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ARTICLE INFO ABSTRACT

Keywords: Pickering-polymerized high internal phase emulsions have attracted attention since their successful first prep-
Pickering aration 15 years ago, primarily due to their large pores and potential for functionalization during production.
Emulsions This review elucidates the fundamental principles of Pickering emulsions, Pickering HIPEs, and Pickering Pol-
sif;HIPE yHIPEs while comparing them to conventional surfactant-stabilized counterparts. The morphology of Pickering

PolyHIPEs, with particular emphasis on methods for achieving interconnected structures, is explored and criti-
cally assessed. Lastly, the mechanical properties and diverse applications of these materials are reviewed,
highlighting their use as catalytic supports and sorbent materials. The study aims to guide both new and
experienced researchers in the field by comprehensively addressing the current potential and challenges of
Pickering PolyHIPEs. Once the mystery behind the closed cellular pores of Pickering PolyHIPE: is resolved, these
materials are expected to become more popular, particularly in applications where mass transfer is critical, such

Colloidal particles
Porous polymers

as tissue engineering.

1. Scope of the review

There are several excellent reviews on both polymerized High In-
ternal Phase Emulsions (polyHIPE) [1-3] and Pickering emulsions [4-6]
covering basic principles to current trends in the field. However, a re-
view article specifically focusing on Pickering polyHIPEs is currently
missing in the literature. Therefore, this review article aims to provide
the basic principles of emulsions, high internal phase emulsions (HIPEs),
and polyHIPEs. It will then compile reports about Pickering polyHIPEs,
investigating their morphology, properties, and applications, and
comparing them with conventional polyHIPEs where relevant. Although
‘poly’ in polyHIPE stands for polymerization, porous materials obtained
from HIPE templates without being polymerized are also within the
scope of this review and termed as ‘HIPE templates’.

2. Emulsions
2.1. Definitions and nomenclature

Emulsions are biphasic systems formed by dispersing one immiscible
liquid within another. The dispersed phase, in the form of droplets, is

known as the internal (or dispersed) phase, while the other phase is the
continuous (or external) phase. Emulsions can be classified based on
factors such as the hydrophilicity/hydrophobicity of phases, the volume
fraction of the internal phase, and the type of stabilizer used. Water-in-
oil (w/0) emulsions involve dispersing the internal water phase in a
continuous oil phase, while oil-in-water (o/w) emulsions are the oppo-
site (Fig. 1A, B). Emulsions can also be oil-in-oil (0/0) or water-in-water
(w/w). Based on the volume fraction of the internal phase, emulsions fall
into three categories: low internal phase emulsion (LIPE) for <30 %
internal phase, medium internal phase emulsion (MIPE) for 30-74 %,
and high internal phase emulsion (HIPE) for >74 % (Fig. 1A, C) [7,8].
Furthermore, emulsions can be classified according to the type of sta-
bilizer used—either surfactants or colloidal particles. If the stability is
achieved through surfactants, they are termed conventional emulsions.
Alternatively, if colloidal particles stabilize the emulsion, it is referred to
as a Pickering emulsion (Fig. 1 A, D). Emulsions stabilized by both
surfactant and colloidal particles are termed dual emulsified emulsions.

2.2. Stabilization of emulsions

An immiscible liquid can be dispersed within another immiscible
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liquid under shear. When the applied shear is sufficiently high, the in-
ternal phase breaks up into droplets within the continuous phase. As
emulsion droplets form, the total interfacial area, and consequently, the
total interfacial energy, increase within the system. When shear is
removed, the dispersed emulsion droplets start to coalesce to reduce the
elevated total interfacial energy, ultimately leading the two emulsion
phases to separate back into their initial bulk forms. Therefore, to ach-
ieve kinetically stable emulsions, emulsion stabilizers are necessary to
prevent droplet coalescence.

Conventionally,  emulsions are stabilized by  surfac-
tants—amphiphilic molecules with both hydrophobic and hydrophilic
parts. Due to their amphiphilic nature, surfactant molecules migrate
from the generally dissolved continuous phase to the oil/water interface,
where the hydrophobic and hydrophilic parts submerge in the oil and
water phases, respectively. The type of surfactant determines the type of
emulsion formed, either oil-in-water (o/w) or water-in-oil (w/o0).
Hydrophilic-Lipophilic Balance (HLB), a function of the weight per-
centage of the hydrophilic portion of the non-ionic surfactant molecule
[9], is used to estimate the suitable surfactant for the desired emulsion
type. Adsorbed surfactant molecules at the interface reduce interfacial
tension between the bulk phases, lowering the energy needed for droplet
formation. Adsorbed surfactant molecules on the droplet surface main-
tains droplet stability by providing steric and/or electrostatic barrier
effect [10]. However, surfactant adsorption and desorption at/from the
oil/water interface are in thermal equilibrium, and thus, are affected by
thermal fluctuations, leading to a loss of emulsion stability and phase
separation.

Solid particles in colloid form are another type of stabilizer gaining
attention, dating back to Ramsden’s [11] and Pickering’s [12] pio-
neering work in 1907. Unlike surfactants, colloidal particles are not
necessarily amphiphilic. However, to obtain a stable emulsion, colloidal
particles should be wetted in both phases. Similar to surfactants, the
phase in which the colloidal particles are dispersed and wetted the most
determines the continuous phase of an emulsion—either o/w or w/o.
Similar to the HLB value in surfactants, wettability of particles is used to
estimate appropriate particles to stabilize the desired emulsion. Because
of being wetted by both phases, Pickering agents are adsorbed at the oil/
water interface during emulsification. Emulsion droplets covered with
colloidal particles are mechanically protected from coalescence with
other droplets. Colloidal particles do not reduce the inherent interfacial
tension between two phases; therefore, the formation of emulsion
droplets requires higher energy than conventional emulsions. Unlike
surfactants, colloidal particles are considered to be adsorbed at the oil/
water interface irreversibly [13]. Therefore, long-term emulsion stabil-
ity is achieved in Pickering emulsions.

Pickering-type stabilizers are considered more efficient than surfac-
tants. The required amount of colloidal particles to obtain stable emul-
sions is generally less than that of surfactants, in terms of weight
percentage. For stable emulsions, full surface coverage of droplets by
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colloidal particles is not necessary. It was demonstrated that a droplet
surface coverage as low as 29 % with Pickering agents is sufficient to
obtain stable emulsion droplets [14]. Additionally, insufficiently
covered emulsion droplets can experience phenomena only observed in
Pickering emulsions: particle bridging, limited coalescence, and arrested
coalescence (Fig. 2). It was claimed that stable emulsions can be ach-
ieved below 29 % surface coverage as well by particle bridging, which is
the separation of two emulsion droplets with a monolayer of particles
(Fig. 2B) [15]. Additionally, insufficiently covered emulsion droplets
can start to coalesce with each other until sufficient surface coverage is
achieved; this phenomenon is called limited coalescence (Fig. 2C).
Limited coalescence observed in Pickering emulsion is considered a
reason for obtaining a relatively narrow droplet size distribution [16].
Alternatively, two emulsion droplets can start to coalesce, but the coa-
lescence can be arrested by particles collecting at and jamming the
coalescing region; this phenomenon is called arrested coalescence or
sometimes referred to as partial coalescence (Fig. 2D) [17]. Therefore,
stable emulsions can be obtained with a lower concentration of colloidal
particles compared to surfactants.

Furthermore, depletion attractions can be utilized to enhance
emulsion stability. Depletion attraction is an attractive force that occurs
between colloidal particles when they are suspended together with
smaller depletant molecules. Depletant molecules surrounding the
colloidal particles exert pressure, equivalent to osmotic pressure, onto
the colloidal particles. When the depletant molecules are excluded from
a region between two colloidal particles, the surrounding pressure onto
the colloidal particles results in the attractive force between the
colloidal particles [18]. The use of depletion interaction to increase the
stabilization of Pickering HIPEs has been shown by Kim et al. in a simple
oil-in-water emulsion stabilized by colloidal silica particles, by adding
PEG to the water phase (Fig. 3) [19]. It was demonstrated that as long as
the depletant molecule (PEG) and the particles (colloidal silica) do not
interact with each other strongly and they are well dispersed in the
continuous phase, it is possible to obtain a stable emulsion with 90 %
internal phase with a surface coverage as low as 6 %.

2.3. Destabilization of emulsions

The stability of an emulsion is defined as its resistance against
changes in physicochemical behaviour over time [20]. The physico-
chemical behaviour of an emulsion is related to the interactions between
emulsion droplets, significantly influenced by the nature of the stabilizer
and the stabilization mechanism. Emulsion destabilization mechanisms
include phase inversion, gravitational separation, Ostwald ripening, and
coalescence.

Phase inversion results in a change in emulsion type, shifting from o/
w to w/o, or vice versa. Gravitational separation arises from the density
mismatch between the continuous phase and the internal phase, cate-
gorized into creaming and sedimentation. Creaming occurs when the
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Fig. 1. The classification of emulsions. (A) Surfactant-stabilized (conventional), w/o, LIPE (assuming that the internal phase volume is <33 %), (B) o/w counterpart
of A, (C) HIPE counterpart of A (assuming that the internal phase volume is >74 %), (D) Pickering counterpart of A.
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Fig. 2. Observed phenomena in Pickering emulsions regarding the efficient stabilization of the emulsion; (A) insufficiently covered emulsion droplets can coalesce
via: (B) particle bridging, where two emulsion droplets are separated from each other by the monolayer of particles; (C) limited diffusion where the droplets coalesce
until reaching the sufficient surface coverage; (D) arrested coalescence of two emulsion droplets, where droplets start to coalesce but the coalescence is arrested due
to particle jamming at the necking region.

A B

1 wi% of PEG 0 wit% of PEG

--....“ ‘TmmT
| -

|

- I

¢:.02 03 04 05 06 O $:02 03 04 *0.5 06 '0.7'08

oil

Depletant
Excluded and Applied
Volume Pressure

Fig. 3. The preparation of emulsion by exploiting depletion attraction: (A) The digital images of formation of Pickering HIPE at various internal phase fraction in the
presence of depletant PEG and (B) their phase separated counterparts in the absence of depletant agent. Adapted with permission from [19]. (C) The schematic
representation of achieving stability with depletion attraction (redrawn from [19]).

A
°e
‘.
°®

5 O

Fig. 4. The schematic representation of emulsion destabilization mechanisms; (A) The kinetically stabilized emulsion, (B) emulsion experiencing phase inversion
where the internal water phase becomes continuous phase, (C) creaming, (D) sedimentation, (E) flocculation, (F) Ostwald ripening, (G) coalescence and the (H) phase
separated emulsion due to emulsion destabilization.
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internal phase has lower density, causing emulsion droplets to migrate
and accumulate at the top over time, resulting in two phases within the
system, with the continuous phase at the bottom, and the concentrated
emulsion on top (Fig. 4C). Conversely, in the case of sedimentation, if
the internal phase has higher density than the continuous phase, the
emulsion droplets accumulate at the bottom (Fig. 4D). When the
emulsion droplets aggregate with each other locally, this destabilization
is referred to as flocculation (Fig. 4E). This is mainly due to the attractive
forces between emulsion droplets such as van der Waals or electrostatic
interactions, leading them to cluster [21]. Ostwald ripening is the
diffusion of smaller emulsion droplets into the larger ones and mainly
stems from the difference in internal (Laplace) pressure of emulsion
droplets due to size difference [22]. Therefore, emulsions with broader
emulsion droplet size distribution are more susceptible to Ostwald
ripening (Fig. 4F). Similarly, coalescence is the merging of emulsion
droplets with each other to form larger droplets (Fig. 4G). The
mentioned destabilization mechanisms are interrelated, and the occur-
rence of one can trigger the other destabilization mechanisms as well.
Consequently, as the emulsion experiences these processes, phase sep-
aration occurs where the continuous and the internal phase are sepa-
rated completely from each other (Fig. 4H).

Among the mechanisms involved in emulsion destabilization, Pick-
ering emulsions are resistant to coalescence compared to conventional
emulsions. Particles are considered to adsorb to the oil/water interface
irreversibly since the energy required to remove particles from the
interface is a few orders of magnitude higher than the thermal energy
[5,23]. Therefore, the emulsion droplets are mechanically shielded by
the particles located at the o/w interface forming a physical barrier
around emulsion droplets preventing the coalescence of neighboring
droplets.

The superior stability of Pickering emulsions can be a problem when
the application necessitates a controlled destabilization of the emulsion
or when the application results in the production of Pickering emulsion
unintendedly as a by-product [24]. Therefore, methods to destabilize
Pickering emulsions are also an active area of research. Melle et al.
applied an external magnetic field to Pickering emulsions stabilized by
magnetic particles, observing that the strong magnetic field de-attaches
particles from the oil/water interface to destabilize the emulsion [25].
Similarly, the application of an external electric field was reported to
destabilize Pickering emulsions, not by detaching particles from the
interface, but by relocating already adsorbed particles on the emulsion
droplet so that the droplets can access each other to coalesce [26].
Griffith et al. demonstrated the destabilization of o/w Pickering emul-
sion by adding more hydrophobic particles to the system, causing oil
droplets to preferentially wet the hydrophobic particles rather than
maintaining their droplet form [27]. Kumar et al. reported a versatile
method to induce destabilization of Pickering emulsions by induced
liquid-liquid phase separation due to the addition of a solute which is
soluble in both phases of the emulsion [28].

3. HIPE

As mentioned in the previous sections, emulsions can be classified
based on the internal phase fraction, with High Internal Phase Emulsions
(HIPEs) typically defined as emulsions containing over 74 % internal
phase. This threshold is derived from the maximum packing density of
face-centred cubic, non-deformable monodisperse spheres. Theoreti-
cally, beyond a 74 % internal phase fraction, monodisperse spheres are
compelled to deform into polyhedra, leading to restricted mobility of
internal phase droplets. These alterations are accompanied by changes
in the emulsion’s physical properties, particularly its rheological
behaviour. Thus, the key factor distinguishing HIPEs from emulsions
with lower internal phase fractions is the shift in rheological properties.
Although this change is generally proportional to the internal phase
fraction, a sudden increase in emulsion viscosity can be observed at
volumes of internal phase lower or higher than 74 %, given that
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emulsion droplets are not non-deformable monodisperse spheres. The
HIPE-like behaviour of the emulsion is contingent upon the deform-
ability of the liquids and the polydispersity of the emulsion droplets.
Consequently, the definition of HIPEs is a subject of debate, and an
alternative definition considers emulsions with an internal phase vol-
ume fraction higher than the maximally random jammed packing con-
centration [29].

HIPEs demonstrate viscoelastic behaviour due to their closely packed
emulsion droplets, behaving like a viscous liquid above the applied
critical stress (yield stress) and an elastic solid below it [30]. This unique
rheological property makes HIPEs suitable for applications such as 3D
printing inks [31,32], as they exhibit desirable viscosity and shear-
thinning behaviour. Additionally, owing to their self-supporting phys-
ical state and high capacity for encapsulating molecules in the internal
phase, especially with their high internal phase volume, HIPEs are
attractive in the food, pharmaceutical, and cosmetic industries [33]. In
the realm of material science, HIPEs serve as templates for producing
highly porous materials, a topic that will be detailed in the following
chapters.

3.1. The HIPE preparation process

Conventional HIPEs have been in use since 1966 [7], but the first
successful preparation of Pickering HIPE and its utilization as a template
were reported in 2007 first by Colver et al. (through forced sedimenta-
tion) [13] and followed by Menner et al. (without forced sedimentation)
[34]. The late emergence of Pickering HIPEs can be attributed to a few
factors. First, early studies reported an inversion in Pickering emulsions
at high internal phase; indeed, in 1999, Binks et al. demonstrated that
Pickering emulsions experience catastrophic phase inversion, without
any sign of hysteresis during the inversion when the volume of the in-
ternal phase reaches ~70 % [35]. This catastrophic phase inversion was
demonstrated for both water-in-oil (w/0) and oil-in-water (o/w) emul-
sions. Additionally, this was supported by a thermodynamic model
developed by Kralchevsky et al. in 2005, which predicted catastrophic
phase inversion above 50 % internal phase in Pickering emulsions [36].
The difference in proposed internal phase volumes between the exper-
imental (70 %) and predicted model (50 %) was attributed to kinetic
effects. On the other hand, advances in material science and chemistry,
particularly the fast advance in inorganic nanoparticle manufacture in
the early 2000s, likely contributed to the broadening of particle options
as a stabilizer. This, in combination with the use of surface modification
techniques, enabled obtaining particles with the desired wettability in
both phases.

Similar to lower internal phase emulsions, two immiscible liquids, a
suitable stabilizer, and mechanical shear are required to form an HIPE.
The mechanical shear should be high enough to enable droplet break-up,
and the stabilizer should locate themselves fast enough at the newly
formed interface to stabilize emulsion droplets before they recoalesce.
As the internal phase volume increases within the emulsion, the
accompanied increase in viscosity reduces the mixing efficiency and
homogeneity. Therefore, droplet break-up becomes no longer possible.
Since viscosity is a limiting factor for the preparation of the HIPE,
diluent solvents can be used to thin the initial phases of the emulsion
[37,38].

Conventionally, the internal phase is added dropwise to the contin-
uous phase under shear to prepare an HIPE (Fig. 5A). Rather than adding
the internal phase dropwise, combining all the ingredients in a container
followed by simple hand shaking was reported to form an HIPE as well
[39,40]. Alternative methods were also reported to obtain HIPEs either
by using phase inversion or forced sedimentation (Fig. 5B). Sun et al.
reported that it is possible to turn a particle-stabilized oil-in-water low
internal phase emulsion (LIPE) into a water-in-oil HIPE via phase
inversion by simply changing the pH or salt concentration of the water
phase [41]. This changes the colloidal ionizable poly(styrene-co-meth-
acrylic acid) particle wettability and the stability of the HIPE. This was
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Dropwise Addition of Internal Phase

Forced Sedimentation Phase Inversion

Fig. 5. The methods to prepare HIPE is schematically represented: (A) Conventional preparation of HIPE where the internal phase is being added dropwise and
slowly while the emulsion is being mixed and (B) the production of HIPE from dilute emulsions either by forced sedimentation or phase inversion.

further illustrated via using other ionizable particles (sulfonated poly-
styrene) [42] and CO2-responsive block copolymer [43], which wetta-
bility can be tuned by either changing the salt/pH and CO2
concentration of the emulsion, respectively, so that the particles
favourably stabilize the inverted emulsion. Alternatively, LIPEs or
MIPEs can be forced to sediment (i.e., by centrifugation) so that the
excess continuous phase is separated from the highly concentrated part
of the emulsion [44-46].

3.2. Rheology of HIPE

As mentioned in the previous section, (HIPEs) exhibit viscoelastic
properties, displaying elastic solid and viscous liquid-like behaviour
depending on the applied shear stress. In a wide range of oscillation
frequencies, HIPEs exhibit constant elastic and loss modulus, with the
elastic modulus being a few orders of magnitude higher than the loss
modulus, indicating the viscoelastic behaviour of HIPEs [47]. The
viscoelastic properties, including viscosity, elastic modulus, and yield
stress, are mainly determined by the interfacial tension between the
phases, mean emulsion droplet size and size distribution [48], the in-
ternal phase volume, the viscosity of the continuous and internal phase
[49] and the inter-droplet interactions [50]. However, the parameters
affecting HIPE rheology have a complex and significant effect on each
other.

In the case of Pickering HIPEs, they exhibit a higher elastic modulus
than that of conventional HIPEs. The increased elasticity of the Picker-
ing HIPEs is attributed to a rigid interfacial layer due to attractive in-
teractions between solid particles (Fig. 6A) [51]. Recently, Kaganyuk
et al. revealed the effect of excluded effective internal phase volume due
to the size difference between surfactants and colloidal particles
(Fig. 6B) and attractive lateral capillary interactions among particles on
Pickering HIPE rheology (Fig. 6C, D) [52].

A B

3.3. Emulsion droplets of HIPE

Theoretically, polyhedral-shaped emulsion droplets are expected
when the internal phase volume exceeds the maximum packing density
of monodisperse emulsion droplets. However, droplets can be spherical
even at internal phase fractions reaching 90-98.5 % when the emulsion
droplets are polydisperse [53,54], as the theoretical maximum packing
density of polydisperse spheres can be higher than 74 %. Alternatively,
when the emulsion droplets are relatively small and the interfacial
tension is high, emulsion droplets resist being deformed into polyhedra
due to their high Laplace pressure, the pressure difference between the
inside and outside of the droplet [33]. Therefore, the emulsion droplet
size and distribution, as well as interfacial tension, are the main pa-
rameters determining the emulsion droplet shape in HIPEs.

The droplet size of the final emulsions is mainly determined by the
interfacial tension between the phases, induced shear stress during
emulsification, internal phase volume, and stabilizer-associated pa-
rameters, which will be focused on in this section. In terms of conven-
tional HIPEs, the concentration of surfactant is inversely proportional to
the obtained final droplet size [55]. This is mainly due to the reduced
interfacial tension parallel to increased surfactant concentration and the
abundance of surfactant molecules, allowing a larger interfacial area to
be stabilized.

In the case of Pickering HIPE, the emulsion droplet size correlates
with the particle size. Levine et al. reported that the particle size should
be an order of magnitude lower than the desired final emulsion droplet
size [56]. Similar to surfactant, increased particle concentration results
in smaller emulsion droplets [57,58]. However, depending on the in-
teractions, either inter-particle or between emulsion phases and parti-
cles, a further increase in particle concentration can result in the
enlargement of the HIPE droplet size [59,60]. This is due to increased
continuous phase viscosity due to being suspended in a higher concen-
tration of particles, therefore increased emulsion viscosity as the

Fig. 6. The schematic representation of mechanisms involved in increased Pickering HIPE elastic modulus: (A) Interparticle interaction forming 3D network in
interfacial area, (B) excluded volume effect, (C, D) lateral capillary interactions between particles. Figures are redrawn from [52].
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internal phase fraction of the emulsion increases. Additionally, particles
can flocculate due to inter-particle interactions, leading to a reduction of
the effective stabilizer amount in the continuous phase [61]. Overall, a
typical Pickering HIPE droplet size is larger than in conventional HIPEs.

4. PolyHIPEs

HIPEs can be employed as a template to produce highly porous
materials. If the continuous phase of the HIPE consists of polymerizable
monomers and in the presence of an appropriate polymerization initi-
ator, the 3D network surrounding the internal phase droplets can be
polymerized. Subsequent removal of the internal phase leaves behind
porous polymers, where the polymerized continuous phase forms the
skeleton of the material, and the internal phase forms the pores
(sometimes referred to as voids or cavities). This technique, utilizing
HIPE as a template, is known as emulsion templating/HIPE templating.
The material obtained via the polymerization of the continuous phase is
known as a polyHIPE (Fig. 7). The comparison of conventional and
Pickering polyHIPE is presented in Fig. 8.

In conventional polyHIPEs, pores are interconnected through pore
throats (sometimes referred to as void cavities or interconnects) on the
pore surface. Pore throats, generally proportional to pore size [62],
allow mass transfer through the material. Therefore, polyHIPEs find
applications in various fields due to their ease of manufacturing, cost
efficiency, and tuneable properties such as porosity, pore size and shape,
interconnectivity, surface area, and mechanical properties. Addition-
ally, functional polyHIPES can be obtained during the preparation by
using functional block copolymers [63]. They are commonly used as
catalyst supports [64,65], scaffolds for tissue engineering [66,67], and
absorbents [68,69].

There are several concerns associated with conventional polyHIPEs
obtained from surfactant-stabilized HIPEs. While polyHIPEs offer
versatility during preparations, some of the concerns of a typical con-
ventional polyHIPES are as follows: Firstly, the obtained pore size and
pore throat size are small, approximately 10-50 and 1-5 pm, respec-
tively [70,71]. Such small pore size may limit their suitability for 3D
tissue culture scaffolds due to restricted cell infiltration. This pore size

HIPE PolyHIPE

Fig. 7. The digital images of highly viscous, self-supporting HIPE and its optical
micrographs (left). The photopolymerized 3D polyHIPE and its SEM image of
the internal structure. Scale bars are 200 pm.
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Conventional PolyHIPE Pickering PolyHIPE

Porous Structure

Microstructure

Fig. 8. SEM Images of typical polyHIPEs obtained by surfactant-stabilized
(conventional polyHIPEs) or colloidal particle-stabilized HIPEs (Pickering pol-
yHIPEs). Overall porous structure of a conventional polyHIPE; pores and pore
throats are 10 and 1 um, respectively. The orange circle highlights a pore, an
imprint of HIPE droplets after being polymerized and internal phase removal.
The yellow circle highlights a typical pore throat. Overall porous structure of a
typical Pickering polyHIPE with ~100 um pores without interconnecting pore
throats. The green circle highlights the thin polymeric film covered pore
throats. The orange arrows show the interfacial polymeric film separating two
neighboring pores, the green arrow show the pore surface and the yellow arrow
show the polymerized trigonal region (Plateau border), the intersect of three
pores. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

allows for cell integration and 3D tissue culture but may impede
vascularization when used for implantation, which typically requires
pore sizes larger than 100 pm [72]. Controlled destabilization of emul-
sion droplets before polymerization occurs can be utilized the enlarge
pore size and pore throats [73]. Secondly, the use of surfactants in-
creases the production cost of the method, as the surfactant concentra-
tion required for producing HIPEs and polyHIPEs is typically high
(10-30 wt% of the monomer concentration [74-76]) although there are
reports demonstrating <3 % of surfactant can effectively produce HIPE
[77,78]. Third, commonly used surfactants are associated with health
and environmental toxicity [79]. It is important to note that environ-
mental surfactants are also exist and used to stabilize HIPE, such as
polyglycerol polyricinoleate [80-82]. If the final product needs to be
cleared from the surfactant, then this can only be achieved in a labor-
intensive manner, necessitating the usage of organic solvents. Addi-
tionally, even after being washed, the leftover surfactant on the poly-
HIPE can leach out. The remnants of surfactants also function as a
plasticizer, reducing the mechanical properties of conventional poly-
HIPE [83].

Pickering polyHIPEs offer an alternative to conventional polyHIPEs.
Firstly, any surfactant-associated concerns are eliminated. Secondly,
larger pore sizes can be obtained with Pickering polyHIPEs. Colloidal
particles can add interesting functionalities; they can function not only
as HIPE stabilizers but also as crosslinking hubs [84]. Rough pore sur-
faces can be obtained due to embedded particles within the pore surface,
and similarly, these particles can be magnetic [85] or catalytic [86],
enabling the production of functional polyHIPEs in a one-pot synthesis.
Third, since Pickering HIPEs exhibit superior stability, they can resist
destabilization when exposed to polymerization-associated conditions,
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such as elevated temperature. However, Pickering polyHIPEs exhibit
one major drawback: they do not exhibit pore throats. This drawback
eliminates their usage in applications where mass transfer is needed.
Therefore, in this section, the morphology and applications of Pickering
HIPEs will be reviewed with a focus on the methods to produce inter-
connected Pickering polyHIPEs.

4.1. Pores

The pore size and distribution of the polyHIPE are mainly deter-
mined by the emulsion droplets. Tuning the emulsion droplets would
directly affect the pore size and distribution of the polyHIPE. However,
the deviation between droplet and pore size can occur during poly-
merization. This can be due to changes in emulsion stability depending
on the cure rate [87] or due to volume shrinkage either by monomer-to-
polymer conversion or capillary stress induced by the drying process of
the material [88]. Both conventional and Pickering polyHIPEs can
experience the mentioned deviation of droplet to pore size in a similar
manner. On the other hand, polymerization can affect the final polyHIPE
morphology significantly depending on the type of initiator, in which
phase the initiator is dissolved, and/or the partition coefficient of the
initiator.

Polymerization of HIPE requires the initiator to be dissolved either in
the continuous phase or in the internal phase. When the initiator is
dissolved in the continuous phase, the polymerization starts within the
polymer phase. However, if the initiator is dissolved in the internal
phase, the polymerization starts from the interface, specifically from the
continuous phase film surrounding the emulsion droplet. The locus of
initiation affects the pore shape, the thickness of the pore walls, and the
interconnectivity of the polyHIPE [89]. Continuous phase initiation
leads to the formation of spherical and interconnected pores, while
interfacial initiation results in polyhedral-shaped closed pores in con-
ventional polyHIPEs (Fig. 9).

Traditionally, the morphological difference observed in interfacial
initiation is attributed to locking-in the emulsion droplets since the
polymerization occurs at the continuous phase films covering the
emulsion droplets. As the polymerization continues on the interface, the
osmotic pressure difference between the interface and the Plateau
border leads to the migration of monomers from the Plateau border to
the interface, resulting in a thicker polymer wall separating two emul-
sion droplets. Conversely, when the polymerization initiates from the
continuous phase, this allows the diffusion of monomers from the
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interface to the Plateau border, resulting in a thinner continuous phase
film between neighboring droplets that is prone to rupture and allows
the formation of pore throats as well [90]. However, emulsion droplets
that are originally spherical turn into a polyhedron during interfacial
polymerization, rather than keeping their original shape. This is ques-
tioned by Koch et al., and the osmotic pressure difference as a mecha-
nism to induce polyhedral closed cellular morphology in interfacial-
initiated conventional polyHIPE is refuted [91] and a new mechanism
explaining the pore shape transition is provided (Fig. 10) [92]. Ac-
cording to the mechanism, as the polymerization continues from the
interface, the surfactant molecules migrate either to the interface or to
the inside of the polymer film where the surfactant is more soluble. This
accumulation of surfactant at the interfacial continuous phase leads to
an increase in the interfacial area and, therefore, a transition from a
spherical to a polyhedral pore shape. Additionally, the surfactant trap-
ped inside the polymer film can be washed out, revealing a porous inner
layer after production. Although it is an interesting mechanism
explaining the pore shape transition during interfacial polymerization of
HIPE, the suggested mechanism contradicts with the seminal work of
Williams et al. [93]. It was demonstrated that increasing the surfactant
concentration above ~7.5 % results in not only interconnected pores but
also pore shape transition from polyhedral to spherical when the poly-
merization occurred at the interface.

A similar pore shape transition is observed in Pickering polyHIPEs as
well. Continuous phase initiation yields a spherical, particle-decorated
pore surface. Conversely, the interfacial initiation of polymerization
results in polyhedral pores. Additionally, during polymerization, the
diffusion of monomers toward the internal phase, in other words,
beyond the stabilizing particles located at the oil/water interface, was
observed. So that the particles were not observed on the pore surface;
instead, particles were trapped in the polymer wall (Fig. 11) [84]. By
locating the particles within the polymer, it is possible to hypothesize
the monomer diffusion toward the internal phase during polymeriza-
tion. It might be the case for conventional polyHIPE as well since it is
impractical to observe such a diffusion in conventional polyHIPE, and
this phenomenon might contradict the mechanism proposed by Koch
et al.

At first glance, the proposed mechanisms may appear contradictory.
However, it is important to note that HIPEs are complex systems in
which small changes in the components can lead to significant changes
in both the HIPE and resulting polyHIPE morphology. Therefore, the
observed differences may stem from variations in the HIPE components
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Fig. 9. The changes in conventional polyHIPE morphology caused by the difference in locus of initiation; closed polyhedral pores with rough pore surface are
obtained in interfacial initiation, while spherical interconnected pores with a smooth pore surface are obtained in continues phase initiation. Adapted with

permission from [89]. Copyright 2017 American Chemical Society.
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Surfactant

D Growing Polymer

Fig. 10. Schematic representation of pore shape changes from spherical to hexagonal in during the interfacial polymerization of HIPE. The figure is redrawn

from [92].

Fig. 11. TEM images of polyHIPEs demonstrating the location of particles. (A) Continuous phase initiated polyHIPE where the particles are at the interface, (B)
interfacial initiated polyHIPE where the particles are located within the interfacial polymer film due to monomer diffusion toward the internal phase during
polymerization. Adapted with permission from [84]. Copyright 2011 American Chemical Society.

rather than conflicting explanations. Additionally, the effects of the
initiation locus and stabilizer type on polyHIPE pore shape further
complicate drawing a definitive conclusion. In any case, understanding
the key factors driving pore shape transitions during polyHIPE prepa-
ration requires more detailed investigation and comparison.

Similarly, Kim et al. investigated three photoinitiators, ranging from
hydrophobic to hydrophilic as determined by their decane/water
partition coefficients, and the light intensity to induce polymerization
on both conventional and Pickering polyHIPE morphology [94]. As the
hydrophilicity of the initiator increases, the pores of Pickering polyHIPE
transform from a spherical to polyhedral shape. In parallel to Gurevitch
et al. [84], the diffusion of monomers to the interface was observed
when interfacial polymerization occurs; therefore, nanoparticles were
embedded within the polymer wall. While the partition coefficient does
not affect the interconnectivity of the pores in Pickering polyHIPEs, the
pores in conventional polyHIPEs are significantly affected both in shape
and interconnectivity as the hydrophilicity of the photoinitiator in-
creases. Additionally, the effect of light intensity on Pickering polyHIPE
morphology was insignificant, while a significant effect was observed on
conventional polyHIPE, where the open cellular morphology is achieved
when the light intensity was high in the interfacially initiated HIPE.

4.2. Pore throats

In this section, (i) the prevailing views on pore throat formation in
conventional polyHIPEs, (ii) recently proposed pore throat formation
mechanisms, (iii) the mechanism behind the closed-cellular morphology
in Pickering polyHIPEs and (iv) the methods induce pore throat for-
mation in Pickering polyHIPEs will be reviewed. It is important to note
that the pore throat formation in polyHIPEs is a subject still under
debate.

4.2.1. The formation of pore throats in PolyHIPEs

Cameron et al. investigated HIPE morphology at different stages of
polymerization through CryoSEM. In this study, pore throat formation
was observed at the thin interfacial area between two neighboring
droplets at the gel point of the HIPE, the transition between viscous
emulsion to gel network (Fig. 12A) [95]. Therefore, polymerization-
induced volume contraction was proposed as a governing factor of
pore throat formation. On the other hand, Menner et al. argued that pore
throat formation is primarily caused by mechanical actions during post-
synthesis processing, such as solvent washing and drying under vacuum
(Fig. 12B) [96]. These processes lead to the rupture of thin polymer films
covering the interfaces between neighboring droplets, resulting in pore
throats. Menner et al. hypothesized that the formation of pore throats is
influenced by phase separation during polymerization, where



E. Durgut and F. Claeyssens

A B

Advances in Colloid and Interface Science 336 (2025) 103375

C

Oligomer

111l

S=EEE

Polymer

II,‘

Fig. 12. The three proposed pore throat formation mechanisms in conventional polyHIPEs: (A) The drainage or rupture of the thin interfacial continuous film during
polymerization (arrows indicates drainage from interface to Plateau border), (B) the thin polymer film between the pores of the polyHIPE is being ruptured during
the post processing of the material, (C) the growing oligomer chains at the interfacial area migrate to the Plateau border where this migration induces depletion
forces so that the emulsion droplets semi-coalesce during the polymerization (arrows indicate the migration of the oligomers).

surfactant-rich domains accumulate at the interfaces of neighboring
droplets. These regions act as weak points that fracture during post-
synthesis steps. Additionally, they highlighted that while the surfac-
tant level is critical for forming interconnected pores, similar rupture-
induced pore throats can also be observed in Pickering polyHIPEs,
where nanoparticles stabilize the emulsion. Their findings emphasize
that the interconnected pore structure of polyHIPEs depends signifi-
cantly on both the surfactant dynamics and the mechanical stresses
encountered during purification.

Recently, Foudazi highlighted an alternative viewpoint on pore
throat formation due to volume contraction [29]. He states that if vol-
ume contraction during polymerization were the governing factor of
pore throat formation, the locus of polymerization initiation should not
affect the openness of the final product since the extent of volume
contraction is the same as long as the continuous phase is the same.
Because of this, he proposed an alternative mechanism; pore throat
formation due to droplet/pore coalescence driven by depletion attrac-
tion (Fig. 12C). According to this mechanism, the growing oligomer
chains at the interfacial area detach and migrate to the Plateau border,
the edge between three adjacent water droplets. The migration of pre-
polymer induces a depletion attraction to allow droplets to partially
coalesce during polymerization. Pore throats are formed at the partially
coalesced regions of droplets if the migration rate of detached oligomers
from the interface to the Plateau border is faster than the rate of

polymerization.

Alternatively, Pawar et al. reported that Pickering emulsion droplets
can be stable at a partially coalesced state if further coalescence is
arrested due to particle jamming at the contact region [17](Fig. 13A). In
parallel with Pawar’s proposed mechanism, Durgut et al. proposed
arrested coalescence as a mechanism to induce pore throats in Pickering
polyHIPEs [97]. The claim was supported by the observation of a dense
particle layer surrounding the pore throats as well as pore-pore junc-
tions. The proposed mechanisms for pore throat formation in polyHIPEs
are represented in Fig. 13B.

4.2.2. Closed porous morphology of Pickering PolyHIPEs

Pickering polyHIPEs are known for their closed porous morphology,
unlike surfactant-stabilized HIPE templates [98-102]. The closed porous
structure of Pickering polyHIPEs is attributed to the higher thickness
and/or stability of the interfacial continuous film, which resists
rupturing during polymerization or post-processing of the material, ac-
cording to the commonly accepted pore throat formation mechanism.
The increased stability of the interfacial film arises from the layers of
particles surrounding the emulsion droplets and the formed particle
network in the interfacial continuous phase [103,104]. Therefore, the
stable interfacial film withstands the thinning of the interface during
polymerization, preventing rupture and producing a thicker polymer
interface without a significant amount of pore throats. The closest point
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A

Fig. 13. (A) Manipulation of sparsely covered hexadecane emulsion droplets via micropipette to contact with each other and the formation of dimple at the contact
region between two droplets [17]. (B) Proposed pore throat formation in Pickering PolyHIPE via arrested coalescence where the pore throats are crowded with

particles indicating the dimple formation prior to polymerization [97].

between the pores manifests itself as pore throats covered with the thin
polymer film, which would normally be expected to produce pore
throats.

Alternatively, the closed-porous morphology in Pickering polyHIPEs
is attributed to the strong adsorption of Pickering agents at the oil/water
interface compared to surfactants. Droplet coalescence is hindered
during polymerization due to the effective mechanical barrier formed
around the emulsion droplets by colloidal particles, while small sur-
factant molecules can be dispersed in either of the phases when exposed
to polymerization-induced forces, allowing droplets to coalesce [100].
Therefore, to introduce interconnected pores in Pickering polyHIPEs,
methods to reduce interfacial stability and the thickness of the
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interfacial film, as well as the induction of droplet coalescence, are
utilized.

4.2.3. Interconnected Pickering PolyHIPEs

While Pickering polyHIPEs typically exhibit a closed-pore
morphology, there are several reports demonstrating interconnected
Pickering polyHIPEs. The methods presented in these reports are
reviewed in this section. It is important to note that the applicability of
these methods to induce pore throat formation is limited to the given
experimental conditions.

4.2.3.1. Dual emulsifiers. The utilization of both surfactant and
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colloidal particles, referred to as “dual emulsifiers,” is commonly
employed to introduce interconnected pores in Pickering polyHIPEs
[105-109]. PolyHIPEs obtained through dual emulsification exhibit
intermediate pore sizes and larger pore throat sizes than those emulsi-
fied solely by either of the emulsifiers [102,103]. Furthermore, hierar-
chical porous structures have been reported using this method, where
the polyHIPEs exhibit both Pickering-like large and closed pores and
conventional-like small and interconnected pores [99,110]. Dual
emulsification is also employed to enhance HIPE stability [111,112] or
to form a HIPE when the sole use of either emulsifier fails [58,113]. The
amount of surfactant used in a dual emulsification system is generally
less than the amount used to stabilize a HIPE as a sole emulsifier,
reducing concerns associated with surfactant use. Alternatively, reactive
surfactants as secondary emulsifiers can be used to minimize the pos-
sibility of surfactants leaching out from the final product [106]. On the
other hand, both synergistic [54,110] and antagonistic effects [113] of
dual emulsifiers on emulsion stabilization are reported (Fig. 14).

As highlighted in the previous sections (see Fig. 6), the formation of a
particle network at the interface due to excess particles increases the
viscosity of the interfacial film, thus enhancing interfacial film stability.
The stable interfacial film resists rupturing during polymerization/post-
processing, providing closed pores in polyHIPE, according to the pre-
vailing view. Ikem et al. reported that the addition of Hypermer 2296,
which cannot stabilize the HIPE at the given concentration solely, to a
premade silica-stabilized HIPE disaggregated the excess particles [103].
Disaggregated particles are well dispersed in the continuous phase,
resulting in reduced continuous phase viscosity [60,103]. The reduced
continuous phase viscosity allows interfacial film drainage due to the
sedimentation of a less concentrated emulsion, thus thinning the inter-
facial film where the pore throats are formed. Surfactant molecules also
adsorb onto the emulsion droplets, reducing the interfacial tension be-
tween two phases [110]. Together with the reduced continuous phase
viscosity and the interfacial tension, this process allows emulsion
droplets to be further broken down under shear, producing smaller
droplets/pores [103].

Rather than adding surfactant to the premade emulsion, dual

Microscope Images
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emulsifiers are initially dispersed in the continuous phase when the
HIPE is formed. The location of the particles was investigated either by
TEM [110] or fluorescent microscopy [104] and it was observed that
particles are located at highly curved regions of droplets/pores—either
the surface of spherical droplets/pores separated by a thick continuous
phase or the droplet/pore surface neighboring the Plateau border-
—rather than at less curved droplet/pore surfaces where the droplets are
jammed/flattened. This observation is explained by the competition
between emulsifiers to localize at the oil/water interface. Surfactant
molecules can rapidly localize at the oil/water interface at the less
curved surface due to their small size. The pressure difference between
the Plateau border and the interface due to the interfacial tension leads
to the migration of unattached particles from the interface to the Plateau
border while the continuous phase film is being drained. Therefore,
particles locate themselves at the oil/water interface when they are not
subjected to continuous film drainage. Therefore, the competition be-
tween emulsifiers to adsorb onto the oil/water interface is suggested
[60,110]. On the other hand, Vilchez et al. argued for the synergistic
(competitive) stabilization of dual emulsifiers mechanism and claimed
an antagonistic effect on emulsion stabilization [113]. It was demon-
strated that the surfactant (Hypermer 2296) preferentially adsorbs onto
the particle surface (iron oxide), affecting their wettability. The addition
of surfactant to the HIPE, which is stabilized by particles, causes phase
separation. Enhanced emulsion stability is observed when the surfactant
is combined with the particle, which is too hydrophilic to form emulsion
solely. They concluded that surfactant acts as an emulsifier only after
particle surfaces are saturated with the surfactant.

The dual emulsifier method is employed to obtain a hierarchical
porous structure by either dissolving the surfactant in both phases [99]
or only in continuous phase [54,110]. Wong et al. demonstrated that the
addition of Hypermer B246SF results in the co-existence of large closed
pores typical for Pickering polyHIPEs (400 pm) and small inter-
connected pores typical for conventional polyHIPEs (13-17 pm)
(Fig. 15A-C) [113]. Interestingly, increasing the titanium concentration
reduced the pore size of large pores and increased the pore size of small
pores, while the surfactant concentration (0.8-8.4 % wt) did not affect
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Fig. 14. Representation of proposed synergistic and antagonistic effect of dual emulsifier system. Synergistic effect demonstrated with confocal microscopy where
the green fluorescent particles as a sole stabilizer covering the emulsion droplets (left), when the surfactant is used as co-emulsifier, particles are found at the highly
curved regions of the emulsion droplets (right) (reproduced from [104] with permission from the Royal Society of Chemistry). The synergistic effect is schematically
represented, where the surfactant molecules are located at the less curved region of droplets (left). These regions are susceptible to thin film rupture during
polymerization, leading to the formation of pore throats (right). Alternatively, antagonistic effect of dual emulsifier system is represented in TEM images of polyHIPE.
Particles as a sole HIPE stabilizer localize at the interface (left) however, when the surfactant is used, the particles are observed within the polymer in a an aggregated
form (right) (Adapted with permission from [113]. Copyright 2014 American Chemical Society). The antagonistic effect is schematically represented where the
surfactant is adsorbed on the particle surface first and de-attaches them from the interface (left) and surfactant function a s stabilizer only when the particle surfaces
are saturated with surfactant (right). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. SEM images of polyHIPEs: (A) PolyHIPEs obtained from HIPE stabilized by surfactant, (B) dual emulsifier and (C) colloidal particles. (B) The hierarchical
porous structure is obtained when both surfactant and colloidal particles are used to stabilize HIPE (reproduced from [99]). Schematic representation of interplay
between surfactant and colloidal particle concentration on the HIPE/polyHIPE morphology: (D) When the particle/surfactant ratio is high, large pores are mainly
stabilized by colloidal particles, (E) when the particle/surfactant ratio is low, average droplet/pore size reduces.

either pore size. On the other hand, the increase in surfactant concen-
tration was observed to increase the number of pore throats per pore.
Furthermore, surfactants are also found to adsorb onto the particle
surface and cause them to be dispersed in the polyHIPE polymer matrix.
Further increase in surfactant concentration (17 wt%) results in the loss
of the hierarchical porous structure, and the emulsion was mainly sta-
bilized by surfactant, and the particles were dispersed in the continuous
phase. A similar transition from total Pickering to conventional-like
morphology as the colloidal particles to surfactant ratio is reduced is
reported as well (Fig. 15D-E) [108,110,111]. Such a transition in
morphology is interpreted as an antagonistic effect of dual stabilizers on
pore structure by Yin et al. [108].

According to these reports, the utilization of dual emulsifier provides
an interconnected porous morphology unless all the available surfac-
tants adsorb onto the particle surface, causing particles to completely
disperse within the continuous phase, leaving the system without an
effective stabilizer. On the other hand, the preferential affinity of sur-
factant to the particles and/or droplet interface has not yet been
investigated. Additionally, at which step of the emulsification the sur-
factant is added or in which phase the surfactant is dissolved might be
another parameter affecting HIPE/polyHIPE morphology. Furthermore,
the effect of depletion attraction on pore throat formation is generally
overshadowed: disaggregated particles by surfactant adsorption might
function as a depletant to induce pore throat formation due to depletion
attraction. Alternatively, the recently hypothesized pore throat forma-
tion due to arrested coalescence can be considered; since the introduc-
tion of surfactant reduces the viscosity of the continuous phase, the
reduced viscosity might facilitate the migration of particles to the
necking regions of two semi-coalesced droplets to arrest droplet
coalescence.

4.2.3.2. Inducing the volume contraction during polymerization. Since
polymerization-induced volume shrinkage is one of the proposed
mechanisms for pore throat formation, interconnected pores are intro-
duced in Pickering polyHIPEs by inducing volume shrinkage either by
increasing the crosslinker content [114,115] or the addition of a sec-
ondary monomer to the continuous phase that undergoes relatively
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higher shrinkage during polymerization [116].

Pore throat formation is observed in vinyl ester resin-styrene (VER-
St) polyHIPE when the crosslinker vinyl ester oligomer (VEO) content in
the continuous phase is between 20 and 40 % (Fig. 16A) [115].
Furthermore, no pore throat formation was observed when the cross-
linker content is between 0 and 10 %. Therefore, the interconnected
porous structure of the Pickering polyHIPE is, in this case, attributed to
increased volume contraction during polymerization. On the other
hand, no pore throat formation is reported when the continuous phase
consists of methyl methacrylate (MMA) rather than styrene, with 20 %
crosslinker VEO. This is interesting since in another study, MMA was
incorporated as a secondary monomer in the continuous phase together
with the styrene to utilize the high volume shrinkage of MMA during
polymerization to induce pore throat formation [116]. While the Sty-
rene polyHIPE does not exhibit pore throats, the addition of 20 % MMA
induces pore throat formation, and the gas permeability of the polyHIPE
increases as the MMA content is further increased (Fig. 16B).

While inducing volume contraction is reported to obtain an inter-
connected porous structure in Pickering polyHIPEs, the method is not
versatile. Additionally, the method necessitates a high amount of
crosslinker, which might result in undesirable mechanical properties of
the polyHIPE, given that high crosslinking ratios typically produce
brittle polymers. On the other hand, depending on the chemistry of the
crosslinker and/or secondary monomer, the localization of particles at
the interface might be affected. For instance, MMA is more hydrophilic
and soluble in water compared to styrene. The mixture would most
probably affect the particle wettability in both phases. Therefore, pore
throat formation might be much more influenced by the particle location
at the interface rather than the effect of polymerization-induced volume
contraction.

4.2.3.3. Thinning the interfacial continuous phase film. A thin interfacial,
continuous phase, or polymer film between neighboring pores is the
common point of the two commonly accepted pore throat formation
mechanisms. Thinning the interfacial film generally results in inter-
connected porous Pickering polyHIPEs according to the literature.
Various methods to thin the interfacial film are reviewed in this section.
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Fig. 16. The utilization of volume shrinkage to induce pore throat formation. (A) The increase in crosslinker content resulted in formation of pore throat. Adapted
from [114]. (B) The increase in MMA content within organic phase resulted in pore throat formation due to its high volume shrinkage during polymerization.

Adapted with permission from [116]. Copyright 2016 American Chemical Society.

Increasing the internal phase fraction is one straightforward way to
thin the interfacial film. The increased internal phase fraction leads to
shrinkage of the continuous phase both from the Plateau border and
interface. It was observed that increasing the internal phase fraction
leads to the formation of pore throats, whereas a lower amount of

A

internal phase produces a closed porous morphology [114]. Addition-
ally, increased interconnectivity is also observed for the Pickering pol-
yHIPEs that were interconnected at lower internal phase fractions
[116,117]. On the other hand, there are findings that even at a 90 %
internal phase fraction, Pickering polyHIPEs exhibit a closed

Fig. 17. (A) Closed cellular PolyMIPE when the CNT is the sole emulsion stabilizer, (B) open cellular PolyMIPE obtained by HIPE stabilized by CNT dispersed in the
oil phase and the oxidized CNT dispersed in the water phase (black arrow indicates the pore throat). Adapted with permission from [118]. Copyright 2007 American

Chemical Society.
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morphology [100]. Furthermore, incorporating a higher amount of in-
ternal phase is generally impractical in Pickering polyHIPEs: the
dispersion of Pickering agents in the continuous phase increases vis-
cosity. As the internal phase is added, the viscosity is further increased,
preventing the incorporation of internal phase due to inefficient mixing
of the system. Menner et al. tackled this problem of increased viscosity of
the continuous phase due to Pickering agent dispersion by using Pick-
ering agents in both phases: hydrophobic carbon nanotubes (CNT) in the
continuous oil phase and the hydrophilic CNT in the internal water
phase to prepare polyMIPE (Fig. 17) [118].

An alternative way to thin the interface is through the extraction of
the continuous phase from the interface by particles or the structures
formed by particles. It was observed that non-crosslinked styrene par-
ticles as a stabilizer result in interconnected Pickering polyHIPEs, while
crosslinked styrene does not [119]. The pore throat formation was
attributed to the swelling of non-crosslinked styrene particles by the
continuous phase at the interface, resulting in a thinned interfacial
continuous film. Further increase in interconnectivity is achieved by
etching the non-crosslinked particles located at the pore wall with THF
treatment. On the other hand, Durgut et al. reported that non-
crosslinked isobornyl acrylate particles were subjected to dissolution
when suspended in the continuous phase and the resultant polyHIPE
exhibit surfactant-stabilized HIPE template grade small but closed
porous structure [120]. While the cross-linked IBOA particles yielded
interconnected polyHIPEs.

Alternatively, Zheng et al. reported interesting differences between
octadecyltrimethoxysilane (ODS) modified silica particle-stabilized
polyHIPEs when the particles are dispersed in either the water or the
oil phase [121]. Only when the particles were dispersed in the internal
water phase, did the Pickering polyHIPE exhibit an interconnected
structure. It was observed that particles effectively disperse in the
continuous phase but form aggregates when dispersed in the internal
phase. These aggregates form micelle-like structures, where the shell is
hydrophilic but the core is hydrophobic. Therefore, the interfacial
continuous phase diffuses into the micelle-like silica aggregate, resulting
in a thinned interfacial film and throat formation.

4.2.3.4. The effect of particles: Localization and interaction. Pickering
agents, functioning as an effective barrier around the emulsion droplets
and their strong adsorption at the interface, are considered the main
reasons for obtaining a closed porous morphology in Pickering poly-
HIPEs. From this perspective, methods to tune the particle localization
at the oil/water interface or re-localization/migration of Pickering
agents from the interface during polymerization can be exploited to
obtain pore throat formation. Therefore, papers reporting close to open
porous morphology due to particle localization are reviewed in this
section.

Pickering agents are generally subjected to surface modifications to
tune their wettability to obtain a stable HIPE. The wettability affects the
localization of particles at the interface. Several papers investigate the
effect of surface modification of Pickering agents on the morphology of
Pickering polyHIPEs. For example, in graphene oxide (GO) nanosheet-
stabilized HIPEs, the degree of CTAB modification on graphene oxide
nanosheets is reported to affect the openness of the acrylic acid Pick-
ering polyHIPE [57]. Non-modified GO nanosheets produce closed-cell
polyHIPEs, while an increase in the degree of cetyl-
trimethylammonium bromide (CTAB) modification introduces pore
throats. Decomposed CTAB from the nanosheet surface might be a factor
affecting the interconnectivity, but the study demonstrates that a further
increase in CTAB modification reduced the interconnectivity. While the
author attributed the pore throat formation to the geometry and the
atomic scale thickness of the nanosheets (thinner than common Pick-
ering agents), CTAB-modified GO nanosheets were also used in another
study to prepare styrene polyHIPEs that exhibit a closed porous
morphology [122]. Additionally, pore throats were rarely observed.
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This was attributed to the decomposed CTAB from the nanosheet sur-
face. Considering the difference in the hydrophobicity of the organic
phase and the sensitivity of the Pickering polyHIPE openness to the
degree of surface modification, the pore throat formation might be more
relevant to the localization of Pickering agents rather than atomic scale
thickness of the stabilizer. As mentioned in the previous section, the
degree of ODS modification of silica particles affected the openness of
styrene Pickering polyHIPE when dispersed in the internal water phase
initially. While the mechanism is attributed to the monomer extraction
due to silica aggregates, the reduced amount of ODS modification
resulted in a closed porous morphology even if it is dispersed in the
internal phase [121].

An interconnected porous structure was observed in melamine-
formaldehyde (MF) Pickering polyHIPE where lignin particles were
the stabilizer. Pore throats were only formed if the concentration of pre-
MF in the continuous water phase is above 25 %. The mechanism of the
pore throat formation was attributed to the reaction between the lignin
particles and pre-MF, which provides the force to draw particles from o/
w interface to Plateau border [100]. Consequently, the pore throats are
formed either due to droplet/pore coalescence or a sufficient thinning
the interface to rupture since the barrier separating two neighboring
droplets is removed during polymerization. The closed to open porous
morphology was also observed in MF Pickering polyHIPEs where the
stabilizer was dialdehyde cellulose-aniline with various aldehyde to
aniline molar ratios [123]. Pore throats were observed when the alde-
hyde to aniline molar ratio was 20:1, and a closed porous morphology
was obtained at reduced aldehyde to aniline molar ratios. On the other
hand, the pore throat formation was attributed to obtained smaller pore
size, rather than monomer-particle interaction or the wettability of
Pickering agents. Alternatively, sulfonated polystyrene particles in
tetrahydrofuran solution were used as an emulsion stabilizer to obtain
either styrene or butyl acrylate polyHIPEs [124]. While the styrene
polyHIPEs exhibit a closed porous morphology, an interconnected
porous structure was obtained in butyl acrylate polyHIPEs.

4.2.3.5. Other. Interconnected Pickering polyHIPEs were reported
when non-crosslinked Styrene-Methyl Methacrylate-Acrylic Acid (St-
MMA-AA) particles were used as a stabilizer in the study of Hua et al.
[125]. In this system, there was no monomer to polymerize; and the
particles functioned as a stabilizer as well as building blocks forming the
material’s skeleton. Particles were dispersed in the internal phase, and a
water-in-toluene emulsion (anti-Finkle, the dispersion of stabilizer in the
internal phase) was obtained. Since toluene dissolves the non-
crosslinked particles, the dissolved polymer formed the skeleton, and
yet-to-be-dissolved particles functioned as a stabilizer. The inter-
connectivity of the samples was observed to be strictly dependent on the
standing time of the emulsion before solidification. As the standing time
increased, more particles were being dissolved, which reduces the
interconnectivity of the HIPE template (Fig. 1.18 A). In parallel, chitin
nanofibrils were used as a stabilizer as well as the skeletal material of
HIPE templates from a cyclohexane-in-water HIPE. Subsequent removal
of both the continuous and the internal phase from the emulsion left
behind an interconnected chitin HIPE template [126]. In this system,
nanofibrils were not subjected to dissolution. Polyurethane/vinyl ester
oligomer nanoparticles were utilized in a similar fashion; to stabilize
cyclohexane-in-water HIPE and to form the skeleton. On the other hand,
the polyHIPE did not exhibit pore throats but an open morphology with
aligned pore walls due to the unidirectional freezing of the HIPE and
subsequent lyophilization [127]. It was reported that the increased
particle concentration negatively affects the channel formation through
the pores because of preventing the ice crystal formation during the
unidirectional freezing (Fig. 18B).
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Fig. 18. (A) The schematic representation of the formation of anti-Finkle emulsion where the stabilizing particles are dispersed in the internal phase initially. As the
particles interact with the continuous phase where they are soluble, particles disintegrate into polymeric chain and forming the material skeleton. The SEM images of
the anti-Finkle emulsion templates demonstrating the loss of interconnectivity of the HIPE template as the standing time of the HIPE increase; 0, 24 and 48 h after
preparation from left to right (reproduced from [125]). (B) A schematic representation of the channel formation in Pickering emulsion template by unidirectional
freezing. The SEM images of the obtained templates and the effect of the increasing particles concentration (15, 25 and 30 %wt particle concentration from left to
right) on the channel formation. Adapted with permission from [127]. Copyright 2016 American Chemical Society.

4.3. The morphological characterization of PolyHIPEs

4.3.1. Porosity

The internal phase of the HIPE represents itself as pores in poly-
HIPEs. Therefore, the volume fraction of HIPE’s internal phase is equal
to the total pore volume of the polyHIPE, theoretically. However, this
value may vary in practice. HIPE can experience destabilization after
being prepared or during polymerization, especially when subjected to
elevated temperatures for a long time during thermal polymerization.
Depending on the material used, the monomer-to-polymer conversion
during polymerization may result in shrinkage in polyHIPE. Alterna-
tively, the porous structure of the polyHIPE can collapse during post-
processing due to capillary stress induced during washing/drying steps.

The cost-effective method to deduce the porosity of the polyHIPE is
using the difference between the skeletal (p,;) and bulk density (p,) of
the polyHIPE [128,129]. Assuming that the samples are in known
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geometrical shape, both p; and p, can be obtained from simple mass and
volume measurements of the bulk polymer and the polyHIPE, respec-
tively. d; can be deduced from obtaining the volume of the polyHIPE via
the graduated cylinder method (aka liquid displacement method) as well
[130,131]. Alternatively, p; and p, can be measured via dedicated de-
vices; pycnometer and envelope density analyzer, respectively [78].

Porosity as well as the specific surface area can be measured through
mercury porosimeter [74,132,133] as well as Ny adsorption/desorption
test. The isotherms obtained from N, adsorption/desorption are
analyzed with the Barret-Joyner-Halenda method [74]. The isotherms
can be further used to calculate the specific surface area of the polyHIPE
when analyzed with the Brunauer-Emmett-Teller (BET) method
[134,135].

Except for the utilization of density difference between p ;and p,, the
methods necessitate access to the pores, such as Nj, mercury, etc.
Therefore, these methods are only reliable if the polyHIPE exhibits an
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open porous structure. To evaluate the fraction of dead-end pores,
Mravljak et al. calculated static porosity by measuring both wet and dry
mass as well as wet volume of the polyHIPE and measured the flow
through the porosity pulse experiment measuring conductivity [70]. The
difference between the static and flow-through porosity represents the
volume fraction of the dead-end pores.

4.3.2. Cellular structure

The cellular structure of a polyHIPE includes pore size, shape, and
distribution; pore throat size and distribution; as well as strut thickness
and aspect ratio. Therefore, the evaluation of the cellular structure is
mainly dependent on imaging techniques and further analysis through
software.

Assuming that the effect of polymerization-induced forces is mini-
mal, pore size and distribution can be deduced from the evaluation of
HIPE droplets by acquiring micrographs through light microscopy or
methods like dynamic light scattering or laser diffraction. It has been
previously demonstrated that polyHIPE itself can be imaged through
light microscopy but necessitates labor-intensive sample preparation
[130]. To directly image the polyHIPE, scanning electron microscopy
(SEM) is the commonly used method. The micrographs acquired through
SEM can be used to analyze all the microfeatures of the polyHIPE. Since
the samples are sectioned, the imaged pores do not represent the actual
sizes of the pores (Fig. 19). Therefore, a statistical correction factor is
applied to the measured pore sizes, assuming that all the pores are
sectioned from R/2 distance from the middle of the pores. The statistical
correction factor is found to be 2/ \/ 3 [74], or 4/x [70] if the equation is
integrated through the actual radius of the pore. Recently, Pore D2, an
automated tool for measuring pore sizes from SEM images, was intro-
duced to simplify and enhance the accuracy of pore analysis [136].
Additionally, X-Ray microcomputed tomography (uCT) is used to eval-
uate the polyHIPE in 3D after reconstructing the collected 2D images
(Fig. 20) [137,138].

The pore throat size and distribution are crucial for evaluating the
degree of interconnectivity and openness of the pores. SEM micrographs
can be used to deduce the average pore throat size and distribution.
Since the pore throats are distributed on the hemispherical pores in the
micrographs, their size is affected by the angle at which they are viewed
[129]. Therefore, the pore throats are considered as ellipsoids, and the
long axis of the ellipsoid is used as the pore throat diameter. Counting
the number of pore throats per pore, and thus the overall open surface on
the pore, is affected by the uneven sectioning of the pores as well.
Therefore, the number of pore throats counted on SEM micrographs is
multiplied by 4 [70].

Two terms are generally used to report the pore throat/pore rela-
tionship of polyHIPEs; the degree of interconnectivity [130,139] which
is the ratio between the average pore throat size to the average pore size,
and the degree of openness [140] which is the ratio between the overall
pore throat area to the pore surface area. Alternatively, the permeability
of the polyHIPE provides data to compare the openness of the polyHIPEs

. Sectioned Pore
Actual Pore

\ . Underestimated Pore Throats

)

Tilted Pore Throat

/

Actual Pore Throat

Fig. 19. Schematic representation of uneven sectioning of polyHIPEs. R and r
represents the actual and the sectioned radius of the pores.
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[99]. Instead of using SEM, mercury porosimetry provides the size and
distribution of the pore throats of polyHIPEs by gathering the accessed
volume at increased pressure. The higher the pressure, the smaller the
pore throats that have been accessed. Normally, mercury porosimetry is
a method to acquire the porosity/pore size of porous samples. However,
in polyHIPEs, it provides pore throat size data rather than pore size since
the mercury flows through pore throats [74].

5. Mechanical properties of pickering polyHIPEs

PolyHIPEs, being highly porous, are known for their reduced me-
chanical properties compared to their non-porous counterpart. Although
the mechanical properties of a material depends on the application ne-
cessities, the mechanically weak materials can be an issue when in in-
dustrial usage. Therefore, understanding the governing parameters
affecting the mechanical properties of these highly porous materials and
tuning their mechanical properties are crucial research areas. The
intrinsic mechanical properties of the materials forming the skeleton of
the polyHIPE, such as isobornyl acrylate polyHIPE and 2-ethylhexyl
acrylate polyHIPE exhibiting 50 and 1 MPa Young’s modulus, respec-
tively, can be tuned by adjusting the composition of constituent mono-
mers [141]. Pore volume is another determinant of polyHIPE
mechanical properties, directly related to foam density, where an in-
crease in pore volume leads to a decrease in mechanical properties
[141-146]. Since the higher porosity is the integral part of polyHIPEs,
decreasing the total pore volume is not a feasible method to produce
polyHIPE with increased mechanical properties. Therefore, the effect of
pore organization, distribution, and HIPE stabilizers (surfactants or
colloidal particles) on the mechanical properties of polyHIPEs is
reviewed in this section.

Both pore size and distribution influence the mechanical properties,
with larger average pore sizes increasing properties due to thicker
polymeric struts [147]. Additionally, the hierarchical organization of
pores were reported to increase the mechanical properties of polyHIPEs
[148]. Wong et al. demonstrated that the polyHIPE with large-closed
and small-open hierarchical pore organization exhibit improved
Young’s modulus (~24 MPa) compared to both large-closed (~12 MPa)
and small-open (~1 MPa) porous polyHIPEs [99]. Additionally, inter-
connectivity of the pores is another morphological feature affecting the
mechanical properties. The structural integrity of the pores are nega-
tively affected by the openness of the pores, resulting in the decreased
mechanical properties [37,74].

Adjusting the stabilization mechanism, whether using a surfactant or
Pickering agent, is considered another approach to tune the mechanical
properties of polyHIPEs. However, changing the type of stabilizer is
accompanied by morphological differences in polyHIPE. Therefore,
understanding the direct effect of stabilizer type on mechanical prop-
erties can be challenging. Nevertheless, the type of stabilizer can influ-
ence mechanical properties in a more complex manner rather than by
simple tuning pore size and/or interconnectivity. For instance, Kovacic
et al. investigated the effect of surfactant (Pluronic L-121) loading,
ranging from 0 % to 10 %, on polyHIPE mechanical properties and
observed a significant decrease in Young’s modulus when surfactant
loading exceeded 5 % [83]. The observed change in Young’s modulus
did not correlate simply with the decreasing pore and pore throat size.
The study claimed that the remaining surfactant on the polymer wall,
which cannot be purified from the material, acts as a plasticizer, nega-
tively affecting mechanical properties. Further increases in surfactant
lead to the production of monomer-filled micelles, which are polymer-
ized within the monomer and washed out of the material skeleton,
resulting in a further reduction of foam density.

Colloidal particles, when used as a filler, have demonstrated the
ability to increase the mechanical properties, including Young’s
modulus and crush strength, of polyHIPEs when covalently bound to the
polymer [144,145]. Additionally, colloidal particles, when employed as
a stabilizer, have shown similar increase in mechanical properties
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Fig. 20. The reconstructed 3D image and the 2D images from two different planes of a polyHIPE obtained from pCT (reproduced from [137]).

[149,150]. The impact of colloidal particles on the mechanical proper-
ties of polyHIPEs is generally attributed to their distribution on the pore
surface. Increased mechanical properties are observed when pore sur-
faces are evenly covered with particles, creating an efficient network for
stress transfer from the polymer to the particles [88]. However, an in-
crease in particle concentration beyond the optimum loading concen-
tration leads to a decrease in mechanical properties due to particle
aggregation, which acts as stress concentration points [150,151].

6. Applications of Pickering PolyHIPEs

Due to their highly interconnected porous structure and conse-
quently large surface area, conventional polyHIPEs find applications in
various fields such as catalyst support, tissue engineering scaffolds, and
adsorbents. Pickering polyHIPEs can be considered a more environ-
mentally friendly alternative to conventional polyHIPEs by either
eliminating or reducing the usage of surfactants, leading to reduced
production costs. From a morphological perspective, the intrinsic large
pores and rough pore surfaces of Pickering polyHIPEs can offer
improved performance depending on the application, despite some
contradictory reports. The enhanced mechanical properties of Pickering
polyHIPEs can be particularly beneficial for applications that require
durable materials. Importantly, the integration of particles on the pore
walls adds intrinsic functionality to Pickering polyHIPEs. In this section,
we will review reports demonstrating the applications of Pickering
polyHIPEs.

6.1. Catalyst support

One of the most common applications of Pickering polyHIPEs is their
utilization as a catalyst support. Catalytic activity can be achieved by
decorating the pore walls with functional colloidal particles. Alterna-
tively, colloidal particles can be subsequently used to tether functional
nanoparticles to the polyHIPE surface. For example, Yi et al. used syn-
thesized tadpole-like single-chain polymer Janus nanoparticles, where
the tail and the head are composed of polyMMA and poly(4-
vinylpyridine), respectively [117]. The nanoparticles were used as the
sole stabilizer to produce open-porous St/DVB polyHIPE. Due to the
strong interaction between the poly(4-vinylpyridine) head of the stabi-
lizer and metal nanoparticles, the polyHIPE was successfully loaded
with palladium nanoparticles and further used as a catalyst for the
Suzuki-Miyaura carbon-carbon coupling reaction.

TiOs is one of the most commonly used Pickering agents. Due to its
photocatalytic activity, Pickering emulsion templates stabilized by TiO»
are mainly used as photocatalyst support. Li et al. produced TiO-
decorated polyHIPEs by templating an o/w HIPE stabilized by TiO, and
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poly(isopropylacrylamide-co-methyl methacrylate) microgels [152].
After sintering the material, the photocatalytic activity of the template
was evaluated by the photodegradation of Rhodamine B and reported
that the template exhibits better performance compared to commer-
cially available P25 samples. Zhu et al. used TiO3 to produce acrylamide
Pickering polyHIPE beads and demonstrated its photocatalytic activity
by degrading methyl orange (MO) [153]. While the polymer beads were
not as effective as pure TiO; at the beginning of the test, after 2.5 h of
treatment, 99.4 % of MO was found to be degraded, similar to pure TiO,
nanoparticles. Additionally, there was no reduction in the photo-
catalytic performance of the porous beads until 9 cycles of usage. On the
other hand, there was no significant difference in photocatalytic per-
formance between the porous beads prepared with a different amount of
TiO4 particles due to the limited UV penetration into the beads to excite
remaining TiO; particles within the polymer matrix rather than a pore
surface. On the other hand, Yuce et al. demonstrated that the loading of
TiO4 increases the photocatalytic degradation of 4-nitrophenol of the
surface-modified TiO, particle stabilized emulsion template of poly-
dicyclopentadiene [154].

In addition to TiOs, various functional colloidal particles decorated
Pickering polyHIPEs have been used for various catalytic activities. Lee
et al. used silver-incorporated melamine-based microporous organic
polymers (m-MOP/Ag) as the sole stabilizer to obtain a hydrophilic and
open-porous acrylamide polyHIPE [155]. The resultant monolith was
utilized as a heterogeneous catalyst to reduce 4-nitrophenol in an
aqueous medium. It is reported that the rate constant of the reaction is 7
times faster with the polyHIPE compared to the bulk m-MOP/Ag com-
posite, suggesting that the catalytic sites are accessible due to the
interconnected porous nature of the polyHIPE. Sun et al. prepared a
zeolitic imidazolate framework (ZIF-8) porous HIPE template by utiliz-
ing ZIF-8 as a stabilizer and the material to form the skeleton by bonding
ZIF-8 nanoparticles within the continuous phase [156]. The ZIF-8
monolith was used as a catalyst for the flow-through Knoevenagel re-
action, and it was observed that the monolith reacts with benzaldehyde
with a conversion rate of 100 %. Gao et al. produced an open-porous
solid acid by sulphonation of Pickering Poly(DVB-sodium p-styrene
sulfonate) and demonstrated its catalytic activity by converting cellulose
into 5-hydroxymethylfurfural [157]. Pan et al. further improved the
system by increasing the surface area of the polyHIPE through hyper-
crosslinking and demonstrated its superior catalytic activity [101].
While the obtained polyHIPE lacked pore throats, it exhibited mesopores
due to hypercrosslinking.

6.2. Sorbent

Due to their high porosity and high surface area, polyHIPEs are used
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as sorbent. The utilization of Pickering emulsion templates as an
adsorbent is highlighted in an excellent review by Zhu et al. [158]. In the
case of Pickering polyHIPEs, large porous structure is beneficial since it
allows the efficient mass transport. Since polyHIPEs as a sorbent mate-
rial necessitates the interconnected porous structure, they are generally
prepared from surfactant/particle dual emulsified HIPEs. Additional
selectivity toward specific target such as pollutants or oil/water and
metal ions can be achieved due to functional particles decorating the
pore walls. For example, Yang et al. demonstrated the Cu®>" adsorption
capacity of interconnected lignin stabilized melamine formaldehyde
HIPE template from CuSO4 solution up to 73 mg g~ [100]. Similarly,
acrylamide Pickering polyHIPE hydrogels were demonstrated to adsorb
Cu?* up to 280 mg g, thanks to ionic functional groups on the material
[57].

The efficacy of Pickering polyHIPEs as a sorbent material in COy
capture were demonstrated in several reports. Metal-organic-
frameworks (MOFs) are commonly used functional stabilizer in Picker-
ing polyHIPEs for COy capture due their unsaturated metal centres
which can interact with CO5 [159,160]. Alternatively, He et al. prepared
4-vinylbenzyl chloride polyHIPEs and used them as CO5 adsorbent after
the introduction of quaternary ammonium chloride groups to polyHIPE
[107]. It was observed that surfactant/Pickering dual emulsified emul-
sion templates exhibit better CO, capture compared to both solely sur-
factant stabilized emulsion templates and commercially available
Excillion membranes. The better performance of surfactant/Pickering
polyHIPE system is attributed to the larger pore size of the polyHIPE.
The larger pore size of the polyHIPE allows efficient mass transfer which
facilitates air transport through the material and efficient quaterniza-
tion/ion exchange, increasing the OH™ groups on the polymer. Wang
et al. utilized polyethyleneimine enveloped TiO2 nanoparticles and Span
80 as a stabilizer to produce a St/DVB Pickering polyHIPE for CO,
capture [150]. The CO, adsorption capacity of Pickering polyHIPE was
approximately 15 % higher than that of polyHIPE prepared by Span 80
only. The superior performance of Pickering polyHIPE is attributed to
the increased surface area of amine groups on the pore surface due to
embedded TiO; particles which where enveloped with PEL

Sulfonated polystyrene was used as a stabilizer to obtain butyl
acrylate Pickering polyHIPE for oil spill recovery application [161].
Various fuels/solvent-water mixture was used as a spilled oil model and
it was observed that absorption capacity of the polyHIPE ranging be-
tween 11.2 and 37.5 g g '. Similarly, Azhar et al used iron oxide
nanoparticles together with a fluorinated surfactant to obtain hexa-
fluorobutyl Pickering polyHIPEs with magnetic properties [111]. Pick-
ering polyHIPEs demonstrated to absorb 14 g g~! and 10.25 mg g™ ! of
DCM and methylene blue, respectively. The oil adsorption capacity of
Pickering polyHIPE was double the capacity of conventionally prepared
polyHIPE. The magnetic property of the polyHIPE is also beneficial to
guide the material to collect oil simply by magnet. Ehtyl cellulose (EC)
nanoparticles were HIPE templated and demonstrated it is application to
oil/water separation [40]. A droplet of n-decane-in-water emulsion was
separated upon contact with the EC porous material due to adsorption of
n-decane by EC. Similarly, the ZIF-8 Pickering polyHIPE was used as oil
adsorbent and exhibited high absorption rate, reaching the equilibrium
as fast as in 5 s, compared to bulk ZIF-8 [156]. Abebe et al. used
methylcellulose/tannic acid stabilized alginate/polyacrylic acid Pick-
ering polyHIPE as an amphiphilic adsorbent, for the removal of meth-
ylene blue and quinoline from aqueous and non-aqueous environment,
respectively [162]. Both the skeleton of the polyHIPE and the particles
on the pore walls were responsible for methylene blue removal from an
aqueous solution, while only the particles contribute the removal of
quinine from non-aqueous solution since the polyHIPE material itself
was hydrophilic. AlyOj3 stabilized acrylic acid HIPE template was used as
superabsorbent [114]. The obtained polyHIPE exhibit superabsorbent
ability, absorbing above 40 g g~! water and saline solutions. The
crosslinking density of the material is shown to affect the absorption
capacity, since a lightly crosslinked polymer wall can absorb water more
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efficiently than highly crosslinked counterparts. FesO4 nanoparticle
stabilized acrylamide HIPE templates used as water absorbent and
demonstrated its efficiency of separating water phase from a surfactant
stabilized emulsion [163].

6.3. Encapsulation

The closed pores of Pickering polyHIPEs are used to encapsulate
materials for further applications. Depending on the application, closed
cellular morphology of conventional Pickering polyHIPEs can be ad-
vantageous if the release of the encapsulated material is not intended
[164,165]. Alternatively, open-celullar Pickering polyHIPEs are gener-
ally preferred if the encapsulated materials, such as drugs, are expected
to be released [166].

Elastomer-filled hydrophilic polyHIPEs were prepared by templating
either surfactant or nanoparticle-stabilized HIPE, and their water
adsorption capacities were compared [164]. In the synthesis, the
continuous phase consisted of the hydrophilic monomer, sulfonated
styrene, and the internal phase consisted of 2-ethylhexyl acrylate. The
obtained polyHIPE pores were filled with crosslinked EHA elastomer,
regardless of the stabilizer used. Interestingly, a significant difference in
water absorption capacity, up to three times, between the produced
polyHIPEs was observed. The inferior water absorption capacity of
conventional polyHIPEs was attributed to the copolymerization of SS in
the continuous phase and the EHA in the internal phase. The incorpo-
ration of hydrophobic EHA into the macromolecular structure reduced
the hydrophilic character of the polyHIPE. Such copolymerization was
not observed in Pickering polyHIPEs due to the efficient barrier effect of
particles preventing the interaction of two phases with each other.
Similarly, elastomer-filled Pickering polyHIPEs are demonstrated to
exhibit shape memory foams [165]. The polyHIPE skeleton is composed
of semi-crystalline, long side-chained polyacrylates, and the nano-
particles are used as both emulsion stabilizer and crosslinker. Interest-
ingly, the material demonstrated to exhibit dual lock-in shape memory;
when the polyHIPE is subjected to water above the melting temperature
of the polymer composing the skeleton, the crystalline structure melts,
the hydrogel structure plasticizes and allows the elastomer to recover
the original shape of the material. When the polyHIPE is synthesized
with the surfactant and conventional crosslinker, copolymerization
takes place between the monomers within both phases, and this copo-
lymerization reduces the side chain mobility, therefore, reducing the
shape recovery behaviour of the material.

Pickering polyHIPEs have recently been employed for encapsulating
phase change materials (PCMs) for thermal energy storage. Both organic
PCMs, such as octadecane [167,168] and dodecanol [169] and inorganic
PCMs like calcium chloride hexahydrate [170] were successfully
encapsulated within the pores of Pickering polyHIPEs, serving as the
internal phase during HIPE preparation. The intrinsic closed-cellular
morphology of Pickering polyHIPEs, combined with interfacial initia-
tion of polymerization, facilitates efficient PCM encapsulation within
the pores while minimizing PCM leakage. Despite the inherent low
thermal conductivity of polymers, a crucial property in thermal energy
storage and release, enhanced thermal conductivity is achieved through
the incorporation of particles with good thermal conductivity. Lu et al.
not only demonstrated the heat storage capacity of PCM-encapsulated
polyHIPE but also its light-to-heat conversion efficacy. They achieved
this by using carboxylated carbon nanotubes (CNT) as a HIPE stabilizer
to decorate the pores (Fig. 21A) [168]. Conversely, due to the low
thermal conductivity of polymers, a cellulose-based Pickering polyHIPE
was demonstrated for thermal insulation, leveraging its intrinsic low
thermal conductivity, closed porous morphology, and low density
(Fig. 21B) [171].

PolyHIPEs can serve as effective carriers for drug encapsulation,
producing bioactive scaffolds for tissue engineering applications. Hu
et al. loaded Ibuprofen, an anti-inflammatory drug, within Pickering
PLGA emulsion templates obtained by solvent evaporation [88]. The
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Fig. 21. (A) The infrared images of polyHIPE (CM-0) and carboxylated CNT incorporated Pickering polyHIPE (CM-100) captured at different times under light
irradiation, demonstrating to light-to-heat conversion of CNT incorporated Pickering polyHIPE. Adapted with permission from [168]. Copyright 2022 American
Chemical Society. (B) The infrared images of polyHIPE demonstrating their low thermal conductivity: PolyHIPE on a hot plate (a, b) and on ice (c) (reproduced

from [171]).

scaffold exhibited an initial burst release, with approximately 55 % of
the drug released within 24 h, followed by sustained slow release,
reaching around 65 % of drug release in 196 h. The fast and slow drug
release profiles were attributed to the initial release from the outer
surface of the scaffold and the increased diffusion path from the inner
side of the scaffold, respectively. Similarly, Artemisia argyi oil (AAO)
was loaded into an acrylamide polyHIPE stabilized by surfactant, Pick-
ering, and dual emulsifiers [60]. Scaffolds stabilized by Pickering par-
ticles exhibited slow release of AAO due to closed cellular morphology,
while surfactant and dual emulsifier-stabilized HIPE templates exhibited
an initial burst followed by slow release. Since the dual-emulsified
Pickering HIPE template exhibited an improved modulus, the antibac-
terial activity of the dual-emulsified Pickering HIPE template was
further investigated; the AAO-loaded scaffolds exhibited an inhibition
zone of more than 4 mm for 2 weeks. Alternatively, Yang et al. produced
a drug carrier HIPE template by mixing a solvent (dichloromethane),
drug (enrofloxacin), and a polymer blend followed by solvent evapo-
ration. The produced enrofloxacin polyHIPE exhibited fast and complete
drug release, with 80 % of the drug released in 2.5 h, reaching 98 %
within 10 h [166].

6.4. Other

Rarely reported applications and/or the features of prepared Pick-
ering polyHIPEs will be reviewed in this section. Zhu et al. obtained a
superhydrophobic Pickering polyHIPE when the particle with a single
cavity was used as an HIPE stabilizer. The observed high water-contact
angle (~152°) was attributed to rough pore surface due to embedded
particles and the trapped air in pores as well as in the cavity of the
particles [172]. Guan et al. reported superhydrophobic Pickering poly-
HIPEs with the WCA 162° [173]. The increased hydrophobicity was due
to efficient post-modification of polyHIPE due to Si groups on the silica
decorated pore surface, allowing tetraethyl orthosilicate (TEOS) and
1H,1H,2H,2H-perfluorooctyltrichlorosilane (FDTS) grafting on the pore
surface. Another rarely reported application of Pickering polyHIPE is
sound absorption. Liu et al. used Pickering polyHIPE as a sound absorber
and reported it as an efficient low-frequency sound absorber due to its
hierarchical porous structure, allowing higher surface area to contact air
molecules and therefore, dissipate sound energy [174]. Additionally,
electrically conducting composite Pickering polyHIPEs can be prepared
by using Ti3AlC, [175] and silver nanoparticles [58] paving the way for
high surface electrodes for biosensor applications based on polyHIPEs.
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7. Conclusion

Considering the emergence of Pickering polyHIPEs in 2007, the
technique has found various applications within a relatively short
timeframe. This is mainly due to the cost-effective and straightforward
preparation of polyHIPEs, along with the unique features offered by
Pickering polyHIPEs, such as their larger pores compared to conven-
tional counterparts and their potential for functionalization during
synthesis. With rapid advances in nanomaterials, such as MOFs, it is
believed that the popularity of Pickering polyHIPEs will increase
accordingly.

In this review, both the basics and advanced applications of Picker-
ing polyHIPEs are examined, with a special focus on methods to achieve
interconnected porous Pickering polyHIPEs. While Pickering polyHIPEs
are being used in various applications, their range of use is limited due to
their closed-cellular morphology. This is a drawback for applications
requiring mass transfer. For instance, conventional polyHIPEs are
widely used in tissue engineering applications. However, to best of our
knowledge, there are no reports regarding the use of Pickering poly-
HIPEs as tissue engineering platforms. Therefore, unlocking the mech-
anism behind achieving interconnected Pickering polyHIPEs would
unlock their full potential as well.

This review aims to provide directions for further research to
demystify the mechanisms behind the formation of closed/open cellular
porous forms of Pickering polyHIPEs. In fact, we believe that the chal-
lenge of achieving interconnected Pickering polyHIPEs is not due to its
difficulty, but rather a lack of focused attention. Components of many
observed open-porous Pickering polyHIPEs, such as commercially
available monomers and particles, are readily accessible. Therefore, a
simple library-based study comparing a few different monomers as the
continuous phase and particles as stabilizers could either clarify the
mechanism or provide important cues for further research. Once the
mechanism for achieving interconnected porous Pickering polyHIPEs is
established, their use is expected to increase significantly.
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