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Pickering emulsions, also known as particle stabilized emulsions, are one kind of extremely important
emulsion for both fundamental research and practical applications. Many colloidal particles have been
utilized as emulsifiers to stabilize Pickering emulsions. However, the most challenging issue is preparing
Pickering emulsions with highly hydrophilic particles, because their adsorption onto oil-water interfaces
is either thermodynamically or kinetically unfavorable. Although several strategies have been developed
to overcome the poor ability of the hydrophilic particles to stabilize the emulsions, surface modification
and functionalization of the hydrophilic particles or a change in solvent (i.e. water phase) conditions such
as pH and ionic strength is required. Herein, we present an effective and not yet explored strategy to

stabilize Pickering emulsions with unmodified highly hydrophilic particles, strikingly, without changing
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Accepted 26th April 2018 the solvent conditions. The innovative aspect of the strategy presented here is the unconventional
dispersion of hydrophilic particles in an oil phase before emulsification, while the results experimentally

DOI: 10.1039/c85c00678d demonstrate the theoretical calculations predicted more than a decade ago. This study will promote the
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Introduction

Pickering or particle-stabilized emulsions are remarkably stable
due to the unfavourable detachment of the emulsifier particles
that are surrounding the emulsion droplets.>* Such a protective
shell of the particle provides steric hindrance and effectively
prevents the coalescence of emulsion droplets.>® Compared to
traditional emulsions, Pickering emulsions possess superior
stability, while avoiding the utilization of surfactants, which
alleviates environmental issues since most of them end up
being dispersed in different environmental compartments such
as soil, water or sediment.® Although Pickering emulsions were
first reported about 100 years ago, the renewed interest and
their further development were promoted in the 1990s by Velev
and Binks in the form of application and fundamental
studies.”™® Soon thereafter the use of Pickering emulsions was
extended and they became unique platforms used to synthesize
advanced capsules, colloidosomes, supracolloidal materials
and colloidal nano-composites.'”® Recently, Pickering emul-
sions stabilized by catalytic particles have shown unique
advantages in interfacial catalysis in terms of phase transfer
and product separation.””*' Particle-stabilized emulsions have
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diversity of Pickering emulsions and expand their real-world applications.

also found a use in a myriad of industrial processes, such as
food, crude-oil and mineral processing.**

To meet this wide range of applications, it is highly desired
to prepare Pickering emulsions with a wide spectrum of parti-
cles as emulsifiers. Indeed, the latest trends point towards the
use of types of particle as yet unexplored, such as coloured
organic pigment, core-shell, polymeric and highly hydrophilic
particles.***” With regards to the latter, several attempts have
been made to use hydrophilic silica particles to stabilize oil-in-
water emulsions by either adjusting the solution pH, adding
salt, adding a cationic surfactant or even by in situ modification
of the particles’ surface.*®*° It seems reasonable that decreasing
the effective anionic surface charge density on the silica parti-
cles causes the particles to be less hydrophilic.*~** However, one
matter that increasingly captures the interest of specialist
researchers is the possibility of stabilizing Pickering emulsions
with highly hydrophilic particles as emulsifiers, without
changing the solvent conditions or the surface property and
activity of such particles, which has been rarely realized so far.

Thermodynamically, the adsorption of particles onto oil-
water interfaces to form Pickering emulsions is an energy
favourable process. Upon mixing oil and water, the as-formed
droplets dispersed throughout the continuous phase dramati-
cally increase the overall oil-water interfacial area, and thus the
free energy of the system. To counterbalance this effect, if
particles are present in the system, they are prone to migrate to
the interfaces to reduce the overall free energy of the system:
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where Yom, Ypw and vp, are the tensions of the oil-water,
particle-water and particle-oil interfaces, respectively. Based on
Young’s definition of the contact angle (f), eqn (1) can be
expressed as:

E = mriy(1 + cos 0)° (2)

Therefore, the hydrophobicity of the particles (determined
by 6) governs the free energy change of the system. From eqn (2),
it can be calculated that attachment of colloidal particles of
0.01-10 um in size and with an intermediate § (30-60°) at oil-
water interfaces reduces the free energy of 10°-10° kzT.*
Therefore, from a thermodynamic point of view, Pickering
emulsions should be readily produced. In contrast, when the
particle is super hydrophilic, the contact angle of the particle at
oil-water interfaces may be close to 0 and little free energy
change occurs as the particles migrate from the bulk water
phase to interfaces. Consequently, the formation of a Pickering
emulsion is not thermodynamically favourable.

Kinetically and from a practical viewpoint, the approach of
colloidal particles to oil-water interfaces is also a key process for
the formation of Pickering emulsions. Generally, hydrophilic
particles carry charges due to the surface groups, likewise the
pristine oil-water interfaces, which are also negatively charged
in a wide pH range.*">* Hence, when the hydrophilic particles
and interfaces are both negatively charged, strong electrostatic
repulsion between them could effectively hinder the adsorption
of the colloidal particles onto the oil-water interfaces. Therefore
the electrostatic and van der Waals interactions (DLVO theory)
per se determine the magnitude of the energy barrier of the
adsorption of colloidal particles.**** In most cases, the existence
of such an adsorption barrier significantly reduces the proba-
bility of particle attachment to the interfaces and the formation
of Pickering emulsions.* In principle, to effectively eliminate
the energy barrier it is necessary to screen the surface charge of
either the oil-water interfaces or the particles, which is unre-
alistic under normal solvent conditions (e.g. neutral pH and low
ionic strength). Adding salts and lowering the pH may eliminate
the energy barrier and form the Pickering emulsions,?*3%>7
however the solvent conditions will be changed. For many
industries such as food processing, and drug and cosmetic
production, in which the stabilization of emulsions is required
to preserve the characteristics of the final product, it is not
possible to adjust the pH or ionic strength to extreme values. In
addition, commercial oil-in-water emulsions may be exposed to
various environmental stresses during their manufacture,
transport and storage, thus it is paramount that an emulsifier
should be able to maintain emulsion stability under all of the
possible conditions.*®* Therefore, it is of great importance to
develop new and effective strategies to realize the formation of
Pickering emulsions with hydrophilic particles without
changing solvent conditions.

Herein, by thinking outside the box, the hydrophilic emul-
sifier particles were initially placed in an oil phase, but not in an
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aqueous phase, before emulsification. This unconventional
treatment successfully eliminated the energy barrier without
modifying either the ionic strength or the pH value of the
solvent. With this strategy bare hydrophilic silica (SiO,) parti-
cles synthesized by the Stober method, as well as hydrophilic
magnetite (Fe;O,) and polydopamine (PDA) particles, were
successfully used to form and stabilize Pickering emulsions.

Finally, this novel and simple strategy not only proves that it
is possible to eliminate the energy barrier of the adsorption of
hydrophilic particles to oil-water interfaces, but it also
promotes their entrapment at the interfaces by introducing
a contact angle of ~90° at the oil-water interfaces. This unor-
thodox way of stabilizing the emulsions does not require the use
of exotic or complex experimental methods, and from the point
of view of energy saving it is important to emphasize that strong
mechanical agitation is not required to achieve it. It is inter-
esting to note that the ability to stabilize emulsions in the
manner proposed in this paper was predicted theoretically
more than a decade ago by Danov and Kralchevsky et al.* The
results presented here will promote the diversity of Pickering
emulsions and expand their real-world
applications.

exponentially

Materials

Tetraethyl orthosilicate (TEOS, ReagentPlus® =99%, product
no. 236209), poly(acrylic acid) (PAA M,, ~ 1800, product no.
323667), Nile red (NR, product no. 298395), hexadecane (HD,
ReagentPlus®, 99%, product no. H67063) and dopamine
hydrochloride (product no. H8502) were purchased from Sigma-
Aldrich. Ammonia (30% solution AR, product number AA005),
ethanol (EtOH undenatured 100% AR, glass bottle EA043),
FeCl;-6H,O (Laboratory reagent FL023), ethanediol (AR,
product no. EA007 glass bottle), NaOH pellet (AR, product no.
SA178) and NaCl (AR, product no. SA046) were purchased from
Chem-Supply. HCI (37% Reagent Grade) was purchased from
Scharlau. Sodium acetate (anhydrous product no. 10236) was
purchased from AnalaR.

All of the chemicals were used without further purification.
The water in all of the experiments was prepared in a three-stage
Millipore Milli-Q Plus 185 purification system and had a resis-
tivity of 18.2 MQ cm ™.

Synthesis of SiO, particles

Spherical SiO, particles were prepared based on the Stober
method by hydrolyzing TEOS in a water-ethanol mixture con-
taining ammonia.** The detailed procedure for SiO, particle
synthesis is given in Table S1.} In brief, first ammonia, Milli-Q
water and ethanol were mixed (final pH = 10). Then, TEOS was
injected and allowed to react overnight while stirring at
maximum speed. The temperature was kept constant at 30 °C.
In order to purify the SiO, particles, the dispersion was centri-
fuged at 3500 rpm for 30 minutes followed by redispersion in
pure EtOH and sonication for 15 minutes (4 times). Half of the
ethanolic dispersion was transferred to water by carrying out
cycles of centrifugation at 3500 rpm for 30 minutes and redis-
persing in water until a neutral pH was reached. To transfer the
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SiO, particles to HD, the ethanolic dispersion was centrifuged
once at 3500 rpm for 30 minutes and redispersed in HD, fol-
lowed by three steps of centrifugation at 3500 rpm for 5 minutes
and redispersion in HD. To ensure that there was no trace of
ethanol in the final SiO, particle dispersion in HD, the process
was repeated at least 4 times.

Synthesis of magnetite particles (Fe;0,@PAA)

Fe;0,@PAA particles were synthesized according to a method
reported by Liu et al.®® In brief, 0.864 g of FeCl;-6H,0 was dis-
solved into 32 ml of ethylene glycol. After vigorous stirring,
0.0864 g of PAA was added into the mixture. After the FeCl,-
-6H,O completely dissolved in the ethylene glycol, 7.2 g of
sodium acetate was then added and stirred until the mixture
formed a homogeneous solution. Finally the solution was
placed in a Teflon-lined stainless steel autoclave and kept in the
oven at 200 °C for 12 h. After that, the dispersion was cooled
down in the oven followed by steps of centrifugation to purify.
Subsequently, the Fe;O,@PAA particles were transferred to HD
by a process of centrifuging and redispersing, firstly in EtOH
four times and then four times in HD.

Synthesis of polydopamine particles (PDA)

PDA particles were synthesized by the self-polymerization of
dopamine in alkaline solutions according to a procedure re-
ported previously by our group.® Briefly, 5 mg of dopamine was
dissolved in 10 ml of NaOH (0.06 M) solution and then shaken
for 18 h. The colour of the solution turned from colourless to
black. The PDA particles were collected by centrifugation, and
washed with water several times. The particles obtained were
finally redispersed in 1 ml of water. Subsequently, the PDA
particles were transferred to HD by steps of redispersing in
EtOH and centrifuging 4 times. In the final step the particles
were dispersed in HD followed by three more cycles of centri-
fugation and redispersion in HD.

Characterization

Transmission electron microscopy (TEM) imaging was per-
formed on an FEI Tecnai G2 Spirit Transmission Electron
Microscope operating at an acceleration voltage of 120 kV,
equipped with a FEG LaB6 emitter and BioTWIN lens design.
Imaging was done via an in-column Olympus-SIS Veleta CCD
camera. Five microliter droplets of each sample were dropped
onto a piece of ultrathin Formvar-coated 200-mesh copper grid
(GSCu200CH-100 Proscitech) and left to dry in air. To determine
the diameter and diameter distribution of the resulting parti-
cles based on their TEM images, at least 100 particles were
measured with the aid of the graphics editing program
ImageJ®. Optical microscopy images were recorded by using
a Nikon Eclipse Ti-U fluorescence microscope. Dynamic Light
Scattering (DLS) and zeta potential studies were carried out on
a Malvern Zetasizer Nano ZS (UK) at 25 °C. The measurements
were conducted at a scattering angle of 173° at 25 °C using a He-
Ne laser with a wavelength of 633 nm.* The mean zeta potential
was computed based on the electrophoretic mobility (i.e. the
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ratio of the velocity of the particles to the field strength) by
applying the Smoluchowski theory.**%

Emulsification

Simple emulsions were prepared from equal volumes of HD as
the non-polar phase and Milli-Q water. The particles were
initially dispersed either in HD or water. Refer to the ESI for
details of the composition of each emulsion system (Table S2
ESIf). After 30 seconds of shaking by hand, the resulting
systems were tested for the type of emulsion and kept at room
temperature to monitor their stability with time. More than two
runs of the experiments were performed to test the reproduc-
ibility of the results obtained. Unless indicated elsewhere, the
final pH of the emulsion system was neutral. However, when it
was required, the pH of the system was adjusted to different
values from low to high with sodium hydroxide (0.1 mol L")
and HCI (0.1 mol L") added dropwise, using a 100 pL micro-
pipette. The pH was recorded after a short time with a glass pH
electrode which was previously calibrated using aqueous buffer
solutions.

Results and discussion

As a general rule of thumb, SiO, particles prepared by the Stober
method without further functionalization to render them
partially hydrophobic are inherently hydrophilic.* FTIR and
?9Si NMR spectroscopy and titration measurements were per-
formed to investigate the hydrophilicity of the obtained SiO,
particles. The FTIR (Fig. S11) and *°Si NMR spectra (Fig. S2)
prove the existence of a hydrophilic silanol group on the surface
of the particles, while the titration quantitatively estimated that
the density of silanol on the SiO, particle surface is 4.1 OH per
nm?, which is close to the theoretical maximum of 4.6 OH per
nm?,* confirming the hydrophilicity of the SiO, particles.
Determination of the zeta potential ({) indicated that the
surfaces of the SiO, particles were negatively charged when pH >
3, while at a neutral pH, the zeta potential of SiO, fell to —30 mV
(Fig. S3t1). As expected, the zeta potential decreases with
increasing pH. As common sense dictates, the SiO, particles
were dispersed in water (1.17% wt and 2.40 x 10"? particles per
ml), and upon mixing with an immiscible oil phase and
vigorous shaking by hand, no Pickering emulsion was formed. A
fast and complete phase separation was observed (Fig. 1A right).
Predictably, the existence of a significant energy barrier
inhibited the approach of SiO, to the oil-water interfaces, pre-
venting the formation and stabilization of the emulsion.
Surprisingly, we found that these hydrophilic SiO, particles
could be transferred to hexadecane (HD) (1.42% wt and 1.99 x
10"* particles per ml) by stepwise centrifugation and redis-
persion as detailed in the Experimental section. The Tyndall
effect of the SiO, suspension in HD can be clearly observed
(Fig. S41). No particles floated on the surface of the HD. No
obvious aggregation of the SiO, particles was observed. Pick-
ering emulsions were easily produced by shaking by hand
a mixture of HD that contained the hydrophilic SiO, particles
and the same volume of Milli-Q water (Fig. 1A left). Optical
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Fig. 1 (A) A digital photograph illustrating (left) stable oil-in-water
emulsions obtained using 50% Milli-Q water and 50% HD that con-
tained hydrophilic SiO, particles (~200 nm in diameter) as an emul-
sifier. Emulsification was achieved by shaking by hand at room
temperature; (right) no Pickering emulsion was formed when the same
amount of hydrophilic SiO, particles were originally dispersed in the
aqueous phase. (B) A TEM image of the SiO, particles synthesized by
the Stéber method. (C) An optical microscope image and (D) fluo-
rescence microscope image of Pickering emulsions prepared using
50% Milli-Q water and 50% HD that contained hydrophilic SiO;
nanoparticles as an emulsifier.

microscopy images (Fig. 1C and D) show that oil droplets were
nicely dispersed in a continuous water phase. The type of
emulsion was oil-in-water as evidenced by the fluorescent oil
phase (emulsion droplets) stained by Nile red. These results
confirm that in addition to being “fanciful” to disperse hydro-
philic particles in an oil phase, this significantly promotes the
formability of Pickering emulsions with those hydrophilic
particles. A Pickering emulsion was also achieved by mixing the
aqueous phase with the particles dispersed in HD and emulsi-
fying using an Ultra Turrax homogeniser (IKA®, Germany) fitted
with an 8 mm head operating at 15 000 rpm for 1 min. The
application of a significant shear force did not affect the
formation and long-term stability of the Pickering emulsions.

Commercial hydrophilic SiO, particles with a size of about
160 nm (microParticles GmbH Monodisperse Particle for
Research Purposes) and small SiO, aggregates (50-86 nm)
composed of 11 nm SiO, nanoparticles (Aerosil® fumed silica)
were also applied as emulsifiers. Both types of SiO, particle
could be transferred into HD and the Pickering emulsions were
successfully formed by using the same strategy (Fig. S51).

As a proof of concept, other types of hydrophilic particle,
such as polydopamine (PDA) and Fe;O,@PAA (Fig. S6B and
S7BT), were tested as emulsifiers for Pickering emulsions. Both
types of particle are hydrophilic but can also be transferred to
HD by steps of centrifugation and redispersion, and both
dispersions showed no signs of obvious aggregation. As shown
in Fig. S6A and S7A,T when the hydrophilic PDA and Fe;0,@-
PAA particles were initially dispersed in the organic phase,
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Pickering emulsions were steadily formed. All of the Pickering
emulsions are oil-in-water type emulsions (Fig. S6(C and D) and
S7(C and D)f). However, when the PDA and Fe;O0,@PAA parti-
cles were initially dispersed in the water phase, no stable
Pickering emulsion was obtained. The aim of using Fe;O,
particles functionalized with PAA was simply to corroborate the
efficacy of the method with the use of particles that, although
they are not pristine and the surface has been modified, still
maintain their hydrophilic character.

It seems reasonable to conclude that these results confirm
the generality and effectiveness of the proposed strategy for
Pickering emulsion preparation and stabilization with hydro-
philic particles.

The question that remains is: when the hydrophilic particles
are initially dispersed in the oil phase, what happens during
emulsification?

The fundamental difference between aqueous and oil phase
emulsification lies in the fact that charged hydrophilic particles
such as SiO, dispersed in the aqueous phase need to overcome
the energy barrier in order to approach the oil-water interfaces.
It is well-documented that pristine oil-water interfaces spon-
taneously acquire a negative charge.””~** Herein, the measured
zeta potential of pristine HD droplets dispersed in water clearly
showed that the surface of the HD droplets was negatively
charged when pH > 3, and the surface became more negative
with an increase in pH (Fig. S87), which is in good agreement
with previously reported results.*”*

Concurrently, the surface charge of the SiO, particles was
also negative and became more negative with an increase in pH
(Fig. S31). The numerical value of the energy barrier of
adsorption as a function of the surface charge of both the SiO,
particles and the pristine HD droplets, can be estimated as the
total interaction between two charged spheres approaching
each other. According to DLVO theory, the overall interaction
energy (Ucorar) is described as the sum of the energy of electro-
static repulsion (U in kT) and the energy of the van der Waals
attraction (Uyqw in kT).*>** The energy of electrostatic repulsion
(Ues in kT) between two charged spheres of radius R; and R, (m),
and surface charge v; and v,, approaching at a distance of &
(m), can be estimated using eqn (3).*” Suffix 1 corresponds to the
particles and suffix 2 corresponds to the oil droplets.

128w kTy,y, ([ RiR,
- K2 R, + R,

U, ) exp[—«h] (3)

The inverse of the magnitude of the Debye length (k' in nm)
depends on the properties of the solution. For the case of
a monovalent electrolyte (z = 1), and assuming 7., the total ion
concentration, is equal to 1 x 10™° mol L™' and at room
temperature, the Debye length of the aqueous solution can be
estimated as 9.61 nm. In addition, v, the surface potential, can
be calculated from the Stern potential, which approximates to
Yo (mV), the measured zeta potential at each pH value.

The energy of the van der Waals attraction (Uygw in KkT)
between two approaching and dissimilar spheres of radius R,
and R, separated at a distance of 4 (m) can be estimated using
eqn (4):*

This journal is © The Royal Society of Chemistry 2018
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RiR, RiR,
2+ 2hR, 4 2hR, | 72+ 2hR, + 2hR, + 4R, R,
1 ln( 12 4 2hR, + 2hR, )]
2 h? 4+ 2hR; +2hR; + 4R\ R,

UvdW = A213 |:

3

(4)

The effective Hamaker constant (4,3 = 2.505 x 107>' J)
accounts for the interaction between two materials (the SiO,
particles and HD droplets) across a third medium, water.

As depicted in Fig. 2, at a pH above 4, the energy barrier of
adsorption is significant, mainly due to the contribution of the
electrostatic repulsion between the two negatively charged
spheres. At a neutral pH of 7, the calculated energy barrier
between a 200 nm SiO, particle and a 20 um HD droplet is
higher than 200 kT. At a pH of 11, the energy barrier is about 920
KT. This explains why the hydrophilic SiO, particles cannot be
utilized to form Pickering emulsions when they are initially
dispersed in the water phase.

However, if the hydrophilic SiO, particles are originally
dispersed in an organic phase such as HD, the electrostatic
repulsion is supposed to be less significant, as is the magnitude
of the energy barrier that the particles need to overcome to
approach the oil-water interface. In fact, theoretical calculation
indicates that there is an electrostatic attraction between the
hydrophilic SiO, particles (dispersed in the oil phase) and the
oil-water interfaces which facilitates the migration of particles
from the oil phase to the interfaces, and the consequent
formation of Pickering emulsions. It has been proved that the
hydrophilic SiO, particles are also charged in a nonpolar solvent
because of the existence of a thin water layer on the surfaces
that can only be removed by extensively drying at temperatures
higher than 100 °C.%*”*® In the Experimental section it was clearly
stated that the as-prepared SiO, particles (without drying) were
transferred to HD by steps of centrifugation and redispersion,
therefore, it is not unrealistic to expect that a thin water layer
remained on the surface of the particles. This was quantitatively
studied by using AFM via measuring the repulsion forces
between two hydrophilic SiO, particles.*

The experimental results fit well with the theoretical calcu-
lations, proving a free ion concentration of 0.306 and a surface

= 1000+ — - — pH=11
3 pH=10
3 800 - —+—pH=9
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c | 400 pH=4
.Qt pH=3
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© -t o S
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I

o
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Fig. 2 The overall interaction energy (Uiota) between a 200 nm SiO,
particle and a 20 um HD droplet as a function of the surface to surface
distance.
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potential of —38 mV of the SiO, particles in dodecane. It is
reasonable that this surface potential leads to moderate repul-
sion between the SiO, particles in HD, which explains why no
aggregation of the particles was observed in such a non-polar
solvent. In addition, an electrostatic attraction arises when
the charged hydrophilic SiO, particle approaches the oil-water
interfaces from the HD phase. The theory developed by Danov
and Kralchevsky et al. was then applied to calculate the particle-
interface interactions across the nonpolar medium.® It
considers a spherical particle (phase 1) in an oil phase (phase 2),
located at a distance to the interface between oil and water
(phase 3). Herein in this work, the electrostatic energy of the
interaction between the charged SiO, particles (dispersed in
HD) with a dielectric constant ¢&; = 3.97 and the HD-water
interfaces could be estimated as

47?0’ R3B, 4
S B 5)
47'58()82(1 + S/R)

where o is the surface charge density, R is the radius of the SiO,
particle, ¢, is the dielectric constant of HD, ¢, is the dielectric
constant of a vacuum, s is the distance between the particle and
interface and w is a dimensionless energy coefficient.®* The
constant value , ; could be calculated as

& — &3
62’3 - &+ &

=095 (6)

HD is a nonpolar solvent with a relative dielectric constant of
approximately 2 (¢, = 2) and ¢; is the relative dielectric constant
of the third medium, water (e; = 78.2). The negative value of 3, ;
is a clear indication that the interaction between the SiO,
particle (in the oil phase) and the oil-water interface is
attractive.

The surface charge density ¢ of the SiO, particles in HD
could be estimated by a method reported by McNamee et al.
based on the Grahame equation:*

o — \/8lereoksT sinh( %o ) )

2kgT

where ), is the surface potential of a hydrophilic SiO, particle
(—38 mV) and the ionic strength I in the proximity of the SiO,
particle surface at the particle-HD interfaces is 0.306.* As
a result, the surface charge density was calculated to be about
2.66 x 10~* C m 2. Therefore, according to eqn (5) the calcu-
lated attractive force between the oil-water interfaces and the
SiO, particle in the HD phase is strong and significant (Fig. 3).
When the distance (s) between the SiO, particle and the oil-
water interfaces is close to 1 um, the attractive interaction is as
strong as about 270 kT. When s is decreased to 100 nm, the
attractive interaction dramatically increases to 1500 kT. This
attractive interaction significantly facilitates the migration of
hydrophilic SiO, particles from HD to oil-water interfaces,
explaining the ease of Pickering emulsion formation just by
shaking by hand when the SiO, particles were initially dispersed
in HD. When dodecane and octane were used as the oil phase to
replace HD, Pickering emulsions were also easily formed via the
same strategy (Fig. S97).
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Fig. 3 The interaction energy between the water—HD interface and
the SiO, particles in the HD phase, as a function of the dimensionless
distance (s/R).

Because of the unequivocally hydrophilic character of SiO,
particles, once they reach the interfaces from the oil phase, they
tend to cross the oil-water interfaces and transfer to the water
phase. It can be suggested that during this process the contact
angle of the SiO, particles will gradually change from 0 degrees,
when completely dispersed in the organic phase (Fig. 4A), to 90
degrees when the particles are straddled at the oil-water inter-
faces (Fig. 4B). The contact angle is measured from the solid
surface of the particles through the oil phase, with a small angle
indicating that a larger part of the particle is immersed in the oil
phase and vice versa. The hydrophilic particles appear to be
expelled into the aqueous phase, but somehow on their way
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Fig. 4 An illustration of the particle locations during the formation of
Pickering emulsion: (A) hydrophilic SiO, particles are initially dispersed
in the oil phase, (B) SiO, particles migrate to the oil-water interfaces
and reach a contact angle of ~90° to stabilize the emulsion droplets,
and (C) due to the high detachment energy, the hydrophilic SiO,
particles are not prone to detaching from the interfaces and trans-
ferring to the water phase. (D) A graphic displaying the theoretical
variation of the detachment energy (kT) as a function of the contact
angle.
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across the interfaces they become trapped at the oil-water
interfaces. This scenario can be addressed with the already well-
known calculation for detachment energy of a particle from
interfaces (eqn (2)). As showed in Fig. 4D, the detachment
energy of the particle remarkably increases when the contact
angle of the SiO, particle changes from 0 to 90 degrees after
approaching the interface from the HD phase, reaching its
maximum at exactly 90 degrees. As calculated, the maximum
detachment energy is around 4.2 x 10° KT. Thus, the particles
are prevented from completely crossing the interfaces (Fig. 4C).
They are locked at oil-water interfaces with a contact angle of
~90°, which will never be reached if the hydrophilic particles
are initially dispersed in the water phase. In fact, after the
formation of Pickering emulsion, the water phase is clear, and
few SiO, particles crossed the interface and transferred to the
water phase, which agrees well with the theoretical prediction.

A finding of great importance, determined with this new
strategy, is that the critical concentration of emulsifier particles
for Pickering emulsion stabilization is extremely low. As
mentioned above, Pickering stabilization requires the forma-
tion of a protective particle layer around the oil droplets that
prevents their coalescence.

Generally, for an oil-in-water Pickering emulsion stabilized
by partially hydrophobic particles (30-60°), the surface coverage
is required to be as high as 90% to effectively stabilize the
emulsion droplets, otherwise coalescence or phase separation
will take place. Herein, it is found that by using our strategy, the
Pickering emulsion can be stabilized by hydrophilic particles in
extremely low concentrations. A series of experiments were
performed to compare the minimum amount of particles
required to stabilize the emulsion when particles were
dispersed either in the water phase or in the oil phase.

The first set of experiments were carried out using hydrophilic
SiO, particles dispersed in water as stabilizers at a pH of around
2.5. It should be mentioned that at neutral pH, the formation of
Pickering emulsions cannot be realized due to the significant
electrostatic repulsion between oil droplets and particles.
Accordingly, the pH value was fixed at the isoelectric point (pH =
2.5) to reduce the magnitude of the energy barrier of adsorption.
As can be seen from Fig. S10A,T successful emulsification was
only achieved at extremely high concentrations of SiO, particles.
In fact, at concentrations lower than 11.2% wt complete desta-
bilization was observed within minutes, as evidenced by the
amount of oil resolved (fast creaming of emulsions releases
a fraction of pure oil)** which is 100% (Fig. S10B¥).

For comparison, another series of experiments were per-
formed but in this case the hydrophilic SiO, particles were
originally dispersed in HD. It is noted that the Pickering
emulsion can be formed in a wide pH range from 2.86-10.45
(Fig. S111), which implies that the pH of the aqueous phase has
no remarkable impact on the SiO, particles in the oil phase and
their approach to oil-water interfaces. At a neutral pH, the
stabilization of the emulsion can be achieved at an extremely
low particle concentration (Fig. 5). Even at a particle concen-
tration of 0.25% wt, Pickering emulsion can be formed. The
fraction of resolved oil is only ~12% (Fig. 5A and B). When the
particle concentration is 1% wt or higher, no resolved oil was

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Stability of the Pickering emulsions stabilized by hydrophilic
SiO, particles originally dispersed in HD, at different particle concen-
trations. (A) The concentration in percentage weight of SiO, particles
from left to right is 0, 0.1, 0.25, 0.5, 1 and 1.25%. (B) A graphic displaying
the fraction of the resolved oil as a function of time for each of the
emulsions: l 0% wt, @ 0.1% wt, A 0.25% wt, ¥ 0.5% wt, (1 1% wt and
& 1.25% wt SiO; particles.

observed, confirming the formation of stable Pickering emul-
sions. Therefore, this new strategy not only enhances the
formability of Pickering emulsions with hydrophilic particles as
an emulsifier, but also dramatically lowers the critical amount
of particles needed for emulsion stabilization.

During emulsification, as described above, the hydrophilic
SiO, particles transfer from the oil phase to the oil-water
interfaces with an equilibrium contact angle close to 90°. The
hemispheres of the SiO, particles in the water phase regain the
surface charge, which gives rise to strong electrostatic repul-
sions between the particles. Concurrently, the difference in the
electrical double layer structures between the two hemispheres
induces dipoles and thus dipole-dipole repulsion between the
particles.”””> Such strong dipole-dipole and electrostatic
repulsion between the particles at the oil-water interfaces gives
rise to the remarkable inter-particle spaces (Fig. 4B). Therefore,
the oil droplets can be stabilized with low surface particle
coverage. This explains why the Pickering emulsion can be
formed with an extremely low SiO, particle concentration when
they are initially dispersed in the oil phase.

Conclusions

In summary, a novel and effective approach for the preparation
of Pickering emulsions with hydrophilic particles, inherently
non-surface active, is presented.

This journal is © The Royal Society of Chemistry 2018
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The novelty of the method relies on dispersing the hydro-
philic emulsifier particles in the oil phase and not in the water
phase as is conventional. This non-commonsense treatment
successfully turns the significant repulsion between the particle
and oil-water interfaces into a strong attraction, thus dramati-
cally facilitating the migration of the hydrophilic particles to the
oil-water interfaces and the formation of Pickering emulsions.
Interestingly, theoretical calculation based on a theory reported
a decade ago supports the experimental results. It is argued that
hydrophilic particles are locked at the oil-water interfaces with
a contact angle of ~90° during their crossing of the interfaces,
resulting in excellent long-term stability of the obtained Pick-
ering emulsions. It is of great importance that a change in
solvent conditions was not required for the formation of the
Pickering emulsion, thus the process is pH-independent.
Additionally, the emulsification can be easily achieved by
shaking by hand and the critical particle concentration for the
stabilization of Pickering emulsion is extremely low. Stable
Pickering emulsions can be obtained when the particle
concentration is as low as 0.25% wt. These three advantages, of
great importance from a cost-effective emulsification method
point of view, make this new strategy promising for the prepa-
ration of Pickering emulsions in various industrial processes.
This will contribute to the mitigation of environmental issues
caused by surfactants and nanoparticles. It is believed that the
developed strategy will significantly broaden the diversity of
Pickering emulsions and their applications.
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