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Interest in Pickering emulsions, which are stabilized by nano-
particles, has been driven by their superior stability and a desire
to avoid the use of conventional surfactants. However, understanding
of the chemical and physical phenomena governing particle stabili-
zation at liquid/liquid interfaces remains limited because of the com-
plexity of these systems. In particular, discrepancies can emerge
between the inherent thermodynamic and the observed three-phase
contact angles in such systems (particle/oil/water). We address this
issue by modifying the classic equation for the free energy of a
spherical nanoparticle at an oil/water interface. Our model defines
the range of three-phase contact angles that enable successful Pick-
ering stabilization. The model shows that the highest destabilization
energy occurs when 0 equals the position angle «, rather than 90°, as
found in the conventional model. Our findings have significant impli-
cations for the identification of candidate Pickering stabilizers and the
design of the emulsification process.

The classic theory for Pickering emulsions suggests that the free
energy of an isolated particle at an oil/water interface is deter-
mined by the particle wettability and the interfacial tension."
Consider the free energy argument derived by Binks and
Lumsdon?, for a single spherical particle of radius R adsorbing
at an oil/water interface having a three-phase contact angle 0
measured in the water phase, as is depicted in Fig. 1. The geometry
determines that the depth of immersion % of the particle into the
oil phase is equal to R(1 — cos 0). The area of contact between the
particle and the oil is 2Rz = 2nR*(1 — cos0). The planar area of
the oil/water interface eliminated by the presence of the particle is:

A =nR*sin®0 = nR*(1 — cos ) (1)

The total free energy of the system changes as a particle
adsorbs at the interface because of the expansion or loss of the
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oil/water and particle/liquid interfacial areas. Assuming the
particle is sufficiently small (less than 2 pm) so that the effect
of gravity is negligible,® and the oil/water interface remains
planar up to the contact line with the particle, the free energy,
E, required to remove the particle from the interface into the
water phase is given by:

E=2nR*(1 — 08 0)(I'sw — I'so) + TR*(1 — €08 O)T oy

2)
where I' refers to the appropriate interfacial tension and the
subscripts s, 0, and w represent the spherical solid particle, oil,

and water phases, respectively. The interfacial tensions I" are
related to the contact angle through Young’s equation:*

I'yo — I'gw = I'owcos 0 (3)

Therefore eqn (2)
equation:

simplifies to this commonly-used

E = TR*T o(1 £ cos 0)* (4)

The sign within the parentheses in eqn (4) before cos@ is
negative for particle removal to the water phase and positive
for particle removal to the oil phase. From this equation, it can
be concluded that the free energy of adsorption of a particle at
an interface is always greater than the particles thermal energy,
even in the case of very small solid particles. For example, the
amount of energy required to remove a radius R = 100 nm solid

oil

oil C /--.I_Q

A————
water 2R

water

Fig.1 A schematic diagram showing a spherical particle at an oil/water
interface, defining the three-phase contact angle, 0. In this example, 0 <
90 degrees, and a greater fraction of the particle is in the water phase.
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Fig. 2 The energy required to remove a particle from the interface. The
blue curve represents moving the particle into the water phase, the orange
curve represents moving the particle into the oil phase.

spherical particle from an oil/water interface (I'oy =50 MmN m ™,

0 = 90°) is AE = 1.6 x 10~ " J, which is orders of magnitude
greater than kT (4.1 x 107>' ]) at a temperature of T = 295 K,
where k is the Boltzmann constant. Therefore, in this case,
when the solid particles are positioned at the oil/water inter-
face, they can be thought of as being irreversibly adsorbed.

Generally, it is accepted that only particles with appropriate
wettability as given by 0 can stabilize Pickering emulsions.
From the well-known eqn (4) for the energy to remove a particle
from an interface, we plot the graph shown in Fig. 2. Observing
the trends in Fig. 2, it is apparent that the energy required to
displace the particle from the interface to the water phase peaks
when the three-phase contact angle, 6 is 90°, implying that the
emulsion is most stable when this condition holds. When the 6
value exceeds 90°, it costs less energy for the particle to detach
and move into the oil phase.

Despite this accepted concept, an experimental report has
been published that is inconsistent with the expectations of
this model. Facal Marina and co-workers® showed that hydro-
philic particles (with a low value of ) can act as Pickering
emulsion stabilizers without any modification of their wett-
ability. They achieved emulsification by applying an unconven-
tional method to force the dispersion of hydrophilic particles in
the oil phase prior to emulsification. The general concept is to
disperse the nanoparticle in a liquid phase of opposite polarity
prior to emulsification in the wetting phase. For example, as
illustrated in Fig. 3, we schematically represent the concept
proposed by Facal Marina et al., where hydrophilic particles
initially dispersed in the oil phase migrate to the oil/water
interface and are thought to become trapped at a position
corresponding to a contact angle of 90°, owing to the high
detachment energy that would prevent further movement.
Therefore, the authors proposed that stable Pickering emul-
sions may be produced using hydrophilic particles initially
present in an oil phase.

This analysis suggests that, potentially, all rigid particles can
be effective stabilizers at an oil/water interface, irrespective of
their wettability. If this analysis holds true, it will have significant
implications for research and applications related to Pickering
emulsions, as it would greatly broaden the pool of viable stabi-
lizers. However, there is a conflict with the free energy eqn (4)
which states that the stabilization energy is at a minimum when
the wettability of a particle 0 is close to either 0° or 180°.
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Fig. 3 Schematic diagrams illustrating the interpretation presented in ref.
5 (Fig. 4a). The energy to remove a particle from the oil/water interface, £
(given by egn (4) is graphed against the three-phase contact angle.) The
black arrows indicate the relative energy states corresponding to different
particle positions (shown in the inset diagram) as was interpreted in ref. 5.
Note that these graphs intentionally mirror the interpretation from ref. 5, in
which detachment energies at various contact angles (0) were considered.
Strictly speaking, at equilibrium, the three-phase contact angle (0) is fixed,
whereas the position angle (x) can vary dynamically. The purpose of this
illustration is to highlight the discrepancy between interpretations based
solely on the detachment energy and the rigorous interfacial free energy
analysis provided by our generalized model (egn (5) and Fig. 4 and 5).

In the experiments of Facal Marina et al.,” other factors
might have contributed to the stability of the Pickering emul-
sions, such as the presence of impurities in the oil phase
(hexadecane with a purity of 99%) that might have adsorbed
onto the silica surface or localized at the oil/water interface.
Even so, there are still several questions that remain unre-
solved. For instance, once the hydrophilic particle in Fig. 3
reaches a 0 value of 90° (as depicted in the middle diagram),
how can we be certain that the particle will not continue
moving into the water phase?

Answering this question requires a deeper reflection on the
meaning of eqn (4). This equation was derived by combining
the energy equation of a particle at the oil/water interface (2)
with Young’s eqn (3).® When merging the two equations, the
same contact angle 0 is used. We know that in a complex
system, the position of the particle at the interface can be
influenced by a variety of factors, such as electrostatic’ and van
der Waals® interactions between particles and liquid molecules.
Additionally, when the particle size is small (on the scale of
nanometers), the relative contribution of line tension to the
total energy at the interface becomes significant at the
interface.’

For a given system, the interfacial energies between the
particle, oil, and water phases are predetermined. Therefore,
the inherent (theoretical) three-phase contact angle of the
particle is not related to the physical positioning of a nanopar-
ticle at an interface. Because in eqn (4), I's, ['sw and Iy, are
inherent properties between the phases, the three-phase con-
tact angle (hitherto called 0 according to convention) should be
a constant value. Now, let us define « as a position angle, which
will change value according to a particle’s instantaneous posi-
tion as it passes across an interface. Then eqn (2) and (3) can be
consolidated as a dimensionless energy expression:

E .
E* :m:Z(il +cosa)cos O + 1 —cos® o = fi(,0) (5)

where E* is used to represent for convenience. The sign

E
TR2T oy
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Fig. 4 (a) A schematic diagram explaining the difference between three-
phase contact angle 6 and position angle o at an interface, which is
influenced by an applied external force, F. (b) A graph of the energy
needed to move the particles with a three-phase contact angle 0 and
position angle « at the interface into the water phase. Areas above the 0.0
curve are all positive and increase proportionally with the intensity of the
blue color. The red shades indicate negative energies for a particle with the
given contact angle and position angle, which is not stable at the interface
without the application of an external force.

before the first “1” is negative when moving the particle from
the interface into the water phase, and positive when moving
the particle from the interface into the oil phase. Here, 6 is
solely related to the interfacial free energies of the particle via
Young’s equation, and o is given by the particle’s current
position at the interface. The value of o can be altered by
external forces emanating from the surroundings, such as
mechanical agitation (e.g, stirring or sonication), or by applied
fields (such as gradient magnetic'® or electric'!), or even the
intrinsic electric fields at the oil/water interface.'” These forces
can displace the particle from its equilibrium position at the
interface, resulting in a scenario where the position angle «
differs from the intrinsic contact angle 6. Fig. 4a provides a
schematic clearly explaining the difference between the three-
phase contact angle and the position angle.

Eqn (5) allows us to consider a variety of particles with a diverse
range of wettabilities and various positions at the oil/water inter-
face. Using the equation, we constructed the contour diagrams of
Fig. 4 showing the energy required to displace particles from the
oil/water interface into either the water or oil phase.

In this convention, a positive value of E* defines the energy
required to move the particle from the interface into a pure
liquid phase, allowing the possible stabilization of the particle
with the given 6 and « at the interface. Provided that E* is
sufficiently large, and in the absence of external energy input,
the particle will be stable at the interface. However, a negative
value of E* defines an unstable state for the particle. The
particle has the possibility to move towards one of the liquid
phases until it reaches a stable state (a positive energy value). In
Fig. 4b, a positive energy value is observed in the blue-shaded
areas above the 0.0 contour line.

For a more detailed investigation, we have selected five
different types of particles, each with different inherent three-
phase contact angles 6 equal to 0°, 60°, 90°, 120° and 180°, to
illustrate the energy cost required to displace the particles from
the interfaces into either the water or oil phase, as shown in
Fig. 5. The wettability of these five particles can be categorized
as: 0° corresponds to superhydrophilic, 60° to hydrophilic, 90°
to amphiphilic, 120° to oleophilic, and 180° to superoleophilic.
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Fig. 5 The energy required to remove the particles (with five different
three-phase contact angles 0 equal to (a) 0°, (b) 60°, (c) 120°, (d) 180° and
(e) 90°) from the interface with any position angle (« from 0° to 180°) into
the water (f,(a, 0), blue curve) or the oil phase (fi(x, 0), orange curve). The
dashed line indicates an energy curve for which it is not favorable to move
the particle to the particular liquid phase. The black arrows in (b) and (d)
show the peaks of the curve.

It is recognized that when E exceeds the thermal energy kT,
the particle can be stabilized at the interface. Using the para-
meters 'y, = 50 mN m~ ' and R = 100 nm, we can calculate that:

« E 14
E' = o = Ex64x10% =/(2.0) (6)
Regarding the destabilization energy of a particle at interface,
the analysis presented in Fig. 5 neglects the thermal energy,
because the destabilization energy is on the order of 10~ ** J,
which is orders of magnitude greater than k7' (4.1 x 10" >'J) ata
temperature of T =295 K.

In Fig. 5a and b, less energy is required to move the particle
into the water phase than into the oil phase across all o ranges,
indicating the favorability to migrate into the water phase.
Similarly, in Fig. 5c and d, the particle is more likely to move
into the oil phase. Therefore, the dashed line energy curve can
be ignored in future considerations.

In Fig. 5a and c, it can be observed that when the particle is
either superhydrophilic or superoleophilic (6 equals 0° or 180°),
the particle may not be able to stay at the interface. For
example, when the particle is superhydrophilic (0 close to 0°),
the energy consumption when moving it to the water phase is
zero or negative across all ranges of position angle «, indicating
that this process can occur spontaneously. When the particle is

This journal is © The Royal Society of Chemistry 2025
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hydrophilic (0 equals 60°), the energy value is positive when o
ranges from 0° to 90°, suggesting that the particle can only
stabilize at the interface within this range. The energy reaches a
peak when both 0 and o equal 60°. When « varies from 60° (for
example, exceeds 90°), the particle will move towards the water
phase spontaneously until « reaches 60° to reach equilibrium,
assuming that no external force is applied. A similar analysis
can be applied to a particle with a three-phase contact angle, 0
of 120°, as is shown Fig. 5d.

If a particle is stabilized with an « value that results in a
negative E*, then a higher external energy (such as mechanical
agitation, an applied gradient magnetic or electric field) is
required to overcome the negative energy value.

The curves for the two liquid phases coincide when 6 equals
90°. The highest energy value occurs when o also equals 90°.
This value is the highest among all scenarios (Fig. 5a-d) as the
E* is equal to 1. This implies that, for particles of the same size
and at the same interface, the particle with 0 equal to 90° will
make the most stable Pickering emulsion, which agrees with
the existing theory, as shown in Fig. 2.

Compared with the predictions of eqn (4), our model
provides a more comprehensive understanding of the energy
required to move a particle (with 0 ranging from 0° to 180°)
from an oil/water interface (with o ranging from 0° to 180°) into
either the water or oil phase. In a real system, particles at a
liquid/liquid interface typically experience various interactions
(both particle/particle and particle/environments), leading to a
discrepancy between the inherent three-phase contact angle
and the observed three-phase contact angle (position angle).
The three-phase contact angle can be determined by Young’s
eqn (3), and a range of methods have been developed to
measure the three-phase position angles experimentally,
including the gel trapping technique'>'* and the classic
captive drop method'*'®, which make it possible to calculate
a more accurate free energy of a spherical nanoparticle at the
interface.

While it may not be feasible to stabilize an oil/water inter-
face using a superhydrophilic or superoleophilic particle (o
equals 0° or 180°), it may be possible to use a slightly less
hydrophilic or oleophilic particle. To find the smallest and
highest « value, it is necessary to consider thermal energy. We
can set E to be greater than or equal to the thermal energy as
follows:

E = tR*T 4 (2(1 + cos a)cos 0 + 1 — cos®a) > 10kT + 2nRt sin o

(7)

Here, we use 10 kT for realistic consideration of thermal
fluctuations of the particle energy.® The line tension is addi-
tionally included here as an energy barrier against particle
transit across the oil/water interface. Notably, the position
angle (o) is used here to calculate the line tension at a given
position at the interface, rather than 6, which represents
thermodynamic equilibrium and is conventionally used in the
calculation. Using the value of T as 1 x 10 '" N,"” and the same
values for I,y and R assumed previously, with T = 295 K, then
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we obtain

sin o

fi(2,0) = 2(£1 + cosa) cos § 4+ 1 — cos? o —

10 kT
>
T Ry

ow

(8)

In this equation, —— represents the contribution of

ow l

line tension effects, while accounts for thermal

TR2T oy
fluctuations. The term 2(+1 + cos &)cos § + 1 — cos® ¢ primarily
describes the destabilization energy. Both particle size (R) and
interfacial tension (I',y) play crucial roles: larger values of R or
Iy reduce the influence of line tension and thermal energy.
Conversely, when R or I',,, decreases, the destabilization energy
must increase for the particle to maintain stability.

For assumed values of R and Iy, eqn (8) is plotted in Fig. 6,
which reveals those o and 0 pairs that satisfy the conditions in
the equation, indicating stable particles at the interface. When
0 equals 90°, the calculated value of o can range from 0.4° to
179.6°. The most hydrophilic particle of the lowest 0 is only
14.2°. If the initial position angle is higher than 14.2° and no
external forces are applied, the particle may move toward the
water phase initially, but will eventually stabilize at 14.2°. A
similar analysis can be conducted to find the most oleophilic
particle in Fig. 6, which is 165.8°. For a 0 of 60° and 120°, the
position angle « falls within the range of 0.7° and 89.8° and of
179.3° and 90.2°, respectively. These results closely align with
the findings in Fig. 4, highlighting the significant difference in
the magnitude of the thermal energy and the destabilization
energy.

Experimental evidence supporting this concept can be found
in many well-studied switchable emulsions, where external
environmental stimuli alter the surface chemistry, and thus
the wettability of stabilizing particles, thus triggering emulsion
destabilization. For example, in the work of Richards and Evans
on light-responsive Pickering emulsions,'® exposure to blue
light induced a rapid trans-to-cis isomerization in azobenzene-
functionalized particles, rendering them more hydrophobic.

. 1804 (168.2°, 165.8°)
- | (1682°,1658)
D 150-
©
2 120 -t e
2 904---- L
5 :
B L
oo :
< 30- |
o] (e 1420

0 30 60 90 120 150 180
a (°, position angle)

Fig. 6 Graph plotted from eqn (8). This graph is used to find the a — 0
pairs that make the energy consumption of removing a particle from the
interface equal to the thermal energy at T = 295 K (the blue and orange
curves), or larger than the thermal energy (shaded area). Here it is assumed
that I'o,, = 50 mN m~* and R = 100 nm.
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It can be inferred from our model in Fig. 6 that upon light
exposure, the contact angle 0 rapidly increases (above 120°),
while « initially remains unchanged due to the ultrafast nature
of the chemical change (on the order of 1-10 ps).*® This sudden
shift places the Pickering particles in an unstable region of the
diagram (white), which explains the observed emulsion desta-
bilization as the particles desorb from the interface.

Additional evidence highlights the possibility of superhy-
drophilic and superoleophilic particles as effective stabilizers
for Pickering emulsions. As reviewed by Aveyard et al.,” super-
hydrophilic barium sulfate particles, with a three-phase posi-
tion angle as low as 0°, and superoleophilic hydrophobic silica
particles, with a position angle exceeding 175°, have both been
demonstrated to stabilize emulsions effectively. Considering
that our calculations assumed specific values for R and I,
which are somewhat different from the R and Iy, used in
Aveyard et al.’s review, their findings are broadly consistent
with the predictions of our model.

Hence, going back to Fig. 3, it becomes apparent that the
explanation put forth by Facal Marina et al. may require further
refinement. Specifically, for the hydrophilic silica particles used
in their study, the destabilization energy curve should be
different to the curve for particles with a three-phase contact
angle 0 of 90°. This suggests that the particle will not remain
locked at the 90° position angle, but rather continue to move
until the position angle aligns with the inherent three-phase
contact angle of the silica particles. The stabilization of the
system is attributed to the still very high destabilization energy
even in the case of hydrophilic particles, and the interaction
forces between particles and between particles and liquids may
also contribute to or even dominate the stability of the system,
as is also highlighted by the authors.

In most previous studies that evaluated free energy in the
context of Pickering emulsions, the measured three-phase
contact angle has typically been used for free energy
calculations.>® Our work proposes that the ideal position of a
particle at the interface may differ from the inherent three-
phase contact angle because of various effects from the envir-
onments. As a result, the calculation of the destabilization
energy needs to be approached differently. In conclusion, the
findings from our model indicate the following:

1. For a given particle with an intrinsic three-phase contact
angle 0, the highest destabilization energy occurs when the
position angle o, equals 0, rather than 90°, as is found in the
standard model, illustrated in Fig. 2.

2. When a particle is positioned at the interface with a
specific position angle, «, resulting in a negative stabilization
energy E in eqn (5), it necessitates a higher external energy
contribution (such as mechanical agitation (e.g., stirring or
sonication), an applied gradient magnetic or electric field, or
even intrinsic electric fields at the oil/water interface) to coun-
terbalance the unfavorable energy state and maintain the
particle in that non-equilibrium position.

3. If a particle is at the oil/water interface but the initial
position angle « is different from the particle’s inherent three-
phase contact angle 0, the particle may spontaneously move
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toward the position where 0 equals o and then stabilize the
system when the external forces causing the deviation are
removed or diminished.

4. A lower particle size (R) or oil/water interfacial tension
(I'ow) will generally require a higher destabilization energy for
the particle to maintain stability. For a given R and I',y, the
range of contact angles that can be successful Pickering stabi-
lizers can be calculated using our model. Thus, this research
will help in the search for new Pickering stabilizers and aid the
development of emulification methods.

5. This analysis is useful for real Pickering emulsion sys-
tems, as the influence of external forces or fields may influence
the particle’s position at the interface, leading to a different
position angle o, compared to the inherent three-phase contact
angle 0. We hope that the model inspires future research to
test it.
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