oil reported in ref. [9]. Finally,
we performed interfacial dilatational rheology by sinusoidal injections and extractions of 1 pL at
different periods. This was also performed at different pendant drop volumes to obtain different
particle layer compression states (see Figure 16). It is worth mentioning that although the rheological
measurements were performed after exchange of the drop phase, we still refer to the concentrations
in the drop phase before exchange. Taking the example of the 5 pL pendant drop, it can be seen that
the elasticity (see Figure 16(a)) decreases for increasing periods. The opposite can be observed with
the viscosity, which is very low compared to the elasticity. Moreover, although the elasticity and
viscosity are approximately the same for very low initial particle concentration, the differences
become more visible as the interface becomes more compressed. At 5 pL, there is an increase of one
order of magnitude in the elasticity and the viscosity, pointing out that this particle layer is highly
elastic.

We also characterised the PF-5 Eight Pearl 300S-Al platelet particles at the sunflower 0il-20 cS
PDMS silicone oil interface. The first finding was that the interfacial tension was still changing after 5
min compared to that with silica particles (see Figure 17(a)). Thus, when the pendant drop was kept
at a constant volume of 40 pL during 5 min the interfacial pressure increased significantly. Notice in
Figure 17(a) that the interfacial activity was higher after exchange, probably because the time elapsed
during the exchange enabled more particles to reach the interface. However, after 80 min
(measurement 2), the interfacial pressure was similar before and after exchange. This points out that
these larger microparticles need more time to reach and coat the interface, although once there they
become irreversibly attached. Once more, the interfacial activity was high with interfacial pressures of
1.3 mN/m, corresponding to an interfacial tension of 0.16 mN/m which is nine times lower than the
bare interface. This interfacial activity again increased with initial particle concentration (see Figure
17(b)). The interfacial dilatational rheology was impossible to be measured for the 5 pl pendant drop
because of the buckling of the interface making it impossible to extract the profile of the pendant
drop. Moreover, the elastic and viscosity moduli for the 20 pL and 40 pL pendant drops (not shown)
presented similar behaviour as the silica particles with Es< 8 mN/m and na< 0.03 mN/m s again
demonstrating elastic behaviour. Nevertheless, unlike silica particles which displayed a clear interface

before and after the growing and shrinking cycles (see Figure 18(a)), the PF-5 platelet particles
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exhibited a change in the appearance of the interface when the growing and shrinking cycles were
performed, where a breakage of the interfacial layer is observed from Figure 18(b) to 18(c). Thus, our
results reinforce the idea of the hydrophobic particles being excellent in the stabilization of oil-oil

emulsions as they exhibit irreversible adsorption, high interfacial activity and elastic shell behaviour.

5. Conclusions

The fundamental physics of particles adsorbed at liquid interfaces is a wide field of study due to its
numerous applications and in particular in emulsion science. Recently, there has been a substantial
improvement in the understanding of the microstructure of particles at liquid interfaces, for example
characterising the contact angle of each single particle attached to a given interface. Although this is
the case for water-air surfaces and water-oil interfaces, the case of non-aqueous liquid-liquid
interfaces still remains poorly understood. Non-aqueous emulsions in which the water phase is
replaced with another polar liquid (i.e. one with a relatively high dielectric constant) retain similar
behaviour as the traditional water-oil emulsions. Non-aqueous immiscible polymer blends are of great
interest in industry and the addition of inorganic particles enables one to choose the interfacial
characteristics of the blend, despite the need for higher temperatures required to melt the polymers.
Oil-oil interfaces, where both oils are immiscible and of low dielectric constant (typically € < 3), are
scarcely studied in the literature and here we compile the main recent work devoted to such
interfaces. In particular, the sunflower oil-silicone oil interface is studied in the presence of
hydrophobic silica or clay particles, including an original pendant drop tensiometry study. The main
conclusions regarding particles adsorbed at oil-oil interfaces are that the best particles to stabilise oil-
oil emulsions are highly hydrophobic, exhibiting irreversible adsorption, high interfacial activity and

elastic shell behaviour.
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Table 1. Summary of the published literature on emulsions of two immiscible oils both of dielectric

constant < 3.5. Taken from ref. 7.

Dispersed phase Continuous phase Emulsifier Application Ref.
Silicone oil (PDMS,? . . Hydrophobic Lubricants on
PMPSP) Mineral oil bentonite particles fibers [78]
Silicone oil, >300 ¢S Mineral oil Ethylene—vinyl Foam inhibitor for 87]
(polydialkylsiloxane) acetate copolymer lubricating oils
Triglyceride oil e .
(soybean, Silicone oil, <300 Silicone surfactant | Lubricant on fibers [79]
cS (PDMS)
rapeseed...)
Silicone oil, 2500 ¢S Chlorinated None (drops had
(PDMYS) paraffin oil, 340 cS short lifetimes) Electro-rheological [81]
Chlorinated paraffin | Silicone oil, 2500 None (drops had fluid
oil, 340 ¢S cS (PDMYS) short lifetimes)
Silicone oil, 1000 cS Thermotropic Cyanobiphenyl-
(PDMS) liquid crystal® PDMS oligomer Electro-optical 82]
Thermotropic liquid | Silicone oil, 1000 Cyanobiphenyl- display devices
crystal cS (PDMS) PDMS polymer
Mineral oil or Silicone oil, <1000 Elastomeric Personal care and [75]
vegetable oil cS silicone polyether cosmetics
Fluorinated
Silicone oil (PDMS) PFPMIE! silicone resin [76]
particles (sphere) .
Fluorinated Ca Cosmetics
Silicone oil (PDMS) PFPMIE lauroyl taurate [77]
particles (plate)
Mineral oil or animal Silicone oil Block cop ol};mer,
or vegetable oil (PDMS) e.g. p(BA®)- Personal care [80]
PDMS-p(BA)
. Silicone oil, <100 Nonionic Pharmaceutical
Castor oil ¢S (PDMS) surfactant formulations [84]
(O/NPE)
Organic phosphate Hydrocarbon Diblock or triblock Liquid toning [89]
copolymer systems
Hydrocarbon Fluorocarbon Fluorocarbon Ve?hlcles fo‘r [90]
surfactant chemical reactions
Vegetable oil or
(Silica in) PDMS PEO-PPO Wax crystals Antifoam [88]
copolymer
. Paraffin oil or Hydrophpb ¢ Electro-optical
Organic phosphate . . . fumed silica . :
o . white mineral oil ) modulating display [83]
or silicone oil o particles + polymer .
or cyclic silicone - devices
co-stabiliser
Castor oil Silicone oil, 20 ¢S Ph tical
Silicone oil, 20 cS Castor oil Silicone surfactant f(?rnn?jlcaetljlo;csa [85]
(PDMS)

aPDMS - poly(dimethylsiloxane). PPMPS - poly(methylphenylsiloxane). cAlthough its dielectric
constant is > 3 it is included as an interesting oil. 4ePFPMIE - perfluoropolymethylisopropyl ether. eBA

- butyl acrylate. fO/NPE - octyl/nonylpolyoxyethylene ether.
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Figure legends

Figure 1. (a) Sketch of a particle of radius R adsorbed at a fluid-fluid interface exhibiting a contact
angle @ (through fluid 1). yss is the interfacial tension particle-fluid 1, yre is the interfacial tension
particle-fluid 2, ysir is the fluid 1-fluid 2 interfacial tension and zis the line tension. (b) Sketch of the
position of a particle of increasing hydrophobicity. (c) Detachment energy of a spherical homogeneous
particle from the interface, AEp as a function of 6 for particles of R = 10 nm (left) and R = 1 pum (right)
at 25 °C (yrirz = 50 mN/m). Reprinted from [47], copyright 2013 with permission from Elsevier.

Figure 2. Geometry of a Janus particle within an oil-water interface. The relative areas of the polar
and apolar particle surface regions are parametrised by the angle a. The immersion depth of the
particle in the oil-water interface is parametrised by the angle 5. Reprinted from [55], copyright 2001

with permission from American Chemical Society.

Figure 3. Variation of particle desorption energy with area-weighted average contact angle for
particles of R = 10 nm and a = 90°. The oil-water tension was set to 36 mN m-1. In order of increasing
desorption energies, the curves refer to A8 of 0 (the homogeneous particle case), 20, 40, 60 and 90°.

Reprinted from [55], copyright 2001 with permission from American Chemical Society.

Figure 4. (a) Small pendant drop (volume 0.26 pL) of aqueous phase (more dense) in heptane (less
dense) for the system 1-propanol-water-heptane. (b) Detection of the drop profile by the new

entropic edge detector. Reprinted from [59], copyright 1999 with permission from Elsevier.

Figure 5. Low interfacial tension between water and heptane in the ternary system 1-propanol-
water-heptane versus temperature. Reprinted from [59], copyright 1999 with permission from

Elsevier.

Figure 6. FreSCa cryo-SEM images of (a) PMMA-HPs and (b) silica-FPs at the planar decane-water
interface. The tungsten shadow projected by the nanoparticles enables estimating their contact angle.

Adapted from [62], copyright 2015 with permission from American Chemical Society.

Figure 7. Pendant drops (5 pL) containing an aqueous suspension of 21.7 x 101! nanoparticles/mL of
(a) PMMA-HPs and (b) silica-FPs both immersed in decane. The presence of fractal-like clusters of
silica-FPs is clearly noticeable in the image. Reprinted from [62], copyright 2015 with permission

from American Chemical Society.
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Figure 8. Scheme of the experimental setup for neutron reflectivity on a nanoparticle monolayer. (a)
Nanoparticles form a monolayer at the air-water interface in a Langmuir trough. Neutron reflectivity
is measured in situ on this monolayer using contrast variation of the aqueous subphase. (b) Model of
the core-shell nanoparticles at the interface where R and I are the nanoparticle core radius and inter-
particle distance (measured by TEM), id is the immersion depth and p(z) is the calculated scattering
length density profile. Reproduced from [64], copyright 2015 with permission from The Royal Society
of Chemistry.

Figure 9. Appearance of vessels after 6 months containing emulsions prepared from 50 vol.% paraffin
liquid and 50 vol.% propylene glycol containing 1 wt.% fumed silica particles of different % SiOH
content given. CPS = complete phase separation. Reprinted from [11], copyright 2013 with permission

from American Chemical Society.

Figure 10. (a) Mean drop diameter vs particle hydrophobicity of emulsions formed in paraffin liquid
(50 vol.%) and propylene glycol (50 vol.%) systems stabilised by 1 wt.% fumed silica particles. (b)
Optical microscopy images of emulsions in (a). Emulsions are glycol-in-oil for 14% SiOH and oil-in-
glycol above this. Scale bars = 100 um. Reprinted from [11], copyright 2013 with permission from

American Chemical Society.

Figure 11. (a) Dynamic interfacial tension of formamide-paraffin oil interface in the presence of
NIPAM/AMPS microgels at different concentrations given. (b) Evolution of pendant drop profile and
interfacial coverage of a formamide drop in paraffin oil for different microgel concentrations in
formamide at equilibrium. Reprinted from [14], copyright 2013 with permission from The Royal

Society of Chemistry.

Figure 12. Cryo-SEM images of the polystyrene/polybutene bijel with hydrophobic silica
nanoparticles (B-SNP) at the interface. (b) and (d) are magnified views of the rectangular regions
indicated in (a) and (c). The white arrow indicates particles straddling or bridging two domains. The
red arrows mark individual silica particles or a crater formed by one. The lines on the circled particle
are through the cracks on each side of the particle, which likely run through the interface. The scale
bar is 500 nm. Reprinted from [25], copyright 2015 with permission from The Royal Society of
Chemistry.

Figure 13. Photos after 1 month of glass vials containing (a and b) sunflower 0il-20 ¢S PDMS (1:1)

emulsions stabilised by 1 wt.% of (a) DCDMS-coated and (b) fluoro-coated fumed silica particles and
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(c) olive 0il-20 ¢S PDMS (1:1) emulsions stabilised by 1 wt.% DCDMS-coated fumed silica particles.
The fumed silica particles have different % SiOH on their surfaces (given). Dashed lines indicate
transitional phase inversion. Reprinted from [9], copyright 2016 with permission from the Royal

Society of Chemistry.

Figure 14. (a) Photographs of glass vials containing sunflower o0il-in-20 ¢S PDMS emulsions (1:1) one

month after preparation stabilised by different concentrations (given, wt.%) of PF-5 Eight Pearl 300S-

Al particles, (b) fraction of sunflower oil fsuno (@) and fraction of PDMS oil f20cs poms (O) released from

above emulsions versus particle concentration, (c) cryo-SEM image of a sunflower 0il-in-50 ¢S PDMS
emulsion stabilised by 1 wt.% of silicone particles of PF-5 Tospearl 145A. Reprinted from [9],
copyright 2016 with permission from the Royal Society of Chemistry.

Figure 15. (a) Interfacial pressure against area of the pendant drop at the sunflower 0il-20 ¢S PDMS
silicone oil interface for different concentrations of hydrophobic DCDMS-coated silica particles (14%
SiOH) in the silicone oil drop. Each colour corresponds to a different experiment and the upper and
lower curves correspond to the compressions and expansions of the interface, respectively. (b)
Interfacial pressure against area of the pendant drop for the system in (a) showing the differences
between the interface before and after exchange with pure 20 cS PDMS silicone oil. All the

measurements were performed at room temperature of 25 °C.

Figure 16. (a) Interfacial dilatational elastic modulus E4 and (b) interfacial viscosity modulus nd
against the period of oscillation (for 1 pL amplitude oscillation) for different concentrations of
hydrophobic DCDMS-coated silica particles (14% SiOH) at a sunflower 0il-20 ¢S PDMS silicone oil

interface and for different pendant drop volumes.

Figure 17. (a) Interfacial pressure against area of the pendant drop at the sunflower 0il-20 ¢S PDMS
silicone oil interface for a 0.47 wt.% concentration of PF-5 Eight Pearl 300S-Al platelet particles in the
silicone oil drop phase before and after exchange. The difference between the experiments
corresponding to the red curves and the blue curves is the time that the pendant drop was kept
constant at 40 pL prior to the growing and shrinking cycles: 5 min for the red curves and 80 min for
the blue curves. (b) Interfacial pressure against area of the pendant drop for the system in (a) for
different particle concentrations after drop phase exchange and after 80 min of prior interfacial

tension evolution.
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Figure 18. Photos of 20 cS PDMS silicone oil drops in sunflower oil containing 0.47 wt.% of (a)
hydrophobic DCDMS-coated fumed silica particles (14% SiOH) and (b) PF-5 Eight Pearl 300S-Al
platelet particles, after (a) 5 min and (b) 80 min of interfacial tension evolution and after exchange of

the drop phase with pure silicone oil. (c) Same pendant drop as in (b) after the growing and shrinking

cycles.
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Figure 17
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