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Abstract 

High internal phase emulsions are used as a template to produce highly porous and interconnected 

polymeric materials. The method simply relies on the solidification of the continuous phase and the 

removal of the internal phase. Consequently, materials with a porosity correlated with the amount of 

the internal phase are obtained.  If the solidification of the continuous phase involves the 

polymerization, the resultant material is called Polymerized High Internal Phase Emulsions (PolyHIPE). 

Since the method relies on the preparation of emulsion, it necessitates the utilization emulsion 

stabilizer. Surfactants are commonly used stabilizers to obtain interconnected and porous PolyHIPEs. 

Alternative stabilizers are solid particles, the emulsion stabilized with the colloidal particles are called 

Pickering emulsions. Although Pickering emulsions offer various advantages over surfactants, the 

obtained PolyHIPE from Pickering HIPEs do not exhibit interconnected porous structures since they do 

not exhibit pore throats unlike PolyHIPEs obtained from surfactant stabilized HIPE. On the other hand, 

the formation of pore throats is still under debate. While Pickering PolyHIPEs are known for their 

closed cellular structure, there are a few reports demonstrating the interconnected Pickering 

PolyHIPEs, without mentioning the details of how they are formed. In this study, we investigated the 

pore throat formation in Pickering PolyHIPEs and proposed a new mechanism in pore throat formation 

in Pickering PolyHIPEs for the first time.  The effect of various parameters on the formation of pore 

throats is evaluated; particle size, particle concentration, internal phase volume, and particle type. The 

investigation led us to conclude that the arrested coalescence phenomenon, observed in Pickering 

emulsion droplets, can be the mechanism. Further, the effect of particle hydrophilicity was evaluated 

on Pickering PolyHIPE morphology, as well as on HIPE rheology and emulsion interfacial rheology. It is 

concluded that as the particle hydrophilicity increases, previously observed atypical; large, and 

interconnected porous Pickering PolyHIPE morphology turns into a typical closed porous Pickering 

PolyHIPE. Additionally, the closed pores are found to be well-decorated with hydrophilic particles. 

Furthermore, it is hypothesized that the utilization of both hydrophobic and hydrophilic particles as 

HIPE stabilizers can lead to the formation of interconnected and hydrophilic particle-decorated porous 

Pickering PolyHIPE. ZIF-8 is chosen as a functional and hydrophilic co-stabilizer. The efficacy of ZIF-8 

decoration on the pores of PolyHIPEs is investigated and it was found that the hydrophobic-hydrophilic 

particle co-stabilization efficiently produces interconnected and ZIF-8 decorated Pickering PolyHIPEs.  
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Thesis Outline 

This thesis presents a new mechanism for pore throat formation in Pickering PolyHIPEs through the 

arrested coalescence of emulsion droplets and investigates the important parameters affecting pore 

throat formation. The observed trend is applied to produce functional particle (ZIF-8) decorated and 

interconnected Pickering PolyHIPEs. 

Chapter 1 defines the basic principles of emulsions, HIPE, and PolyHIPEs, with a specific focus on 

interconnected Pickering PolyHIPEs, as well as the applications of Pickering PolyHIPE. Chapter 2 

explains arrested coalescence as a pore throat formation mechanism in Pickering PolyHIPEs and how 

particle size, concentration, and internal phase volume affect the interconnected morphology. Chapter 

3 explores the effect of particle hydrophilicity on Pickering PolyHIPE morphology and HIPE rheology. 

Chapter 4 investigates the efficiency of ZIF-8 incorporation into the PolyHIPE by using either colloidal 

particles or surfactant as an emulsion stabilizer. 

All chapters of the thesis are intended for publication. Currently, Chapters 1 and 4 are in preparation 

for publication, Chapter 2 is published, and Chapter 3 is under review. For the consistency of the thesis, 
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CHAPTER 1 

 Interconnected Pickering Polymerized High Internal Phase Emulsions 

E. Durgut a,b, F. Claeyssens a, b 

a Kroto Research Institute, Department of Materials Science and Engineering, University of Sheffield, 

Sheffield, United Kingdom 

b Department of Materials Science and Engineering, INSIGNEO Institute for In Silico Medicine, The 

University of Sheffield, Sheffield, United Kingdom 

Abstract 

Pickering-polymerized high internal 

phase emulsions have attracted 

attention since their successful first 

preparation 15 years ago, primarily 

owing to their large pores and the 

potential for functionalization during 

production. This review aims to 

elucidate the fundamental principles 

of Pickering emulsions, Pickering 

HIPEs, and Pickering PolyHIPEs while 

comparing them to conventional surfactant-stabilized counterparts. The morphology of Pickering 

PolyHIPEs, with a particular emphasis on methods for achieving interconnected structures, is explored 

and critically assessed. Lastly, the mechanical properties and applications of Pickering PolyHIPEs are 

presented. 
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1.1.  Scope of the Review 

There are several excellent reviews on both polymerized High Internal Phase Emulsions (PolyHIPE) [1–

3] and Pickering emulsions [4–6] covering basic principles to current trends in the field. However, a 

review 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'. 

1.2.  Emulsions 

1.2.1.  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/o) emulsions involve dispersing the internal water phase in a continuous oil phase, 

while oil-in-water (o/w) emulsions are the opposite (Fig. 1.1 A, B). Emulsions can also be oil-in-oil (o/o) 

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 <33% internal phase, medium internal phase 

emulsion (MIPE) for 33-74%, and high internal phase emulsion (HIPE) for >74% (Fig. 1.1 A, C). 

 

Figure 1.1: The classification of emulsions: surfactant-stabilized (conventional), w/o, LIPE (assuming that the 

internal phase volume is <33%) (A), o/w counterpart of A (B), HIPE counterpart of A (assuming that the internal 

phase volume is >74%) (C), Pickering counterpart of A (D). 

Oil

Surfactant

Water

Particle
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Furthermore, emulsions can be classified according to the type of stabilizer 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. 1.1 A, D). Emulsions stabilized by both surfactant and Pickering agents are termed dual 

emulsified emulsions. 

1.2.2.  Stabilization of Emulsions  

An immiscible liquid can be dispersed within another immiscible liquid under shear. When the applied 

shear is sufficiently high, the internal 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 achieve kinetically stable emulsions, emulsion stabilizers 

are necessary to prevent droplet coalescence. 

Conventionally, emulsions are stabilized by surfactants—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/o). Hydrophilic-Lipophilic Balance (HLB), 

a function of the weight percentage of the hydrophilic portion of the non-ionic surfactant molecule 

[7], 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. Emulsion droplets with adsorbed surfactant molecules on the surface 

are prevented from coalescing with neighboring droplets due to the steric and/or electrostatic barrier 

effect provided by surfactants [8]. 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 

[9] and Pickering’s [10] pioneering 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 
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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 [11]. Therefore, long-term emulsion 

stability is achieved in Pickering emulsions. 

Pickering-type stabilizers are considered more efficient than surfactants. The required amount of 

colloidal particles to obtain stable emulsions is generally less than that of surfactants, in terms of 

weight percentage. For stable emulsions, full surface coverage of droplets by 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 [12]. Additionally, insufficiently covered emulsion droplets 

can experience phenomena only observed in Pickering emulsions: particle bridging, limited 

coalescence, and arrested coalescence (Fig. 1.2). It was claimed that stable emulsions can be achieved 

below 29% surface coverage as well by particle bridging, which is the separation of two emulsion 

droplets with a monolayer of particles (Fig. 1.2 B) [13]. 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. 1.2 C). Limited coalescence observed in Pickering 

emulsion is considered a reason for obtaining a relatively narrow droplet size distribution [14]. 

Alternatively, two emulsion droplets can start to coalesce, but the coalescence 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. 1.2 D) [15]. Therefore, stable 

emulsions can be obtained with a lower concentration of colloidal particles compared to surfactants.  

 

Figure 1.2: Observed phenomena in Pickering emulsions regarding the efficient stabilization of the emulsion; 

insufficiently covered emulsion droplets (A) can  coalesce via: (1) particle bridging, two emulsion droplets are 

separated from each other by the monolayer of particles (B); (2) limited diffusion where the droplets coalesce 

until reaching the sufficient surface coverage (C); (3) arrested coalescence of two emulsion droplets, droplets 

start to coalesce but the coalescence is arrested due to particle jamming at the necking region (D). 
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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 [16]. 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. 1.3) 

[17]. 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%. 

 

Figure 1.3: The preparation of emulsion by exploiting depletion attraction: The digital images of formation of 

Pickering HIPE at various internal phase fraction in the presence of depletant PEG (A) and their phase separated 

counterparts in the absence of depletant agent (B) [17]. 

1.2.3.  Destabilization of Emulsions 

The stability of an emulsion is defined as its resistance against changes in physicochemical behavior 

over time [18]. The physicochemical 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, categorized into creaming and sedimentation. Creaming occurs when the 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. 1.4 C1). Conversely, in the case of sedimentation, if the internal 

phase has higher density than the continuous phase, the emulsion droplets accumulate at the bottom 

BA
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(Fig. 1.4 C2). When the emulsion droplets aggregate with each other locally, this destabilization is 

referred to as flocculation (Fig. 1.4 C3). This is mainly due to the attractive forces between emulsion 

droplets such as van der Waals or electrostatic interactions, leading them to cluster [19]. 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 [20]. Therefore, 

emulsions with broader emulsion droplet size distribution are more susceptible to Ostwald ripening 

(Fig. 1.4 C4). Similarly, coalescence is the merging of emulsion droplets with each other to form larger 

droplets (Fig. 1.4 C5). The mentioned destabilization mechanisms are interrelated, and the occurrence 

of one can trigger the other destabilization mechanisms as well. Consequently, as the emulsion 

experiences these processes, phase separation occurs where the continuous and the internal phase 

are separated completely from each other (Fig. 1.4 D). 

 

Figure 1.4: The schematic representation of emulsion destabilization mechanisms; The kinetically stabilized 

emulsion (A), emulsion experiencing phase inversion where the internal water phase becomes continuous phase 

(B), creaming (C1), sedimentation (C2), flocculation (C3), Ostwald ripening (C4), coalescence (C5) and the phase 

separated emulsion due to emulsion destabilization (D). 

Among the mechanisms involved in emulsion destabilization, Pickering 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. Therefore, the emulsion droplets are mechanically 
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shielded by the particles located at the o/w interface forming a physical barrier around emulsion 

droplets preventing the coalescence of neighbouring 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. 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 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 [21]. Griffith et al. demonstrated the destabilization of o/w 

Pickering emulsion by adding more hydrophobic particles to the system, causing oil droplets to 

preferentially wet the hydrophobic particles rather than maintaining their droplet form [22]. 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 [23]. 

1.3.  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-centered 

cubic, non-deformable monodisperse spheres. Theoretically, 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 emulsion droplets 

are typically no longer non-deformable monodisperse spheres. The HIPE-like behaviour of the 

emulsion is contingent upon the deformability 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 volume fraction higher than the maximally random 

jammed packing concentration. 

HIPEs demonstrate viscoelastic behaviour due to their closely packed emulsion droplets, behaving like 

an elastic solid above the applied critical stress (yield stress) and a viscous liquid below it [24]. This 



33 
 

unique rheological property makes HIPEs suitable for applications such as 3D printing inks, as they 

exhibit desirable viscosity and shear-thinning behaviour  [25]. Additionally, owing to their self-

supporting physical 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 [26]. 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. 

1.3.1.  The HIPE Preparation Process  

Conventional HIPEs have been in use since 1966 [27], but the first successful preparation of Pickering 

HIPE and its utilization as a template were reported in 2007 by Menner et al. [28]. 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 internal phase reaches ~70%  [29]. This catastrophic phase inversion was 

demonstrated for both water-in-oil (w/o) and oil-in-water (o/w) emulsions. 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 [30]. The difference in 

proposed internal phase volumes between the experimental (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. 

Conventionally, the internal phase is added dropwise to the continuous phase under shear to prepare 

an HIPE (Fig. 1.5 A). 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 [31].  Alternative 

methods were also reported to obtain HIPEs either by using phase inversion or forced sedimentation 
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(Fig. 1.5 B). 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. This changes the colloidal ionizable poly(styrene-co-methacrylic 

acid) particle wettability and the stability of the HIPE [32]. This was further illustrated via using other 

ionizable particles (sulfonated polystyrene) [33] and CO2-responsive block copolymer [34], which 

wettability 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 [35–37]. 

 

Figure 1.5: The methods to prepare HIPE is schematically represented: Conventional preparation of HIPE where 

the internal phase is being added dropwise and slowly while the emulsion is being mixed (A) and the production 

of HIPE from dilute emulsions either by forced sedimentation or phase inversion (B). 

1.3.2.  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 [38]. 

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 [39], the internal phase volume, the viscosity of the continuous and internal phase [40] 

and the inter-droplet interactions [41]. 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 Pickering HIPEs is attributed to a rigid interfacial layer due to attractive 

interactions between solid particles (Fig. 1.6 A) [42]. Recently, Kaganyuk et al. revealed the effect of 

Dropwise Addition of Internal Phase Phase InversionForced Sedimentation

A B
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excluded effective internal phase volume due to the size difference between surfactants and colloidal 

particles (Fig. 1.6 B) and attractive lateral capillary interactions among particles on Pickering HIPE 

rheology (Fig. 1.6 C) [43]. 

 

Figure 1.6: The schematic representation of mechanisms involved in increased Pickering HIPE elastic modulus: 

Interparticle interaction forming 3D network in interfacial area (A), excluded volume effect (B), lateral capillary 

interactions between particles (C, D). 

1.3.3.  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 [44,45] , 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 [26]. Therefore, the 

emulsion droplet size and distribution, as well as interfacial tension, are the main parameters 

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 

parameters, which will be focused on in this section. In terms of conventional HIPEs, the concentration 

of surfactant is inversely proportional to the obtained final droplet size. 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. The typical conventional HIPE 

droplet size is between 1-50 μm. 

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 [46]. Similar to surfactant, increased particle concentration results in smaller emulsion 

B C DA
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droplets. However, depending on the interactions, either inter-particle or between emulsion phases 

and particles, a further increase in particle concentration can result in the enlargement of the HIPE 

droplet size. This is due to increased continuous phase viscosity due to being suspended in a higher 

concentration of particles, therefore increased emulsion viscosity as the 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. Overall, a typical Pickering HIPE 

droplet size is larger than in conventional HIPEs, ranging between 100-500 μm. 

1.4.  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 

initiator, 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. 1.7).  

 

Figure 1.7: 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 µm 
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Alternatively, the continuous phase of the HIPE can be solidified without being polymerized to obtain 

porous materials. Although, by definition, these are not PolyHIPEs but HIPE templates, porous 

materials obtained by the solidification of the continuous phase are also sometimes referred to as 

PolyHIPE in the literature. The comparison of conventional and Pickering PolyHIPE is presented in 

Figure 1.8. 

 

Figure 1.8: SEM Images of typical PolyHIPEs obtained by surfactant-stabilized (conventional PolyHIPEs) or 

colloidal particle-stabilized HIPEs (Pickering PolyHIPEs). 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 neighbouring pores, the green arrow show the pore surface and the 

yellow arrow show the polymerized trigonal region (Plateau border), the intersect of three pores. 

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, 

allow mass transfer through the material. Therefore, PolyHIPEs find applications in various fields due 

to their ease of manufacturing, cost efficiency, and tunable properties such as porosity, pore size and 

shape, interconnectivity, surface area, and mechanical properties. They are commonly used as catalyst 

supports, scaffolds for tissue engineering, and absorbents. 

Conventional PolyHIPE Pickering PolyHIPE
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However, there are several concerns associated with conventional PolyHIPEs obtained from surfactant-

stabilized HIPE. Firstly, the obtained pore size and pore throat size are small, approximately 10-50 and 

1-5 µm, respectively. Such small pore size may limit their suitability for 3D tissue culture scaffolds due 

to restricted cell infiltration. This pore size allows for cell integration and 3D tissue culture but may 

impede vascularization when used for implantation, which typically requires pore sizes larger than 100 

µm [47]. Secondly, the use of surfactants increases the production cost of the method, as the 

surfactant concentration required for producing HIPEs and PolyHIPEs is typically high (10-30 wt% of 

the monomer concentration [48–50]) although there are reports demonstrating <3% of surfactant can 

effectively produce HIPE [51–53]. Third, surfactants are associated with health and environmental 

toxicity. 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. Additionally, even after being 

washed, the leftover surfactant on the PolyHIPE can leach out. The remnants of surfactants also 

function as a plasticizer, reducing the mechanical properties of conventional PolyHIPE. 

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 

crosslinkers. Rough pore surfaces can be obtained due to embedded particles within the pore surface, 

and similarly, these particles can be magnetic, light-responsive, or catalytic, 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, 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 interconnected Pickering PolyHIPEs. 

1.4.1.  Pores 

The pore size and distribution of the PolyHIPE are mainly determined 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 polymerization. This can be due to 

changes in emulsion stability depending on the cure rate [54] or due to volume shrinkage either by 

monomer-to-polymer conversion or capillary stress induced by the drying process of the material [55].  

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 
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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. Continuous phase initiation leads to the formation of spherical 

and interconnected pores, while interfacial initiation results in polyhedral-shaped closed pores in 

conventional PolyHIPEs (Fig. 1.9).  

 

Figure 1.9: 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 [56]. 

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 emulsion droplets. 

Conversely, when the polymerization initiates from the continuous phase, this allows the diffusion of 

monomers from the 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 [57]. However, emulsion droplets that are originally spherical turn into a polyhedron during 

In
te

rf
ac

ia
l I

n
it

ia
ti

o
n

C
o

n
ti

n
u

es
 P

h
as

e
In

it
ia

ti
o

n



40 
 

interfacial polymerization, rather than keeping their original shape. This is questioned by Koch et al., 

and the osmotic pressure difference as a mechanism to induce polyhedral closed cellular morphology 

in interfacial-initiated conventional PolyHIPE is refuted [58] and a new mechanism explaining the pore 

shape transition is provided (Fig. 1.10) [59]. According 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 trapped inside the polymer 

film can be washed out, revealing a porous inner layer after production. 

 

Figure 1.10: Schematic representation of pore shape changes from spherical to hexagonal in during the 

interfacial polymerization of HIPE (redrawn from [59]). 

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. 1.11) [60]. By locating the particles within the 

polymer, it is possible to hypothesize the monomer diffusion toward the internal phase during 

polymerization. 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. The apparent difference between the mechanisms for the formation of 

interfacial-initiated Pickering and conventional PolyHIPEs merits further detailed investigation and 

comparison. 
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Figure 1.11: TEM images of PolyHIPEs demonstrating the location of particles. Continuous phase initiated 

PolyHIPE where the particles are at the interface (A),  interfacial initiated PolyHIPE where the particles are 

located within the interfacial polymer film due to monomer diffusion towards the internal phase during 

polymerization (B) [60]. 

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 [61]. 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. [60], 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 increases. 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. 

1.4.2.  Pore Throats 

1.4.2.1.  The Formation of Pore Throats in PolyHIPEs 

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 formation in Pickering 

PolyHIPEs will be reviewed. It is important to note that the pore throat formation in PolyHIPEs is a 

subject still under debate.  
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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. 12 

A) [62]. 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 occurred 

because of mechanical action, which caused the rupture of the thinnest parts of the interfacial films 

between two droplets (Fig. 12 B) [63]. This thin polymer film between neighboring pores is considered 

a susceptible region to rupture during post-processing of PolyHIPE, such as washing and drying, and 

produces pore throats. The study also highlights that similar pore throats can be observed in Pickering 

PolyHIPEs. 

 

Figure 1.12: The three proposed pore throat formation mechanisms in conventional PolyHIPEs: The drainage or 

rupture of the thin interfacial continuous film during polymerization (arrows indicates drainage from interface 

to Plateau border) (A), the thin polymer film between the pores of the PolyHIPE is being ruptured during the 

post processing of the material (B), 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) (C). 

Recently, Foudazi highlighted an alternative viewpoint on pore throat formation due to volume 

contraction [64].  He states that if volume contraction during polymerization were the governing factor 

of pore throat formation, the locus of polymerization initiation should not affect the openness of the 
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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 attraction (Fig. 12 C). 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 prepolymer 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 

emulsion droplets can be stable at a partially coalesced state if further coalescence is arrested due to 

particle jamming at the contact region. In parallel with Foudazi’s proposed mechanism, Durgut et al. 

proposed arrested coalescence as a mechanism to induce pore throats in Pickering PolyHIPEs [65]. The 

claim was supported by the observation of a dense particle layer surrounding the pore throats as well 

as pore-pore junctions. The proposed mechanisms for pore throat formation in PolyHIPEs are 

represented in Figure 1.12. 

1.4.2.2.  Closed Porous Morphology of Pickering PolyHIPEs 

Pickering PolyHIPEs are known for their closed porous morphology, unlike surfactant-stabilized HIPE 

templates [66,67,76–78,68–75]. 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, according 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 

[66,75]. 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 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 Pickering agents, while small surfactant molecules can be dispersed in either of the phases 

when exposed to polymerization-induced forces, allowing droplets to coalesce [69]. Therefore, to 

introduce interconnected pores in Pickering PolyHIPEs, methods to reduce interfacial stability and the 

thickness of the interfacial film, as well as the induction of droplet coalescence, are utilized. 
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1.4.2.3.  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. 

1.4.2.3.1. Dual Emulsifiers 

The utilization of both surfactant and Pickering agents, referred to as "dual emulsifiers," is commonly 

employed to introduce interconnected pores in Pickering PolyHIPEs [45,66,84–87,68,71,75,79–83]. 

PolyHIPEs obtained through dual emulsification exhibit intermediate pore sizes [66,71,75,79,80] and 

larger pore throat sizes than those emulsified solely by either of the emulsifiers [66,75]. Furthermore, 

hierarchical 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 

[45,68,79]. Dual emulsification is also employed to enhance HIPE stability [45,79,83,85] or to form a 

HIPE when the sole use of either emulsifier fails [45,71,81,84,86,88]. 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 possibility of surfactants leaching out from the final 

product [87]. On the other hand, both synergistic [45,71,79,86] and antagonistic effects [88] of dual 

emulsifiers on emulsion stabilization are reported (Fig. 1.13). 

As highlighted in the previous sections (see Figure 1.6), 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 prevailing 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. Disaggregated particles are well 

dispersed in the continuous phase, resulting in reduced continuous phase viscosity [66,71]. The 

reduced continuous phase viscosity allows interfacial film drainage due to the sedimentation of a less 

concentrated emulsion, thus thinning the interfacial film where the pore throats are formed. 

Surfactant molecules also adsorb onto the emulsion droplets, reducing the interfacial tension between 

two phases [66,79]. 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 [66]. 
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Figure 1.13: 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). 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). 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). 

Rather than adding surfactant to the premade emulsion, dual emulsifiers are initially dispersed in the 

continuous phase when the HIPE is formed. The location of the particles was investigated either by 

TEM [79] or fluorescent microscopy 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 between emulsifiers to adsorb 

onto the oil/water interface is suggested  [71,79]. On the other hand, Vilchez et al. argued for the 

synergistic (competitive) stabilization of dual emulsifiers mechanism and claimed an antagonistic effect 
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on emulsion stabilization [88]. It was demonstrated 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 [68] or only in continuous phase [45,79]. Wong et al. demonstrated that 

the addition of Hypermer B246SF results in the co-existence of large closed pores typical for Pickering 

PolyHIPEs (400 µm) and small interconnected pores typical for conventional PolyHIPEs (13-17 µm) (Fig. 

1.14 A-C) [68].  

 

Figure 1.14: SEM images of PolyHIPEs (A-C): PolyHIPEs obtained from HIPE stabilized by surfactant (A), dual 

emulsifier (B) and colloidal particles (C). The hierarchical porous structure is obtained when both surfactant and 

colloidal particles are used to stabilize HIPE (B) [68]. Schematic representation of interplay between surfactant 

and colloidal particle concentration on the HIPE/PolyHIPE morphology: When the particle/surfactant ratio is 

high, large pores are mainly stabilized by colloidal particles (D), when the particle/surfactant ratio is low, average 

droplet/pore size reduces (E) [45]. 

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 either pore 

size. On the other hand, the increase in surfactant concentration 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 
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concentration (17 wt%) results in the loss of the hierarchical porous structure, and the emulsion was 

mainly stabilized by surfactant, and the particles were dispersed in the continuous phase. A similar 

transition from total Pickering to conventional-like morphology as the Pickering agent to surfactant 

ratio is reduced is reported as well (Fig. 1.14 D-E) [45,71,79,82,83]. Such a transition in morphology is 

interpreted as an antagonistic effect of dual stabilizers on pore structure by Yin et al. [82]. 

According to these reports, the utilization of dual emulsifier provides an interconnected porous 

morphology unless all the available surfactants 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 surfactant to the particles and/or droplet interface has 

not yet been investigated. Additionally, at which step of the emulsification the surfactant 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 formation due to arrested coalescence can be considered; since the introduction 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.  

1.4.2.3.2.  Inducing the Volume Contraction During Polymerization 

Since polymerization-induced volume shrinkage is one of the proposed mechanisms for pore throat 

formation, interconnected pores are introduced in Pickering PolyHIPEs by inducing volume shrinkage 

either by increasing the crosslinker content [76,89] or the addition of a secondary monomer to the 

continuous phase that undergoes relatively higher shrinkage during polymerization [90]. 

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 20-40% [89]. Furthermore, no 

pore throat formation was observed when the crosslinker content is between 0-10%. 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 [90]. While the Styrene 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. 1.15). 
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Figure 1.15: The utilization of volume shrinkage to induce pore throat formation. The increase in MMA content 

within organic phase resulted in pore throat formation due to its high volume shrinkage during polymerization 

(A). The increase in crosslinker content resulted in formation of pore throat (B) [90]. 

While inducing volume contraction is reported to obtain an interconnected 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.  

1.4.2.3.3. 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 interconnected porous Pickering PolyHIPEs according to the literature. Various 

methods to thin the interfacial film are reviewed in this section. 

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 internal phase produces a closed porous morphology [76]. 

Additionally, increased interconnectivity is also observed for the Pickering PolyHIPEs that were 

interconnected at lower internal phase fractions [90,91]. On the other hand, there are findings that 

even at a 90% internal phase fraction, Pickering PolyHIPEs exhibit a closed morphology [69]. 

Furthermore, incorporating a higher amount of internal phase is generally impractical in Pickering 

PolyHIPEs: the dispersion of Pickering agents in the continuous phase increases viscosity. As the 

internal phase is added, the viscosity is further increased, preventing the incorporation of internal 

Increased Crosslinker Content
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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 Pickering 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. 1.16) [92]. 

 

Figure 1.16: Closed cellular PolyMIPE when the CNT is the sole emulsion stabilizer (A), 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) (B) [92]. 

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 particles as a stabilizer result in interconnected Pickering PolyHIPEs, while crosslinked styrene 

does not [72]. 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. 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 [93].  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. 

1.4.2.3.4.  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 PolyHIPEs. 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 
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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 

Pickering PolyHIPE [73]. Non-modified GO nanosheets produce closed-cell PolyHIPEs, while an 

increase in the degree of cetyltrimethylammonium 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 Pickering agents), CTAB-modified GO 

nanosheets were also used in another study to prepare styrene PolyHIPEs that exhibit a closed porous 

morphology [94]. Additionally, pore throats were rarely observed. This was attributed to the 

decomposed CTAB from the nanosheet surface. 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 [93].  

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 [69]. 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 [95]. Pore throats were observed when 

the aldehyde 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 
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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 [96]. While the styrene 

PolyHIPEs exhibit a closed porous morphology, an interconnected porous structure was obtained in 

butyl acrylate PolyHIPEs. 

1.4.2.3.5. 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 

[97]. 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 interconnectivity 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. 1.17 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 [98]. 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 [99]. 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. 1.17 B). 
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Figure 1.17: The schematic representation of the formation of anti-Finkle emulsion where the stabilizing 

particles are dispersed in the internal phase initially (A). 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 [97]. A schematic 

representation of the channel formation in Pickering emulsion template by unidirectional freezing (B). 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 [99]. 

1.4.3.  The Morphological Characterization of PolyHIPEs 

1.4.3.1.  Porosity 

The internal phase of the HIPE represents itself as pores in PolyHIPEs. 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. Alternatively, 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 (𝜌𝑠𝑑) and bulk density (𝜌𝑐) of the PolyHIPE [100,101]. Assuming that the samples are in known 

geometrical shape, both 𝜌𝑠𝑑 and 𝜌𝑐 can be obtained from simple mass and volume measurements of 

the bulk polymer and the PolyHIPE, respectively. ds can be deduced from obtaining the volume of the 

PolyHIPE via the graduated cylinder method (aka liquid displacement method) as well [102,103]. 

Alternatively, 𝜌𝑠𝑑 and 𝜌𝑐 can be measured via dedicated devices; pycnometer and envelope density 

analyzer, respectively [53]. 

Porosity as well as the specific surface area can be measured through mercury porosimeter [104–106] 

as well as N2 adsorption/desorption test. The isotherms obtained from N2 adsorption/desorption are 

BA
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analyzed with the Barret-Joyner-Halenda method [105]. The isotherms can be further used to calculate 

the specific surface area of the PolyHIPE when analyzed with the Brunauer-Emmett-Teller (BET) 

method [107,108].  

Except for the utilization of density difference between 𝜌𝑠𝑑and 𝜌𝑐, the methods necessitate access to 

the pores, such as N2, mercury, etc. Therefore, these methods are only reliable if the PolyHIPE exhibits 

an 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 [109]. The difference between 

the static and flow-through porosity represents the volume fraction of the dead-end pores. 

1.4.3.2.  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 minimal, 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  [102]. 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. 1.18). 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 [105], or 4/π [109] if the equation is 

integrated through the actual radius of the pore. Additionally, X-Ray microcomputed tomography (μCT) 

is used to evaluate the PolyHIPE in 3D after reconstructing the collected 2D images (Fig. 1.19) 

[110,111]. 
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Figure 1.18: Schematic representation of uneven sectioning of PolyHIPEs. R and r represents the actual and the 

sectioned radius of the pores. 

 

Figure 1.19: The reconstructed 3D image and the 2D images from two different planes of a PolyHIPE obtained 

from μCT [110]. 

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 [101]. 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 [109].  

Two terms are generally used to report the pore throat/pore relationship of PolyHIPEs; the degree of 

interconnectivity [102,112] which is the ratio between the average pore throat size to the average pore 
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size, and the degree of openness [113] 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 [68]. 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 

[105]. 

1.5.  Mechanical Properties of Pickering PolyHIPEs 

PolyHIPEs, being highly porous, are known for their inferior mechanical properties, limiting their 

applications on an industrial scale. Therefore, understanding the governing parameters affecting the 

mechanical properties of these highly porous materials and improving 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, respectively, can be tuned by adjusting the composition of constituent 

monomers [114]. Pore volume is another determinant of PolyHIPE mechanical properties, directly 

related to foam density, where an increase in pore volume leads to a reduction in mechanical 

properties [55,84,114–119]. Since the higher porosity is the integral part of PolyHIPEs, reducing the 

total pore volume is not a feasible method to produce PolyHIPE with superior 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 

improving properties due to thicker polymeric struts [120]. Additionally, the hierarchical organization 

of pores were reported to improve the mechanical properties of PolyHIPEs [68,121]. 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 [68]. Additionally, interconnectivity of the pores is another 

morphological feature affecting the mechanical properties. The structural integrity of the pores are 

negatively affected by the openness of the pores, resulting in the decreased mechanical properties 

[48,122].  

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 
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direct effect of stabilizer type on mechanical properties can be challenging. Nevertheless, the type of 

stabilizer can influence mechanical properties in a more complex manner. 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%  [123]. 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, negatively affecting 

mechanical properties. Further increases in surfactant lead to the production of monomer-filled 

micelles, which are polymerized 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 rather than a stabilizing agent, have demonstrated the ability 

to improve the mechanical properties, including Young’s modulus and crush strength, of PolyHIPEs 

when covalently bound to the polymer [115,117,118]. Additionally, colloidal particles, when employed 

as a stabilizer, have shown similar improvements in mechanical properties [55,71,99,124,125]. The 

impact of colloidal particles on the mechanical properties of PolyHIPEs is generally attributed to their 

distribution on the pore surface. Enhanced mechanical properties are observed when pore surfaces 

are evenly covered with particles, creating an efficient network for stress transfer from the polymer to 

the particles [126]. However, an increase in particle concentration beyond the optimum loading 

concentration leads to a reduction in mechanical properties due to particle aggregation, which acts as 

stress concentration points [66,124,125,127]. 

1.6.   Applications of Pickering PolyHIPEs 

Due to their highly interconnected porous structure and consequently 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 environmentally 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. 
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1.6.1.   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. 

Alternatively, colloidal particles can be subsequently used to tether functional nanoparticles to the 

PolyHIPE surface. For example, Yi et al. used synthesized tadpole-like single-chain polymer Janus 

nanoparticles, where the tail and the head are composed of polyMMA and poly(4-vinylpyridine), 

respectively [91]. 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 stabilizer 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. 

TiO2 is one of the most commonly used Pickering agents. Due to its photocatalytic activity, Pickering 

emulsion templates stabilized by TiO2 are mainly used as photocatalyst support. Li et al. produced 

TiO2-decorated PolyHIPEs by templating an o/w HIPE stabilized by TiO2 and poly(isopropylacrylamide-

co-methyl methacrylate) microgels [128]. 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 commercially available P25 samples. Zhu et al. used TiO2 to 

produce acrylamide Pickering PolyHIPE beads and demonstrated its photocatalytic activity by 

degrading methyl orange (MO) [129]. While the polymer beads were not as effective as pure TiO2 at 

the beginning of the test, after 2.5 h of treatment, 99.4% of MO was found to be degraded, similar to 

pure TiO2 nanoparticles. Additionally, there was no reduction in the photocatalytic performance of the 

porous beads until 9 cycles of usage. On the other hand, there was no significant difference in 

photocatalytic performance between the porous beads prepared with a different amount of TiO2 

particles due to the limited UV penetration into the beads to excite remaining TiO2 particles within 

the polymer matrix rather than a pore surface. On the other hand, Yuce et al. demonstrated that the 

loading of TiO2 increases the photocatalytic degradation of 4-nitrophenol of the surface-modified TiO2 

particle stabilized emulsion template of polydicyclopentadiene [130]. 

In addition to TiO2, 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 

PolyHIP [131]. 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 composite, 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 utilizing ZIF-8 as a stabilizer and the material to form the 
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skeleton by bonding ZIF-8 nanoparticles within the continuous phase [132]. The ZIF-8 monolith was 

used as a catalyst for the flow-through Knoevenagel reaction, 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 [133]. Pan et al. further improved the 

system by increasing the surface area of the PolyHIPE through hypercrosslinking and demonstrated its 

superior catalytic activity [70]. While the obtained PolyHIPE lacked pore throats, it exhibited 

mesopores due to hypercrosslinking. 

1.6.2.  Sorbent 

Due to their high porosity and high surface area, PolyHIPEs are used as sorbent. The utilization of 

Pickering emulsion templates as an adsorbent is highlighted in an excellent review by Zhu et al [134]. 

In the case of Pickering PolyHIPEs, large porous structure is beneficial since it allows the efficient mass 

transport. Since PolyHIPEs as a sorbent material 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 Cu2+ adsorption capacity 

of interconnected lignin stabilized melamine formaldehyde HIPE template from CuSO4 solution up to 

73 mg g-1 [69].  Similarly, acrylamide Pickering PolyHIPE hydrogels were demonstrated to adsorb Cu2+ 

up to 280 mg g-1, thanks to ionic functional groups on the material [73] 

The efficacy of Pickering PolyHIPEs as a sorbent material in CO2 capture were demonstrated in several 

reports. Metal-organic-frameworks (MOFs) are commonly used functional stabilizer in Pickering 

PolyHIPEs for CO2 capture due their unsaturated metal centres which can interact with CO2 [135,136]. 

Alternatively, He et al. prepared 4-vinylbenzyl chloride PolyHIPEs and used them as CO2 adsorbent 

after the introduction of quaternary ammonium chloride groups to PolyHIPE [80]. It was observed that 

surfactant/Pickering dual emulsified emulsion templates exhibit better CO2 capture compared to both 

solely surfactant 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 quaternization/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 CO2 capture [125]. The CO2 adsorption capacity 

of Pickering PolyHIPE was approximately 15% higher than that of PolyHIPE prepared by Span 80 only. 
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The superior performance of Pickering PolyHIPE is attributed to the increased surface area of amine 

groups on the pore surface due to embedded TiO2 particles which where enveloped with PEI.  

Sulfonated polystyrene was used as a stabilizer to obtain butyl acrylate Pickering PolyHIPE for oil spill 

recovery application [137]. Various fuels/solvent-water mixture was used as a spilled oil model and it 

was observed that absorption capacity of the PolyHIPE ranging between 11.2 to 37.5 g g-1. Similarly, 

Azhar et al used iron oxide nanoparticles together with a fluorinated surfactant to obtain 

hexafluorobutyl Pickering PolyHIPEs with magnetic properties [83]. Pickering PolyHIPEs demonstrated 

to absorb 14 g g-1 and 10.25 mg g-1 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 [138]. 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 [132]. Abebe et al. used methylcellulose/tannic acid stabilized 

alginate/polyacrylic acid Pickering PolyHIPE as an amphiphilic adsorbent, for the removal of methylene 

blue and quinoline from aqueous and non-aqueous environment, respectively [139]. 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. Al2O3 stabilized acrylic acid HIPE template 

was used as superabsorbent [76]. The obtained PolyHIPE exhibit superabsorbent ability, absorbing 

above 40 g g-1 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 efficiently than 

highly crosslinked counterparts. Fe3O4 nanoparticle stabilized acrylamide HIPE templates used as water 

absorbent and demonstrated its efficiency of separating water phase from a surfactant stabilized 

emulsion [140]. 

1.6.3.   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 

advantageous if the release of the encapsulated material is not intended [77,141,142]. Alternatively, 

open-celullar Pickering PolyHIPEs are generally preferred if the encapsulated materials, such as drugs, 

are expected to be released [55,71,143]. 
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Elastomer-filled hydrophilic PolyHIPEs were prepared by templating either surfactant or nanoparticle-

stabilized HIPE, and their water adsorption capacities were compared [141]. 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 incorporation 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 [142]. The PolyHIPE skeleton is composed of semi-

crystalline, long side-chained polyacrylates, and the nanoparticles are used as both emulsion stabilizer 

and crosslinker. Interestingly, 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 copolymerization reduces the side chain mobility, therefore, reducing the shape recovery 

behavior 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[144,145] and dodecanol [146] and 

inorganic PCMs like calcium chloride hexahydrate [147] 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 initiation 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. 20 A) [145]. 

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. 20 B) [148]. 
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Figure 1.20: 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 (A) [145]. The infrared images of PolyHIPE demonstrating their low thermal 

conductivity (B): PolyHIPE on a hot plate (a, b) and on ice (c) [148]. 

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 [55]. The scaffold exhibited an initial burst 

release, with approximately 55% of the drug released within 24 hours, followed by sustained slow 

release, reaching around 65% of drug release in 196 hours. 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, Pickering, and dual emulsifiers [71]. Scaffolds 

stabilized by Pickering particles 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 

antibacterial 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 evaporation. The produced enrofloxacin PolyHIPE exhibited fast 

and complete drug release, with 80% of the drug released in 2.5 hours, reaching 98% within 10 hours 

[143].  

1.6.4.  Other 

Rarely reported applications and/or the features of prepared Pickering 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 (~152o) was attributed to 

rough pore surface due to embedded particles and the trapped air in pores as well as in the cavity of 

BA
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the particles [149]. Guan et al. reported superhydrophobic Pickering PolyHIPEs with the WCA 162o 

[150]. 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 [151]. 

Additionally, electrically conducting composite Pickering PolyHIPEs can be prepared by using Ti3AlC2 

[152] and silver nanoparticles [86] paving the way for high surface electrodes for biosensor applications 

based on PolyHIPEs  

1.7.  Conclusion 

Pickering PolyHIPEs offer significant advantages in various applications due to their larger pores 

compared to conventional counterparts and the potential for functionality during synthesis. While the 

interconnected porous structure of PolyHIPEs is crucial for their potential functionalities, there has 

been no compilation of reported methods to achieve interconnected Pickering PolyHIPEs until now. 

This review is the first to specifically focus on Pickering PolyHIPEs, addressing their notorious closed 

porous structure and categorizing the achieved interconnectivities. 

Moreover, the mechanical properties, which are notorious in the context of PolyHIPEs, are examined. 

However, conflicting reports exist in the literature, particularly regarding Pickering PolyHIPE 

morphology. Computational studies investigating the effect of particle distribution in PolyHIPEs may 

shed light on these discrepancies. 

On the other hand, while the straightforward preparation of Pickering PolyHIPEs is an attractive 

feature, it presents challenges in understanding the cause-and-effect relationship, as a single 

parameter can impact the morphology and physical properties of both HIPEs and PolyHIPEs in a 

complex manner. The review also compiles and reports various applications of Pickering PolyHIPEs. In 

conjunction with advancements in nanomaterials like metal-organic frameworks, the interest in 

Pickering PolyHIPEs as a supporting material is expected to increase proportionally. 
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Abstract 

Emulsion templating is a method that enables the 

production of highly porous and interconnected polymer 

foams called polymerized high internal phase emulsions 

(PolyHIPEs). Since emulsions are inherently unstable 

systems, they can be stabilized either by surfactants or by 

particles (Pickering HIPEs). Surfactant-stabilized HIPEs 

form materials with an interconnected porous structure, 

while Pickering HIPEs typically form closed pore 

materials. In this study, we describe a system that uses 

submicrometer polymer particles to stabilize the 

emulsions. Polymers fabricated from these Pickering 

emulsions exhibit, unlike traditional Pickering emulsions, highly interconnected large pore structures, 

and we related these structures to arrested coalescence. We describe in detail the morphological 

properties of this system and their dependence on different production parameters. This production 

method might provide an interesting alternative to poly-surfactant-stabilized-HIPEs, in particular 

where the application necessitates large pore structures. 

Keywords: Pickering emulsions, arrested coalescence, microparticles, HIPE, PolyHIPE 
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2.1.  Introduction 

Emulsion templating is a manufacturing method for creating porous interconnected polymeric 

materials. An emulsion is classified as a high internal phase emulsion (HIPE) when the internal droplet 

volume ratio is greater than 74% of the total volume fraction, which is the theoretical volume limit 

achievable from monodisperse spheres in a 3D close-packed face-centered cubic (FCC) array [64]. The 

mixing of a cross-linkable hydrophobic monomeric liquid with water creates a water-in-oil (w/o) 

emulsion, polymerization of the oil phase (continuous phase) and removal of the water phase (internal 

phase) leaves behind a porous foam called a polymerised HIPE (PolyHIPE). The mixing of a crosslinkable 

hydrophobic monomer liquid with water creates a water-in-oil (w/o) emulsion, and polymerization of 

the oil phase (continuous phase) and removal of the water phase (internal phase) leaves behind a 

porous foam called a polymerized HIPE (PolyHIPE). The PolyHIPE’s internal structure replicates the 

emulsion at the monomer gel point. The porosity, average pore, and pore throat size are determined 

by tailoring various parameters such as the amount of the internal phase, surfactant, and stirring speed 

during the emulsification [3]. 

Emulsions are thermodynamically unstable systems. When two immiscible liquids are mixed together 

without the stabilizing surfactant or particles, the droplet phase rapidly coalesces to minimize the 

contact area, and this causes the emulsion to separate back into its two bulk phases [3]. Surfactants 

can be used to stabilize the emulsion by locating themselves at the interface between the two liquids 

to lower the interfacial tension and prevent droplet coalescence. Hypermer B246 [114,122,153–

156]  and Span 80 [157,158] are two common non-ionic surfactants used to stabilize w/o emulsions. 

Nevertheless, the surfactant removal from the final product is a laborious and costly process that can 

require intensive washing with solvents [87]. Additionally, conventional PolyHIPEs possess small pores, 

typically 1–50 μm in size, which limits their application where the permeability is important [80], or 

where large pores can be useful, for example, for vascularization in tissue engineering applications 

[47]. 

In addition, particles can be used to stabilize the emulsion. These emulsions are termed Pickering 

emulsions. Here, particles with intermediate wettability localize at the oil/water interface. Silica oxide 

[143], titania [79], hydroxyapatite [159], and polystyrene [72] are some of the commonly used particles 

to prepare Pickering HIPEs. Particles to be used in HIPE are generally subjected to a surface 

modification such as oleic acid [66] or cetyltrimethylammonium bromide (CTAB) [73] modification to 

tune their wettability. Rather than lowering the interfacial tension, particles form a solid barrier around 

the dispersed droplets, which inhibits the coalescence of emulsion droplets [160]. The 

attachment/detachment energy of particles to/from the interface is higher compared to that of 

surfactants, which leads to superior emulsion stability in Pickering emulsions [161]. Additionally, the 
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incorporated particles may introduce further functionalities in the final PolyHIPE such as magnetic or 

light responsiveness [162] or antibacterial properties [163]. 

While particle stabilization offers several advantages over surfactant stabilization such as cost-

effectiveness, higher stability, and lower toxicity (depending on the nature of the particles [4]) and 

potentially adding functionality [162], Pickering PolyHIPEs exhibit a closed pore structure. The 

formation of pore throats, which connect pores to each other, in poly-surfactant-stabilized-HIPEs is 

attributed to rupturing of the thin monomeric film between the neighbouring droplets due to the 

polymerization-induced volume shrinkage [62] or post-polymerization treatments [28].  

Alternatively, the pore throat formation due to the depletion attraction-induced droplet/pore 

coalescence has been proposed recently [64]. According to the common view, the rigid particle shell 

around Pickering emulsion droplets increased the viscoelasticity of the continuous film separating two 

neighbouring droplets, and the consequent thicker monomeric film resists rupturing during 

polymerization or post-polymerization treatments. The absence of interconnected pores prevents 

Pickering PolyHIPEs from being used for applications such as filtration or tissue engineering that 

require the use of substrates exhibiting an open cellular morphology. To overcome this problem, there 

have been several efforts to create interconnected Pickering PolyHIPEs. Inducing volume contraction 

during polymerization is achieved either by increasing the crosslinker content or by adding a co-

monomer undergoing relatively higher shrinkage during polymerization [89,90].  This approach 

requires the addition of substances that might not be relevant or applicable to the final application of 

the PolyHIPE or requires intensive crosslinking. Using a combination of a surfactant with the Pickering 

particles is a commonly used approach to obtain interconnected PolyHIPEs [66,68,88]. However, while 

this system enables the fabrication of PolyHIPEs with large interconnected pores, the PolyHIPE will 

contain leachables, which might need to be removed. Alternatively, particle etching is demonstrated 

to obtain interconnected PolyHIPEs; however, this necessitates solvent extraction [72]. 

We aimed to prepare 2-ethylhexyl acrylate–isobornyl acrylate–trimethylolpropane triacrylate 

(EHA/IBOA/TMPTA) Pickering PolyHIPEs, where the emulsion template was stabilized by polymeric 

microparticles (IBOA/TMPTA) sharing a similar chemical composition with the continuous phase of the 

HIPE. The HIPE was successfully synthesized, and the PolyHIPE is observed to exhibit an interconnected 

porous structure. The obtained PolyHIPE was compared with PolyHIPEs where the HIPE templates 

were stabilized by Hypermer B246 and hydrophobic silica (HDK H30) morphologically. Furthermore, 

the effects of the IBOA microparticle size and concentration and the internal phase fraction were also 

investigated morphologically. We hypothesized that the interconnected porous structure of Poly-IBOA-

stabilized HIPE is due to partial but arrested coalescence of emulsion droplets, which is the 

phenomenon commonly observed in Pickering emulsions.  
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2.2.   Materials 

2-Ethylhexyl acrylate (EHA), isobornyl acrylate (IBOA), trimethylolpropane triacrylate (TMPTA), 

polysorbate 20 (Tween 20), potassium persulfate (KPS) and 2-hydroxy-2-methylpropiophenone 

(photoinitiator, PI) were purchased from Sigma-Aldrich (Poole, UK). Hypermer B246-SO-M was 

received as a sample from Croda (Goole, UK). Pyrogenic silica (HDK H30) was purchased from Wacker. 

2.3.   Methods 

2.3.1.   The Nomenclature of Samples 

Synthesized IBOA microparticles are named according to the IB-X formula where IB stands for IBOA 

and X defines the size of particles: large(L, 724 nm), medium (M, 199 nm), and small (S, 103 nm). 

PolyHIPEs are defined using the abbreviation U(W)T ,where U is the internal phase fraction, W is the 

stabilizer type, either Hypermer B246 (Hyp), IBOA (IB), ot silica (Si), and T is the stabilizer 

concentration. For example, 80(IB-L)5 defines the PolyHIPE having an 80% wt internal phase and 

stabilized by 5% wt of large IBOA particles. 80(Hyp)5 defines the PolyHIPE having an 80% wt internal 

phase and stabilized by 5% wt Hypermer B246. 

2.3.2.  Preparation of Microparticles 

IBOA microparticles were prepared by the formation of oil-in-water (o/w) emulsion, followed by its 

subsequent polymerization, as listed in Table 2.1. Briefly, the continuous phase was prepared by 

dissolving respective amounts of Tween 20 (0.09, 0.45 and 0.9 g for IB-L, IB-M and IB-S, respectively) 

in order to tune the emulsion droplet/particle size and 0.18 g of KPS in 9 g of deionized water (dH2O) 

in a glass flask at room temperature. Next, 1 g of the internal phase consisting of the 0.75 g IBOA and 

0.25 g TMPTA blend was added to 9 g of the continuous phase in a 20 mL glass flask. The ultrasonic 

processor horn was immersed approximately 2 cm deep into the mixture. The mixture was emulsified 

through sonication at 100 Watts, 30 kHz (Hielscher UP100H, Hielscher Ultrasound Technology) for a 

minute. The prepared emulsion was placed in a convection oven at 65 °C for 18 h for polymerization. 

Particles were washed with 30 mL of methanol for 15 min.  

Table 2.1: The IBOA and TMPTA ratio (% wt), Tween 20 concentration in respect to continuous water 

phase (% wt)a, KPS concentration in respect to internal organic phase (% wt)b, average particle size 

(Dp), and polydispersity index (PDI) of IBOA microparticles.  

ID 
Internal Phase Continuous Phase 

Dp (nm) PDI 
IBOA (%) TMPTA (%) Tween 20a (%) KPSb (%) 

IB-L 75 25 0.10 2 724 0.04 

IB-M 75 25 0.50 2 198 0.03 

IB-S 75 25 1.00 2 103 0.03 

https://pubs.acs.org/doi/full/10.1021/acs.langmuir.2c01243#tbl1
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The mixture was centrifuged at 14,000 RPM for 15 min, then the supernatant was removed. Particles 

were resuspended in 20 mL of water through sonication for a minute and dried at 65 °C overnight. 

2.3.3.   Preparation of EHA/IBOA PolyHIPE 

The emulsion continuous phase was prepared by mixing a monomer blend consisting of EHA (2.52 g, 

63% wt), IBOA(0.84 g, 21% wt), and the crosslinker TMPTA (0.64 g, 16% wt) in a 40 mL glass flask. The 

respective amount of the stabilizer, either Hypermer B246, IBOA microparticles, or silica nanoparticles, 

and 0.1 g of PI were added and mixed into 4 g of the monomer blend (Table 2.2). Particles were 

dispersed in the monomer phase by sonication at 100 Watts, 30 kHz for a minute. The HIPE was 

prepared by the addition of respective amounts of dH2O (12, 16 and 22.7 g for the samples of 75, 80 

and 85% porosity, respectively) dropwise using a syringe pump at 0.8 mL/min into the continuous 

phase while the mixture was being stirred using the overhead stirrer at 500 RPM (Pro40, SciQuip). The 

produced HIPE was mixed for an additional 5 minutes after all the internal phase was added. The 

produced HIPEs were poured onto a glass Petri dish (the thickness of HIPEs were ~ 1 cm) and 

polymerized through the belt conveyor UV curing system (GEW Mini Laboratory, GEW Engineering UV). 

The polymers taken out of the dish were dried in an oven at 60 °C overnight. Additionally, a low internal 

phase emulsion (LIPE) with a 33% internal phase stabilized by the above-mentioned stabilizers was 

prepared while keeping the stabilizer to internal phase ratio the same as the HIPE’s. 

Table 2.2: Density (ρ), porosity (P∅), emulsion droplet size  (Pd), polydispersity index of emulsion 

droplet size (PDI Pd), pore size (Pp), polydispersity index of pore size (PDI Pp), pore throat size (Pt), 

number of pore throats per pore (#) and degree of openness (Do) of PolyHIPEs. 

  Sample ρ (g/cm3)    P∅ Pd (μm) PDI Pd Pp (μm) PDI Pp Pt (μm)    #   Do 

 
  80(Hyp)5 1.02  78.29 10 0.25   8 0.61 6.14 16.40 0.083  

  80(IB-M)5 1.01  76.74 50 0.45   49 0.72 14.99 11.27 0.076  

  80(Si)5 0.55  57.70 80 0.28   85 0.84   N/A  N/A  N/A  

  80(IB-M)1 1.04  77.41 91 0.42   86 2.31 55.83 16.73 0.088  

  80(IB-M)10 0.98 75.26 34 0.42   21 0.93 7.49 4.46 0.026  

  80(IB-L)5 1.05 76.34 65 0.53   74 1.01 34.26 10.87 0.113  

  80(IB-S)5 1.00 75.82 39 0.35   27 0.89 11.37 3.66 0.035  

  85(IB-M)5 0.97 81.16 49 0.39   56 0.62 21.91 13.47 0.117  

  75(IB-M)5 0.96 72.43 49 0.80   54 0.81 12.49 4.73 0.033  

 

https://pubs.acs.org/doi/full/10.1021/acs.langmuir.2c01243#tbl2
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2.3.4.    Characterization 

IBOA microparticles were 8 nm thick and gold-coated and were imaged using a scanning electron 

microscope (Inspect F, FEI) where the accelerating voltage and the spot size were 5 kV and 3, 

respectively. The oarticle size of IBOA microparticles was calculated by averaging the diameter of 300 

particles measured from scanning electron microscopy (SEM) micrographs using the software ImageJ. 

The polydispersity index of particles was calculated according to the formula 

 
𝑃𝐷𝐼 = (

𝜎

𝐷𝑝
)

2

 
(1) 

where σ is the standard deviation and Dp is the average particle size. Contact angle was measured by 

the sessile drop test and analyzed using the integrated software (FTA32, First Ten Angstroms) for IB-M 

and silica particles, which were placed on a double-sided tape and squeezed with the glass slide to 

smoothen the surface, as well as EHA/IBOA/TMPTA and IBOA/TMPTA polymer films photo-

polymerized between two glass slides. 

HIPEs and LIPEs were imaged under the light microscope (CX43, Olympus), and optical micrographs 

were captured using the integrated camera (DP27, Olympus). The average emulsion droplet size was 

calculated by averaging 100 emulsion droplets measured from optical micrographs using ImageJ. 

Viscosity of HIPEs was measured on a rheometer (AR2000, TA Instruments) by using a standard steel 

cone (40 mm 2°) at 25 °C. 

The microarchitecture of PolyHIPE samples was investigated by SEM using a protocol similar to that 

used for IBOA microparticle imaging. The average pore size was calculated by averaging 250 pore 

sizes measured from SEM micrographs using ImageJ. The statistical correction factor was applied to 

reduce the error due to uneven sectioning according to the formula [3,105]: 

𝑃𝑝 =
2

√3
𝑃𝑚 

(2) 

Where Pp is the corrected average pore size and Pm is the measured. 

Number of pore throat per pore and degree of openness are calculated from SEM micrographs as well; 

15 highly interconnected pores, which are 2-2.5 times larger than the average pore size, were chosen; 

number of pore throat on each chosen pore counted and averaged to deduce number of pore throat 

per pore. Additionally, degree of openness was calculated according to the formula [3]: 

𝐷𝑜 =
∑ 𝐴𝑖

𝐴𝑝
 

(3) 

Where Do is the degree of openness, Ai is the overall surface area of pore throats on a single pore and 

Ap is the surface area of the pore. The pore surface is considered as a cap of an hemisphere.  
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The average pore throat size was measured using a mercury intrusion porosimeter (AutoPore V, 

Micrometrics), where the contact angle of mercury was 130° and the highest applied pressure was 

30.000 psi. The bulk density of cylindrically cut PolyHIPE samples was calculated by dividing the 

measured mass by calculated volume from a known geometry. The skeletal density of PolyHIPEs were 

measured using a pycnometer (AccuPyc 1340, Micromeritics). The porosity of PolyHIPEs was calculated 

according to the formula: 

𝑃∅ = (1 −
𝜌𝑠𝑑

𝜌𝑐
) 100 (4) 

Where P∅ is the porosity, ρsd is the skeletal density, ρc is the calculated density. Available particle surface 

is calculated according to the formula: 

𝐴𝑝𝑠 =
𝑁𝑝 𝑥 𝐴𝑚𝑐

𝑉𝑖𝑛𝑡
 

 

(5) 

Where Aps is the available particle surface defining the sum of the mid-circular area of particles 

dispersed in the continuous phase per volume of internal phase, Np is the number of particles in the 

continuous phase, Amc is the average mid-circular area of the given particle and Vint is the volume of 

internal phase used to prepare HIPE. 

2.4.   Results and Discussion 

2.4.1.  IBOA Microparticles 

The particles listed in Table 2.1 were successfully synthesized by the emulsion polymerization method 

and are represented in Figure 2.1. Increasing emulsifier concentrations (Tween 20) yielded reduced 

average particle size, as previously reported [164]. The diameters of the particles prepared using 0.1, 

0.5, and 1% Tween 20 were measured to be 724, 198, and 103 nm, respectively. The polydispersity 

indices of all the produced particles were between 0.03 and 0.04. Irregular shaped particles were also 

observed in IB-L. The reduced amount of the stabilizer in the emulsion system might not have 

efficiently stabilized the emulsion droplets, leading to irregular shaped particles. 
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Figure 2.1: SEM images of IBOA microparticles; IB-L (A), IB-M (B) and IB-S (C). Scale bars are 5 μm and 500 nm 

for main images and insets, respectively. 

2.4.2.   Emulsion Droplets 

80(Hyp)5, 80(IB-M)5, and 80(Si)5 HIPEs and LIPEs were successfully prepared. Microscopic evaluation 

of emulsion droplets was conducted, and the micrographs are presented in Figure 2.2. The average 

HIPE emulsion droplets sizes are 10.6, 50.7, and 80.1 μm for 80(Hyp)5, 80(IB-M)5, and 80(Si)5 HIPEs, 

respectively (Figure 2.2 A–C). Emulsion droplets of Pickering HIPEs exhibit larger pores than that of 

surfactant-stabilized emulsion droplets, as reported previously [165]. The 80(Si)5 HIPE exhibits a larger 

pore size than 80(IB-M)5, although the silica particles are smaller, 20 nm [71], than the synthesized IB-

M. The silica-stabilized emulsion also exhibits a very high viscosity (see Figure 2.3), which increases 

with the amount of the internal phase (or water uptake). Indeed, the 80(Si)5 HIPE did not show any 

significant flow when its vial was turned upside down, in contrast with the two other emulsions. This 

high viscosity also means that high water incorporation is difficult to obtain due to inefficient mixing. 

Indeed, approximately 1.2 g (or 7.5%) of water was not incorporated in the 80(Si)5 HIPE. Thus, the high 

viscosity of the HIPE also has the effect of producing larger emulsion droplets and reduced maximum 

internal phase uptake because of inefficient mixing and the consequent reduced breakdown of large 

droplets into smaller ones [160]. 

A B CIB-M IB-L IB-S

https://pubs.acs.org/doi/full/10.1021/acs.langmuir.2c01243#fig2
https://pubs.acs.org/doi/full/10.1021/acs.langmuir.2c01243#fig2
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Figure 2.2: Optical micrographs of HIPE (A-C) and LIPE (D-F) stabilized by either Hypermer B246, IB-M and silica 

nanoparticles. Scale bars are 200 μm. 

 

Figure 2.3: The viscosity of HIPE samples as a function of shear rate. 
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Partially coalesced droplets are observed in 80(IB-M)5 HIPE (Fig. 2.4 B) as observed previously and 

attributed to arrested coalescence [166,167]. Partial coalescence of multiple 80(IB-M)5 emulsion 

droplets is also observed and provided in Figure 2.4. To obtain the images of the HIPE, the emulsions 

were placed in between a glass slide and a coverslip, and this action might have induced coalescence 

in the HIPE and might not give a reliable overview on the 3D emulsion behavior. In order to image the 

organization of emulsion droplets, LIPEs were prepared while keeping the particle concentration to 

internal phase ratio the same as that for HIPEs. It was observed in optical micrographs of LIPEs (without 

placing them in between a microscope slide and a coverslip) that the IB-M-stabilized droplets form 

dense aggregates; larger droplets are covered with small droplets, and these small droplets seem to 

function as a bridging connection between the relatively larger droplets (Figure 2.2 E). A similar droplet 

aggregation was observed previously and attributed to arrested coalescence [168]. This behaviour is 

distinct from both 80(Hyp)5 and 80(Si)5 HIPEs, they do not exhibit the level of droplet aggregation 

shown in the 80(IB-M)5 LIPE.  

 

Figure 2.4: Demonstration of partial coalescence of emulsion droplets in 80(IB-M)5.The necking of emulsion 

droplets is indicated by orange arrows. Images were captured within a minute. Scale bars are 100 μm. 

The difference in droplet aggregation between 80(IB-M)5 and 80(Si)5 might be associated with the 

particle localization at the oil/water interface. However, the contact angles of IB-M and silica 

nanoparticles are very similar with values of 125.6 and 126.1°, respectively. Given that our 

measurements are a convolution of hydrophobicity and surface roughness, as induced by the 

nanoparticles, the inherent hydrophilicity/hydrophobicity of the materials tends to increase when cast 

on a surface in the nanoparticle form, as highlighted in detail in ref [169]. We measured the contact 

angle on cast films of EHA/IBOA/TMPTA (the same composition as that of the continuous phase) and 

IBOA/TMPTA (the same composition as that of IB-M) to be 63.9°. Therefore, the estimation of particle 

localization at the oil/water interface is difficult in the current experimental design. 

A B C

https://pubs.acs.org/doi/full/10.1021/acs.langmuir.2c01243#fig2
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Total stability of 80(Si)5 emulsion droplets might be due to the prevention of emulsion droplet contact 

either by total coverage of emulsion droplets by silica functioning as a mechanical barrier or resistance 

of the viscoelastic thin monomer film between emulsion droplets. For 80(IB-M)5 emulsion droplets, 

the insufficient coverage of droplets with particles can lead to initiation of coalescence but being 

arrested due to migration of the particles to the contact point (or the necking region) and jamming to 

prevent the interfacial mobility [15]. On the other hand, interparticle attraction forces might be 

another mechanism resulting in flocculated emulsion droplets. In either case, it is expected to obtain 

an interconnected porous structure upon polymerization of the 80(IB-M)5 template due to their 

flocculated state. The pore throat formation might be due to thin film rupture between neighbouring 

pores or partial but arrested coalescence of emulsion droplets. If the pore throat formation is due to 

the arrested coalescence of droplets, it is expected that observe dense particle layer surrounding pore 

throats and in-between pores is observed due to particle jamming at the necking region of these 

partially coalesced emulsion droplets. 

2.4.3.   The Effect of Stabilizer Type on PolyHIPE Morphology 

PolyHIPEs listed in Table 2.2 were successfully synthesized and morphologically investigated through 

the acquired SEM images provided in Figure 2.5. The pore sizes of PolyHIPEs are 8, 49, and 85 μm for 

80(Hyp)5, 80(IB-M)5, and 80(Si)5, in correlation with the emulsion droplet size observed under the light 

microscope. 

Interestingly, 80(IB-M)5 exhibits an interconnected porous structure which is an uncommon 

morphology for Pickering PolyHIPEs [160]. However, pore throats of 80(IB-M)5 differ from pore throats 

of 80(Hyp)5 in two ways. First, 80(Hyp)5 represents a nearly homogeneous distribution of pore throats, 

regardless of the pore size. On the other hand, 80(IB-M)5 exhibits an interconnected porous structure 

especially on the relatively larger pores together with submicron-sized pore throats. Second, relatively 

smaller pores of 80(IB-M)5 are generally closed; however, they contain submicron pore throats (Figure 

2.5 E). Additionally, pore throats observed in 80(IB-M)5 are encircled with a dense particle layer. This 

observation is considered as an indication of pore throat formation due to partial but arrested 

coalescence of emulsion droplets. While 80(Si)5 does not exhibit pore throats, thinned pore walls are 

occasionally observed. Thinned regions of the pore walls are considered susceptible regions for pore 

throat formation during post-processing and commonly observed in Pickering PolyHIPEs [165,170]. 
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Figure 2.5: SEM images 80(Hyp)5, 80(IB-M)5 and 80(Si)5 focusing on porous structure (A-C) and interface (D-E). 

Images from same region, one focusing on pore throat and the other focusing on the interface are merged (E). 

Scale bars are 250 μm (A-C) and 5 μm 

Furthermore, a thin polymer film separating two neighbouring pores is observed in 80(Hyp)5 (Figure 

2.5 D) and 80(Si)5 (Figure 2.5 F) but is absent between the highly interconnected pores of 80(IB-

M)5 (Figure 2.5 E). Instead, there is a curved pore–pore junction, which is delineated by a dense particle 

layer. The similarity between pore throats and the pore–pore junction leads us to conclude that any 

pore throat in the SEM results in a pore–pore junction (which is a throat in the transverse view). 

Additionally, micron-sized pores are observed in close proximity to the larger pores. These micron-

sized pores correlate to the bridging emulsion droplets observed in LIPEs. Therefore, it is concluded 

that the conventional pore throats are due to partial coalescence of emulsion droplets, whose further 

coalescence was arrested by the dense particles jamming the necking region of droplets, and 

submicron openings on the pore surface are due to partial coalescence of micron-sized droplets. 

2.4.4.   IBOA Microparticle Stabilized PolyHIPEs 

Assuming that the interconnected porous structure observed in 80(IB-M)5 is due to the partial and 

arrested coalescence of emulsion droplets, it is expected to observe increased interconnectivity as the 

available particle surface to stabilize the internal phase decreases; the more particle-free regions on 

emulsion droplets would be available for droplets to contact. The available particle surface is defined 
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https://pubs.acs.org/doi/full/10.1021/acs.langmuir.2c01243#fig3
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as the particle mid-circular area in a given weight fraction per volume of the internal phase. Therefore, 

80(IB-M)5 is chosen as a control, and the available particle surface is reduced by decreasing the particle 

concentration [80(IB-M)1, 0.19 cm–1], increasing the particle size [80(IB-L)5, 0.27 cm–1], and increasing 

the internal phase fraction [85(IB-M)5, 0.66 cm–1]. Samples were compared with their higher available 

particle surface counterparts; 80(IB-M)10 (1.88 cm–1), 80(IB-S)5 (1.88 cm–1), and 75(IB-M)5 (1.25 cm–1). 

SEM images demonstrating the porous structure of prepared PolyHIPEs are represented in Figure 2.6. 

The average pore size of PolyHIPEs increases as the particle concentration reduces (Fig. 6 A, B) [67] or 

particle size increases (Fig. 2.6 C, D) [171], in accordance with the previous reports. The average pore 

throat size, number of pore throat per pore and the degree of openness increased in samples with the 

low particle availability.  

 

Figure 2.6: SEM images of PolyHIPEs stabilized by IBOA microparticles demonstrating the overall porous 

structure. Scale bars are 250 μm. 

Interestingly, the internal phase fraction did not significantly affect the pore size when the internal 

phase fraction was increased from 75 to 85% (Fig. 2.6 E, F). This result contradicts with the previous 

reports, where the increase in internal phase fraction leads to increased pore size due to limited 

coalescence phenomenon; the complete coalescence of emulsion droplets to reach total surface 

coverage  [91,124].  
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85(IB-M)5 75(IB-M)5

5
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There can be two arguments to explain the unaffected pore size as the internal phase fraction is 

increased: (1) there might be a sufficient number of particles to stabilize the increased internal phase 

fraction. In this case, the reduction in pore size as the particle concentration is increased [80(IB-M)5 vs 

80(IB-M)10] would not be observed. However, as shown in Table 2.2, an increase in particle 

concentration from 5% to 10% reduces the average pore size. Alternatively, (2) the HIPE might not take 

up the increased internal phase fraction. In this case, there should not be a porosity difference 

between 75(IB-M)5 and 85(IB-M)5. However, the porosity increased from 72.43 to 81.16 as the internal 

phase fraction is increased from 75 to 85%. Additionally, according to mercury intrusion 

measurements, the total pore surface areas are 26, 27, and 26 m2/g, while the total pore volumes are 

2.88, 3.61, and 4.98 mL/g for the internal phase fractions 75, 80, and 85%, respectively. On the other 

hand, the interconnectivity is increased, as deduced from the increase in the average pore throat size, 

number of pore throats per pore, and degree of openness as the internal phase fraction is increased 

from 75 to 85% (Table 2.2). This finding is considered as another supporting fact for the formation of 

interconnected porous structures due to arrested coalescence. Since the weight percentage of 

particles used are the same, they can stabilize the same amount of interfacial area. Insufficiency of 

particles as the internal phase fraction is increased allows a higher number of emulsion droplets to 

partially coalesce. Since the interfacial area of partially coalesced droplets is lower than two separate 

droplets, the interfacial area is balanced due to partial coalescence without significantly affecting the 

pore size but increasing interconnectivity.  

SEM images focusing on the microarchitecture of PolyHIPEs are provided in Figure 2.7. Similar to 80(IB-

M)5; particle covered interconnects (Fig. 2.7 A, E), pore-pore junction similar to pore throat (Fig. 2.7 

C), micron sized pores (Fig. 2.7 B-D, F) and submicron pore throats. The continuous polymer film 

separating two pores is occasionally observed in 80(IB-M)10 and 80(IB-S)5 (Fig. 2.7 B, D), in correlation 

with the reduced interconnectivity compared to other IB PolyHIPEs.  

 

https://pubs.acs.org/doi/full/10.1021/acs.langmuir.2c01243#tbl2
https://pubs.acs.org/doi/full/10.1021/acs.langmuir.2c01243#tbl2
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Figure 2.7: SEM images of PolyHIPEs stabilized by IBOA microparticles focusing on pore surface and interfaces. 

Scale bars are 5 μm. 

Micron-sized pores are observed in all samples, but their frequency varies. However, it is hard to 

evaluate them quantitatively. While the formation of submicron pore throats is also attributed to 

partial coalescence of micron-sized pores, particle leaching from the pore surface might be another 

mechanism or a co-mechanism to induce their formation. Mercury intrusion was used to evaluate if 

submicron pore throats connected pores to each other. It has previously been reported that mercury 

intrusion provides a pore throat distribution rather than a pore size in PolyHIPEs [105] . The presence 

of submicron pore throats can be seen in Figure 2.8. A bimodal pore throat size distribution is observed 

in high particle availability samples; 80(IB-M)10, 80(IB-S)5, and 75(IB-M)5. 
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Figure 2.8: Pore throat diameter (μm) as a function of log differential intrusion (ml/g) obtained from mercury 

intrusion porosimeter for the samples where the particle concentration (A), particle size (B) and internal phase 

fraction (C) is tuned. 

Alternatively, the effect of leftover or adsorbed Tween 20 to the particle surface on the PolyHIPE 

morphology is also considered. Tween 20 is a surfactant with a high hydrophilic–lyophilic balance 

(16.7), which preferentially stabilizes oil-in-water emulsions. Indeed, Tween20 does not stabilize 

EHA/IBOA PolyHIPEs and any high-water-ratio emulsions rapidly experience phase inversion. The 
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production of polymer spheroids due to subsequent polymerization of double emulsions (oil-in-water 

type within the water droplets) has been reported previously [124,165]. Thus, as these artifacts were 

not observed, any effects of potential leftover Tween 20 after washing can be discarded. On the other 

hand, Tween 20 might be adsorbed onto the particle surface and affect their wettability and associated 

localization.  

In order to evaluate if the Tween 20 adsorbs on the particles and affects the PolyHIPE morphology, 

emulsifier-free particles were synthesized. This was performed by immediate photopolymerization 

after emulsification via sonication since the oil droplets have a tendency to coalesce in the absence of 

a surfactant. These particles were used to prepare PolyHIPEs using the same recipe as that used to 

prepare the poly-IBOA-stabilized HIPEs. Similar morphological features were observed, as previously 

discussed, such as pore throats (Fig. 2.9 B), particle layers surrounding the pore throats (Fig. 2.9 C), 

and no thin polymer film separating the pores but instead a dense layer of particles (Fig. 2.9 D), 

indicating that the effect of any absorbed Tween20 is minimal on the final PolyHIPE morphology. On 

the other hand, the submicron pore throats or pore throats at the scale of the stabilizing particles are 

not observed. This observation eliminates the possibility of their formation due to particle leaching. 

 

Figure 2.9: SEM images of IBOA particles prepared through photopolymerization without surfactant (A), 

PolyHIPE synthesized when the emulsifier-free particles were used as a sole stabilizer; overall porous structure 

(B), the pore throat (C) and pore interface (D). 

While the particle size, particle concentration, and internal phase fraction affect the HIPE in a complex 

manner, the results obtained in these experiments can be simplified and demonstrated in Figure 2.10; 

when the emulsion is particle-insufficient, the frequency of droplet contact is increased. Particles 

migrate to the necking region between droplets to arrest further the coalescence of droplets. Due to 

the scarcity of particles, micron-sized droplets cannot be stabilized; thus, they coalesce. Consequently, 

PolyHIPEs with a larger pore size, a high number of interconnects, a reduced number of micron-sized 

pores, and associated submicron interconnects are produced (0.19–0.66 cm–1). An increase in particle 

availability first manifests itself as a loss of interconnects due to reduced particle free regions on 

emulsion droplets rather than affecting the emulsion/pore size, as observed upon decreasing the 

A B C D

https://pubs.acs.org/doi/full/10.1021/acs.langmuir.2c01243#fig7
https://pubs.acs.org/doi/full/10.1021/acs.langmuir.2c01243#fig8
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internal phase fraction from 85 to 75% (0.66–1.25 cm–1). A further increase in the available particle 

surface leads to efficient stabilization of smaller droplets as well as micron-sized droplets. Efficient 

coverage of emulsion droplets prevents their partial coalescence; however, particle-covered-micron 

sized droplets either function as a stabilizer or their partial coalescence leads to the induction of 

submicron pore throats (1.25–1.88 cm–1). 

 

Figure 2.10: The schematic demonstration of proposed pore throat formation due to arrested coalescence. 

2.5.   Conclusion 

In this study, the formation of interconnected porous Pickering PolyHIPEs with a bimodal pore throat 

size distribution is demonstrated without any surfactant and/or particle surface modification. The 

interconnected porous structure is attributed to arrested coalescence and supported by morphologic 

similarities between pore throats and the pore–pore junctions, where both are covered by a dense 

particle layer. To the best of our knowledge, this is the first time that pore throat formation due to 

arrested coalescence in PolyHIPEs has been demonstrated. Such PolyHIPEs can be used when the 

purity of the material is important since the stabilizer has the same composition as that of the material 

itself. Additionally, due to tunable openness and the larger pore size, as compared to that of poly-

surfactant-stabilized-HIPEs, these structures will likely find interesting new applications as tissue 

engineering scaffolds. Additionally, the existence of a bimodal distribution of pore throats (micron and 

sub-micron) might have interesting consequences for mass transport in these porous materials and 

might lead to new filtering devices, insulation materials, or absorbent foams for environmental 

• Coalescence of smaller droplets
• Increased pore size
• Increased number of interconnects
• Reduced number of submicron interconnects

• Stabilization of smaller droplets
• Reduced pore size
• Reduced number of pore throats
• Increased number of submicron pore throats

IBOA microparticles

Water droplets

Migration of particles

Increased Available Particle 
Surface
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applications. On the other hand, the effect of interparticle and monomer–particle interactions, the 

forces during the polymerization such as volume shrinkage or depletion attraction on partial 

coalescence of pores, and the applicability of this method to other systems have not been elucidated 

yet. 
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Abstract 

This study investigates the use of submicron polymeric 

particles with varying crosslinking densities as the sole 

stabilizer for producing Polymerized High Internal Phase 

Emulsions (PolyHIPE). We establish a direct correlation 

between the crosslinking density and the hydrophilicity of the 

polymer particles. The hydrophilicity of these particles 

significantly influences the morphology and rheology of 

HIPEs. These differences manifest as various morphological 

variations in the resulting PolyHIPE templates. It was 

discovered that by increasing the crosslinker weight 

percentage in the particles from 0 to 100%, PolyHIPEs with semi-open, open, and closed porous 

structures can be obtained. Furthermore, non-crosslinked particles were observed to dissolve in the 

continuous phase, acting as macromolecular surfactants that generate small pores akin to surfactant-

stabilized structures in PolyHIPE. These findings offer fresh insights into the relationship between 

particle localization at the interface, HIPE rheology, and the formation of pore throats in Pickering 

PolyHIPEs, leading to the creation of either closed or open porous networks. Additionally, interfacial 

rheological results demonstrate that particles synthesized with varying monomer-to-crosslinker ratios 

exhibit different interfacial elasticities, which are linked to PolyHIPE morphology 

Keywords: Pickering emulsions, rheology, arrested coalescence, particles, HIPE, PolyHIPE 
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3.1.  Introduction 

Polymerized High Internal Phase Emulsions (PolyHIPEs) are highly porous polymeric materials created 

using the emulsion templating method. This method relies on the production of a stable emulsion and 

its subsequent polymerization, which requires the use of emulsion stabilizers. Traditionally, surfactants 

serve as the stabilizers for the emulsion, resulting in templates with small pores (1-50 μm) and 

interconnected pore throats that connect adjacent pores. [105,172]. Alternatively, colloidal particles 

can be employed to stabilize emulsions, known as Pickering emulsions. Since the successful production 

of Pickering PolyHIPEs in 2007 by Menner et al. [28], there has been a growing interest in replacing 

surfactants with colloidal particles due to their efficiency in emulsion stabilization [12,13] and their 

functional properties [83,125]. Pickering PolyHIPEs are recognized for their larger pore sizes compared 

to conventional PolyHIPEs but lack pore throats [68,69,74]. Although the formation of pore throats in 

PolyHIPEs has not been fully elucidated, the closed porous structure of Pickering PolyHIPEs is 

attributed to a thick interfacial polymer film that separates neighboring pores, unlike conventional 

PolyHIPEs, which resist rupturing during or after polymerization [66,75]. While a closed cellular 

morphology is advantageous in applications requiring encapsulation, it limits their use in applications 

where an interconnected porous structure is necessary. For instance, applications involving diffusion, 

mass transfer, or cell ingrowth require such interconnected porous structures [173–175].  

While Pickering PolyHIPEs are often associated with their closed cellular morphology, there have been 

a few reports demonstrating an interconnected pore structure. For instance, to achieve a stable 

Pickering HIPE, colloidal particles are typically subjected to surface modifications to adjust their 

hydrophilicity. This enables the particles to be situated at the oil/water interface and serve as emulsion 

stabilizers. Several reports have shown that the degree of surface modification influences the 

openness of the resulting templates, ranging from closed to interconnected porous structures 

[73,93,95]. Additionally, Zhang et al. reported that the use of sulfonated styrene particles as a HIPE 

stabilizer results in open and closed cellular morphologies when the continuous phase consists of butyl 

acrylate and styrene, respectively [96]. Assuming that particle-monomer interactions are minimal in 

the mentioned studies, both the degree of surface modification of particles and changes in the 

hydrophilicity of the continuous phase are factors influencing particle localization at the oil/water 

interface. Therefore, we hypothesize that the localization of particles at the oil/water interface can be 

a determining factor in the openness of Pickering PolyHIPEs. 

The 2-ethylhexyl acrylate/isobornyl acrylate/trimethylolpropane triacrylate (EHA/IBOA/TMPTA) blend 

is a commonly used monomer blend for PolyHIPE production due to its tunable mechanical properties 

and ease of manufacture. EHA/IBOA/TMPTA PolyHIPEs have found applications in various fields, such 



84 
 

as protein immobilization [176], serving as scaffolds for bone tissue engineering [114] and in the 

development of microfluidic devices for osteogenesis-on-a-chip [177]. Recently, two noteworthy 

developments have further enhanced the utility of EHA/IBOA/TMPTA PolyHIPEs as model porous 

materials. First, a straightforward method for surface functionalization via orthogonal photo click 

chemistry has been established [178]. Second, the successful formulation of HIPE-based resin for vat 

polymerization with commercial 3D printers has been achieved [179] which was further coated with 

nickel to obtain highly porous metal-based lattice structures [180]. Given the simplicity of 

manufacturing these PolyHIPEs, they can also serve as model systems for advancing our understanding 

and testing new hypotheses in emulsion templating. 

Recently, we explored the use of IBOA/TMPTA microparticles as the sole HIPE stabilizer to produce an 

open cellular morphology in EHA/IBOA/TMPTA Pickering PolyHIPEs. This observation led us to propose 

a new mechanism for pore throat formation in Pickering PolyHIPEs: the partial but arrested 

coalescence of emulsion droplets. Additionally, we investigated the impact of the internal phase ratio, 

particle size, and particle concentration on PolyHIPE morphology and openness [65]. However, we did 

not evaluate the effect of particle hydrophilicity on this proposed mechanism. In this study, we aim to 

investigate the influence of particle hydrophilicity on HIPE morphology, rheology, interfacial 

viscoelasticity of the emulsions, and Pickering PolyHIPE morphology. We achieved this by using 

particles with varying compositions of TMPTA, ranging from 100% IBOA to 100% TMPTA. Tuning the 

TMPTA concentration in the particles allows us to modulate their hydrophilicity, as TMPTA is inherently 

hydrophilic. This approach enables us to examine the impact of particle hydrophilicity on the 

aforementioned parameters without requiring additional surface modifications. 

3.2.  Materials 

EHA, IBOA, TMPTA, polysorbate 20 (Tween 20), potassium persulfate (KPS), and 2-hydroxy-2-

methylpropiophenone (photoinitiator, PI) were purchased from Sigma-Aldrich (Poole, UK). 

3.3.  Methods 

3.3.1.  Nomenclature of Samples 

The particles are designated with codes like IBxTMy, where x and y represent the weight percentages 

of IBOA and TMPTA used in particle synthesis, respectively. The prefix before the particle code, either 

(h) or (p), indicates whether it's associated with HIPE or PolyHIPE, respectively. For instance, 

(p)IB75TM25 signifies a PolyHIPE templated from an emulsion stabilized by particles containing 75% wt 

IBOA and 25% wt TMPTA. 
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3.3.2.  IBOA Microparticle Synthesis 

The particles were prepared as outlined in section 2.3.3. The continuous phase was created by 

dissolving 0.5% wt of Tween 20 (0.9 g) and 0.2% wt of KPS (0.36 g) in 18 g of dH2O, using magnetic 

stirring at 500 RPM for 5 minutes. Subsequently, 2 g of the internal phase, consisting of an IBOA/TMPTA 

blend, and 18 grams of the continuous phase were combined in a 40 mL plastic tube. The emulsion 

was formed by subjecting this mixture to ultrasonication at 100 Watts and 30 kHz using an 

ultrasonicator (Hielscher UP100H, Hielscher Ultrasound Technology) for 2 minutes. The resulting 

emulsion droplets were thermally polymerized in a convection oven at 65 °C for 16 hours. The polymer 

particles obtained were washed with 30 mL of methanol and then centrifuged at 14,000 RPM for 15 

minutes. This washing process was repeated twice. After removing the methanol, the particles were 

suspended in 40 mL of water and dried in a convection oven at 65 °C for 24 hours. 

3.3.3.  Preparation of PolyHIPE 

The continuous phase was prepared by mixing 4 grams of EHA/IBOA/TMPTA (63/21/16% wt) and 0.2 

grams of IBOA/TMPTA particles through ultrasonication at 100 Watts and 30 kHz for a minute. 

Subsequently, 0.1 grams of photoinitiator were added to the monomer/particle mixture. The internal 

phase, consisting of 16 grams of deionized water, was added to the continuous phase using a syringe 

pump operating at a rate of 0.8 mL/min, while the system was mixed at 500 RPM (Pro40, SciQuip). 

During the emulsification process, the rotor blade was continuously adjusted to the top position as the 

emulsion volume increased. All the HIPEs were prepared within a span of 24 minutes. The resulting 

HIPEs were transferred to a glass petri dish (the thickness of HIPE was ~ 1 cm) and polymerized using 

a belt conveyor UV curing system (GEW Mini Laboratory, GEW Engineering UV) within one minute. 

3.3.4.  Preparation of Thin Films 

Thin films were prepared with the same composition of particles for conducting water contact angle 

measurements. One gram of monomer blends was mixed with 0.025 g of PI. The monomer blend was 

squeezed between two glass slides and photopolymerized using the UV curing system. 

3.3.5.  Characterization 

The IBOA/TMPTA particles were mounted onto double-sided carbon tape and coated with an 8 nm 

thick layer of gold. Subsequently, the particles were imaged using a scanning electron microscope 

(Inspect F, FEI) with a 5 kV accelerating voltage and a 3 μm spot size. The sizes of 200 particles were 

manually measured from the SEM images using ImageJ software. The polydispersity index of the 

particles was calculated using the following formula: 
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𝑃𝐷𝐼 = (
𝜎

𝐷𝑝
)

2

 
(1) 

Where 𝜎 is the standard deviation of droplet size and 𝐷𝑝is the average droplet size. 

A sessile drop test was performed to measure the water contact angle on polymer films with the same 

particle composition cast onto a glass slide. Glass slides were positioned on a flat surface, and images 

were captured using a smartphone (RedMI 10, Xiaomi) mounted on a tripod from a distance of 

approximately 2 cm from the samples. The images were subsequently analyzed using ImageJ software, 

with the assistance of the LB-ADSA plugin [181]. The average emulsion droplet size was determined by 

measuring the diameter of 100 droplets using ImageJ software. These measurements were taken from 

optical micrographs (CX43, Olympus) of freshly prepared HIPEs. 

To deduce the molecular weight of the dissolved IBOA, we employed gel permeation chromatography 

(GPC) (Viscotek GPCmax VE 2001, Malvern Panalytical). The IB100TM0 particles were first dissolved in 

the continuous phase, and the mixture was then centrifuged at 14,000 RPM for 5 minutes to collect a 

gel-like IBOA. This collected gel-like IBOA was subsequently mixed with tetrahydrofuran (THF) before 

conducting the GPC measurement. For the dissolved IB100TM0 particles, 1H nuclear magnetic 

resonance (NMR) spectra were recorded using an NMR spectrometer (Avance AVIII 400 MHz NMR, 

Bruker) operating at 400.13 MHz. A 30° pulse for excitation was used, with 64 k acquisition points over 

a spectral width of 20 ppm, 16 transients, and a relaxation delay of 1 second. 

The rheological tests included step flow and frequency sweep tests, which were conducted using a 

rheometer (AR2000, TA Instruments) with a cross-hatched steel plate (60 mm, 2°) at 25 °C. The applied 

shear rate ranged from 10 to 0.1 s-1 during the step flow test, and the frequency ranged from 10 to 0.1 

Hz during the frequency sweep test. The skeletal density of PolyHIPEs was characterized using a 

pycnometer (AccuPyc 1340, Micromeritics). The porosity (𝑃∅)  of the samples was determined by 

subtracting the skeletal density (𝜌𝑠𝑑) from the calculated bulk density (𝜌𝑐) using the following formula 

[182]: 

𝑃∅ = (1 −
𝜌𝑠𝑑

𝜌𝑐
) 100 (2) 

The bulk density (𝜌𝑐) was calculated based on a cylindrically molded EHA/IBOA/TMPTA monolith, 

which had a composition similar to the continuous phase of the HIPEs. This value was then used to 

determine the porosity according to Equation 2. 

To characterize the pore size of the PolyHIPEs, the diameter of 200 pores was measured from SEM 

images obtained using the same procedure as for the SEM imaging of particles. Since the PolyHIPE 

samples contain micron-sized pores, they were excluded from the measurement by acquiring images 
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at lower magnifications (500x for (p)IB100TM0 and 100x for the remaining samples). This was achieved 

by laser cutting the samples, which caused the polymer to melt and eliminated the smaller features. 

Additionally, a statistical correction factor was applied to reduce errors introduced during uneven 

sectioning of pores [3,51]. The median pore diameter, obtained from the mercury intrusion 

porosimeter (AutoPore V, Micrometrics), was used as the average pore throat size of the samples. This 

is because the pore size provided by the mercury intrusion porosimeter corresponds to the pore throat 

size in PolyHIPEs [105]. 

The dilatational rheology of the particle-adsorbed oil-water interface was characterized using an 

optical tensiometer (Attension KSV Instruments, Biolin Scientific) at room temperature. The pendant 

drop of the aqueous phase was oscillated in the continuous phase containing IBOA/TMPTA particles at 

various frequencies (0.05-0.5 Hz) to obtain measurements of interfacial tension variation. Since 0.2 g 

of IBOA/TMPTA particles, as used in the emulsion formulation, resulted in the continuous phase 

turning white and limited the observation of the pendant drop, a reduced quantity of 0.001 g of 

IBOA/TMPTA particles was used for all cases. Figure 3.1 shows the transparent oil phase both without 

and with 0.0005 g and 0.001 g of IB0TM100 particles. The amplitude was kept constant for all 

measurements. 

Figure 3.1: Clear and transparent continuous phase without adding IBOA/TMPTA particles(A); continuous phase 

containing 0.0005 g of particle IB0TM100 (B); and continuous phase containing 0.001 g of particle IB0TM100 (C1-

C2). 

3.4.  Results and Discussion 

3.4.1.  IBOA Microparticles 

SEM images of IBOA microparticles prepared through ultrasound-assisted emulsion polymerization are 

presented in Figure 3.2. The particle size gradually increased from 199 to 211 nm as the TMPTA content 

in the particles increased from 0% to 50%. A further increase in TMPTA content resulted in a reduction 

in the average particle size, reaching 145 nm for IB25TM75 and 60 nm for IB0TM100 (Fig. 3.3 A). In 

contrast, the PDI of the particles gradually increased as the TMPTA content increased, peaking at 
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IB25TM75 and then reducing to 0.12 in IB0TM100. Additionally, although the particles were 

predominantly spherical, complex nonspherical particles were occasionally observed, especially in 

IB50TM50 and IB25TM75. Similar amorphous-shaped particles were previously observed in a blend of 

styrene, methyl methacrylate, and acrylic acid and were attributed to the incompatibility between 

constituents and subsequent phase separation [149]. Given that TMPTA is a water-miscible and 

relatively hydrophilic component of the organic mixture, a similar mechanism might have contributed 

to increased PDI, particularly in IB25TM75, and the formation of nonspherical shapes. 

 

Figure 3.2: SEM images of particles with various IBOA and TMPTA content: IB100TM0 (A), IB75TM25 (B), IB50TM50 

(C), IB25TM75 (D) and IB0TM100 (E). Scale bars are 2 μm. 

 

A B CIB75TM25IB100TM0 IB50TM50

D EIB25TM75 IB0TM 100
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Figure 3.3: The size and polydispersity index of IB-TM particles (A). The contact angle measurement of the thin 

polymeric film shares a similar composition with the IB-TM particles (B).  

Contact angle measurements on a thin polymer film, which shares the same composition as the 

particles, were conducted and are presented in Figure 3.3 B. These water contact angle measurements 

were performed on a polymer film instead of on the particles themselves to eliminate the influence of 

surface roughness on the water contact angle. The increase in TMPTA content in the polymer 

composition led to a reduction in the contact angle, decreasing from 93.5o (IB100TM0) to 54.0o 

(IB0TM100). The ability to adjust the water contact angle of the particles by varying the IBOA/TMPTA 

content allows for the investigation of particle hydrophilicity's impact on HIPE/PolyHIPE morphology 

without the need for surface modifications. 

3.4.2.  HIPE 

3.4.2.1.  The Continuous Phase 

After the particles were dispersed in the continuous organic phase through sonication, the continuous 

phase transformed into an opaque whitish liquid, indicating the formation of a suspension. However, 

the dispersion of IB100TM0 resulted in a transparent liquid with an observed increase in the viscosity of 

the continuous phase compared to other particle-dispersed continuous phases (Fig. 3.4 A). It is known 

that the viscosity of particle dispersions increases with particle concentration due to heightened 

interparticle interactions [29,165] However, in this case, only the IB100TM0 dispersion exhibited a 

noticeable increase in viscosity, even though the particle concentration and average particle size were 

similar to IB75TM25 and IB50TM50. This phenomenon aligns with the observations made by Tu et al., 

where a transparent-colored continuous phase with increased viscosity was previously noted when 

non-crosslinked styrene particles were dispersed in a styrene solution. This effect was attributed to the 

BA
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swelling of particles within the continuous phase [72]. However, since IB100TM0 is not crosslinked, there 

is also the possibility that it might dissolve in the organic phase. To assess the dissolution of non-

crosslinked IBOA, two cylindrical polymer monoliths were synthesized through free-radical 

polymerization (similar to PolyHIPE synthesis) with a composition similar to that of IB100TM0 and 

IB75TM25. These monoliths were kept in the EHA/IBOA/TMPTA mixture. The IB100TM0 polymer cylinder 

completely dissolved within the organic mixture within 2 days (Fig. 3.4 B). 

 

Figure 3.4: The particle dispersion in the continuous phase after being sonicated for a minute; IB100TM0, IB75TM25, 

IB50TM50, IB25TM75, and IB0TM100 from left to right (A). Polymeric cylinders with the exact composition of IB100TM0 

and IB75TM25 in the continuous phase demonstrate the dissolution of non-crosslinked cylinders within 2 days (B). 

3.4.2.2.  HIPE Stability and Droplets 

The HIPEs were successfully prepared, and digital micrographs are presented in Figure 3.5. A portion 

of the HIPEs was photopolymerized, while the remainder was kept at room temperature to observe 
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emulsion stability. Within 15 minutes after preparation, visible large emulsion droplets were observed 

in (h)IB25TM75. Furthermore, (h)IB25TM75 experienced sedimentation and emulsion droplet 

coalescence within a week. This was an intriguing observation, as emulsions stabilized by particles with 

lower TMPTA content (IB50TM50) and higher TMPTA content (IB0TM100) did not exhibit observable 

emulsion instability for a week. Additionally, (h)IB100TM0 and (h)IB50TM50 only began to show 

sedimentation after 5 weeks. 

 

Figure 3.5: Digital images of (h)IB100TM0, (h)IB75TM25, (h)IB50TM50, (h)IB25TM75, and (h)IB0TM100 from left to right 

at Day 0, 7, and 35. 

HIPEs were imaged under a light microscope, and the optical micrographs are presented in Figure 3.6. 

The average emulsion droplet sizes are provided in Table 3.1. It has been previously reported that 

emulsion droplet size correlates with particle size [171]. However, the emulsions in this experimental 

setup do not conform to this rule. (h)IB100TM0 exhibited significantly smaller emulsion droplets with 

an average size of ~14 μm, despite the particle size of IB100TM0 being similar to IB75TM25 and IB50TM50. 

Such small emulsion droplets are typically observed in surfactant-stabilized HIPE emulsions.  
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Figure 3.6: Optical micrographs of HIPEs stabilized by IB-TM particles demonstrating the emulsion droplet size 

and the droplet shape. Scale bars are 200 μm. 

Table 3.1: Skeletal density (𝜌𝑠𝑑), porosity (P∅), emulsion droplet size (d), polydispersity index of emulsion droplet 

size (PDI d), pore size (Pp), polydispersity index of pore size (PDI Pp), pore throat size (Pt), and relative pore throat 
size (Pt/Pp) of PolyHIPEs. 

Sample ρsd (g/cm3) P∅ d (μm) PDI d Pp (μm) PDI Pp Pt (μm) Pt / Pp 

 
(p)IB100TM0 0.94 75.04 14.32 0.40 23.68 0.34 3.31 0.14  

(p)IB75TM25 1.03 77.49 44.82 0.39 72.12 0.40 17.37 0.24  

(p)IB50TM50 1.03 77.72 58.12 0.58 79.21 0.44 23.29 0.29  

(p)IB25TM75 1.02 78.58 114.09 1.02 148.36 1.22 58.27 0.39  

(p)IB0TM100 0.33 28.64 146.57 0.40 205.46 0.42 N/A N/A  

 

This discrepancy may be attributed to the dissolution of IB100TM0 particles within the continuous 

phase, where they function as a macro-molecular surfactant rather than a typical Pickering stabilizer. 

Consequently, (h)IB100TM0 should be evaluated separately from the rest of the samples. Additionally, 

the smallest particle, IB0TM100, produced emulsions with the largest average droplet size of 146 μm. 

This is intriguing since previous reports have shown that emulsion droplet size correlates well with 

various sizes of IB75TM25 particles (ranging from 100 to 700 μm) [65]. The highest PDI of emulsion 

droplets was observed in (h)IB25TM75, approximately equal to 1. The reduced uniformity of emulsion 
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droplets in (h)IB25TM75 might be due to a combination of the high PDI of IB25TM75 particles and the 

reduced stability of the HIPE. Furthermore, emulsion droplets in all samples appear spherical, except 

for (h)IB0TM100, which exhibits deformed spherical emulsion droplets, typically observed in Pickering 

HIPEs (Fig. 3.6 E). 

3.4.2.3.  Rheology of HIPE 

The rheological properties of the samples were measured, and the analyzed results are presented in 

Figure 3.7. The frequency sweep results (Fig. 3.8) clearly indicate that all samples exhibit G' > G" at all 

frequencies, confirming solid-like behaviour, as expected for HIPEs with a unimodal droplet size 

distribution [183]. The viscosity of HIPE samples as a function of shear rate is provided in Figure 3.4 A. 

An increase in TMPTA content from 25% to 75% in the particles results in a reduction in viscosity. This 

trend is expected since the increase in emulsion droplet size leads to a decrease in viscosity when the 

internal phase volume of the HIPEs remains the same [3,29]. However, IB0TM100 exhibits the highest 

viscosity despite having the largest emulsion droplets (Fig. 3.7 A). The observed increase in viscosity 

for (h)IB25IB75 between 1-10 s-1 is attributed to phase separation of the sample during the 

measurement. This is because this particular sample is less stable compared to the other HIPE samples. 

 

Figure 3.7: The viscosity of HIPE samples as a function of shear rate obtained from step flow test (A) and, 

scaled elastic modulus (G’) and yield stress (σ) of HIPE samples obtained from frequency sweep test (B). 

A B
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Figure 3.8: The frequency sweep test conducted on HIPE samples and the dependence of G’ and G’’ on 

oscillation frequency is plotted. 

The elastic properties of HIPEs scale with Laplace pressure, which is calculated as the interfacial tension 

divided by the droplet size. This holds true when the contribution of interdroplet interaction and 

interfacial rheology to bulk elasticity is negligible [41]. The prepared HIPEs have relatively large droplet 

sizes, on the order of tens of micrometers, where the effect of interdroplet interaction is very 

negligible. Determining the effective interfacial tension when particles are at the interface is not 

straightforward. Therefore, we compare the elastic properties by scaling them with droplet size, as 

shown in Figure 3.4 B. In other words, we divide the shear modulus (obtained from the G' plateau in 

frequency sweep data) and yield stress (obtained by fitting the Herschel-Bulkley model) by droplet size 

to better illustrate the effect of interfacial phenomena. To draw a meaningful conclusion, (h)IB100TM0 

should be excluded from the comparison due to the dissolution of particles in the continuous phase. 

For samples with stable particles, the trend is not monotonic. (h)IB0TM100 exhibits the highest scaled 

shear modulus and yield stress among the Pickering HIPE samples, indicating that the effective 

interfacial tension in this sample is the highest and/or the interfacial rheology is responsible for the 

observed trend. This observation is further discussed in Section 3.4.4. and attributed to the effective 

interfacial tension. 

It is well-established that under similar experimental conditions, Pickering HIPEs exhibit higher 

viscosity compared to surfactant-stabilized HIPEs due to attractive interparticle interactions, excluded 

volume effects, and attractive lateral capillary interactions [43]. Additionally, previous reports have 

shown that Pickering HIPEs have elastic moduli that are several orders of magnitude higher than 

surfactant-stabilized HIPEs [43,184]. In our previous work, we examined the rheological behavior of 
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HIPEs stabilized by Hypermer B246 (a surfactant), IB75TM25, and silica (a commonly used colloidal 

stabilizer). We found that Hypermer B246 and IB75TM25 stabilized HIPEs exhibited comparable viscosity, 

while silica-stabilized HIPEs had higher viscosity despite having significantly larger droplet sizes than 

both Hypermer B246 and IB75TM25-stabilized HIPEs. The distinctive properties of (h)IB75TM25 and its 

atypical morphology (interconnected porous) were attributed to the localization of particles at the 

interface. IB75TM25 particles were predominantly observed around the pore throats in the PolyHIPE, 

rather than being distributed on the pore surface. Therefore, we concluded that the prevention of 

coalescence of emulsion droplets was not due to the typical particle shielding of droplets but rather 

the jamming of particles at the necking region of initially coalesced emulsion droplets. This 

phenomenon provided intermediate viscosity and droplet size compared to Hypermer B246 and silica-

stabilized HIPEs [65].  

In the case of (h)IB75TM25, (h)IB50TM50, and (h)IB25TM75 samples, their behavior aligns with our previous 

report. Within these three samples, as the TMPTA content in the particles increases, the droplet size 

also increases, leading to a decrease in viscosity and emulsion stability. However, this observed trend 

is not followed in the case of (h)IB0TM100. In (h)IB0TM100, we observe typical Pickering HIPE properties, 

including large and deformed-spherical emulsion droplets. Despite being stabilized by smaller 

particles, this sample exhibits increased viscosity as well as improved emulsion stability. The transition 

from atypical properties ((h)IB75TM25, (h)IB50TM50, and (h)IB25TM75) to typical properties ((h)IB0TM100) 

can be attributed to the particle hydrophilicity in the given experimental setup. 

3.4.3.  PolyHIPE 

3.4.3.1.  The Porous Structure 

PolyHIPEs from IB/TM particle-stabilized HIPEs were successfully prepared, and the properties of 

PolyHIPEs are listed in Table 3.1. Both the skeletal density and the porosity of the samples are nearly 

the same, with no significant differences, except for (p)IB0TM100. Since the skeletal density is the 

density of the material composing the PolyHIPE skeleton, it should be the same within all the samples. 

Additionally, since the internal phase volume was equal in all the HIPE samples, the porosity of the 

samples should also be the same. Therefore, the reduced skeletal density obtained by the pycnometer 

and the accordingly calculated reduced porosity of (p)IB0TM100 indicate a closed porous structure. This 

suggests that gas could not penetrate into the closed porous structure of (p)IB0TM100, thus, the skeletal 

density was underestimated. Additionally, the bulk densities of all the samples were measured as 

approximately 0.22 g/cm³. 
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Particle hydrophilicity had a major impact on the porous structure as well as on the number-averaged 

pore size distribution of the Pickering PolyHIPEs, as shown in Figure 3.9. The pore sizes and their 

uniformity in the PolyHIPEs correlate with the emulsion droplets observed in optical micrographs. 

(p)IB100TM0 has the smallest average pore size at 23.7 μm. As discussed in the previous section, the 

stabilization of the HIPE is likely due to dissolved IBOA particles functioning as a macromolecular 

surfactant. The dissolution of non-crosslinked particles in the continuous phase and its effect on 

maximum internal phase uptake have been previously observed [170]. This was confirmed by Hua et 

al., who reported that yet-to-be-dissolved particles were functioning as a stabilizer, while the dissolved 

particles were forming the skeleton of the porous material [97]. However, to our knowledge, this is the 

first time that surfactant-stabilized-grade small pore sizes in Pickering PolyHIPEs have been obtained 

by utilizing the dissolution of colloidal particles as an emulsion stabilizer. While (p)IB100TM0 exhibits 

pores with a few pore throats (Fig. 3.9 A), there are occasionally observed but extremely large and 

interconnected pores as well (Fig. 3.10). These atypical pores might be due to being stabilized by yet-

to-be-dissolved IB100TM0 particles, and their existence might depend on both the standing time of the 

HIPE or the sonication duration during the particle dispersion within the continuous phase. (p)IB0TM100 

is the only Pickering PolyHIPE exhibiting conventional Pickering PolyHIPE morphology: closed and large 

pores compared to conventional surfactant-stabilized PolyHIPEs. The pores in (p)IB0TM100 samples 

exhibit a deformed spherical morphology, which correlates well with the corresponding HIPE optical 

micrographs (Fig. 3.9 E). 
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Figure 3.9: SEM images of laser-cut PolyHIPEs, templated from IB-TM-stabilized HIPEs demonstrating the overall 

porous structure (A-E). Scale bars are 250 μm. 

 

Figure 3.10: SEM image of (p)IB100TM0 demonstrating the occasionally observed large (up to 1 mm) and highly 

interconnected pores. The scale bar is 250 μm. 
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3.4.3.2.  The Microstructure 

All the IBOA-TMPTA blend particle-stabilized HIPE templates exhibit an interconnected porous 

structure (Fig. 3.9 B-D). In our previous study [65], we attributed pore throat formation under the 

current experimental conditions to arrested coalescence. Similarly, both pore throats and pore-pore 

junctions were densely covered with particles, providing evidence of pore throat formation due to the 

partial coalescence of emulsion droplets that were subsequently arrested by particle jamming. The 

interconnected porous structure of Pickering PolyHIPEs, except for (p)IB0TM100, has been confirmed, 

and the average pore throat size and distribution have been obtained through mercury intrusion 

porosimeter (Fig. 3.11). The pore throat size of the samples correlates with the pore size. (p)IB100TM0 

exhibits a bimodal pore throat size distribution with peaks at approximately 1 and 6 μm. The second 

peak at around 6 μm might be attributed to the occasionally observed extremely large and 

interconnected pores of (p)IB100TM0. (p)IB25TM75 is another sample exhibiting a bimodal pore throat 

size distribution, which is expected since (p)IB25TM75 also exhibits a bimodal pore size distribution. 

 

Figure 3.11: The obtained pore throat diameter (μm) from mercury intrusion porosimeter as a function of log 

differential intrusion (mL/g). 

SEM images of PolyHIPEs focusing on the pore surface and interface are presented in Figure 3.12. In 

(p)IB100TM0, a smooth pore surface is observed, with particles sporadically observed on the polymer 

wall but not on the pore surface itself (Fig. 3.12 A). Both (p)IB75TM25 and (p)IB50TM50 exhibit similar 
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micromorphology, with submicron pore throats especially noticeable on the relatively smaller pores. 

These submicron pore throats are hypothesized to result from the arrested coalescence of nearby 

micron-sized pores (Fig. 3.12 B-C). The micron-sized pores are also found at the pore-pore interface. 

Pores in these samples have both smooth and rough patches on their surfaces due to embedded 

particles. Pore throats and pore-pore junctions exhibit a similar morphology, densely covered with 

particles. In contrast, (p)IB25TM75 shares the micromorphology seen in other IBOA/TMPTA blends, 

except for the pore surface. In (p)IB25TM75, relatively large interconnected pores exhibit roughness, 

while relatively smaller pores have smooth surfaces (Fig. 3.12 D). Finally, (p)IB0TM100 exhibits a solid 

polymer film that separates neighbouring pores (Fig. 3.12 E). In this case, regardless of pore size, the 

pores have rough surfaces similar to the large pore surfaces of (p)IB25TM75 

 

Figure 3.12: The microstructure of PolyHIPE samples. The smooth pore surface and the polymer interface 

separate pores from each other (A). Pore surface with smooth and rough regions, submicron pore throats, and 

micron-sized pores at the close vicinity of larger pores (B and C). The rough and the smooth pore surface of large 

and small pores, respectively (D). Polymeric film separates two pores and the rough surface of pores (E). Scale 

bars are 2.5 μm. 

Considering that IB0TM100 particles are the most hydrophilic among the particles, making them 

expected to be wetted more by the internal water phase, it's not surprising to observe these particles 
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located towards the void (pore surface). However, the similar localization of IB25TM75 particles on the 

large, interconnected pores of (p)IB25TM75 remains unexplained. 

Additionally, the effect of leftover Tween 20 on particles is also considered. IB100TM0 particles were 

dissolved in deprotonated chloroform, and NMR analysis was conducted to evaluate whether Tween 

20 was adsorbed onto the particles. The NMR results showed Tween 20 remnants on the IB100TM0 

particles, with a molar ratio of 1 to 0.15. However, the impact of Tween 20 remnants should be minimal 

for several reasons. First, Tween 20 is a hydrophilic surfactant that preferentially stabilizes oil-in-water 

emulsions. Second, even if all Tween 20 were absorbed onto the particle surface during particle 

synthesis, the overall weight percentage of Tween 20 in the continuous phase would be 0.25%. 

Experiments showed that neither 0.25% nor 5% wt of Tween 20 in the continuous phase is able to 

stabilize the given HIPE. Finally, all the particles were prepared with the same amount of Tween 20; 

however, both HIPE and PolyHIPE samples exhibit significant rheological and morphological 

differences. 

3.4.4.  Interfacial Rheology 

The dilatational interfacial rheology was performed to investigate the effect of interfacial rheology in 

the presence of different particles on the morphology of PolyHIPEs. The dilatational modulus (E) is 

defined as follows [185,186]: 

𝐸 = 𝐴0
∆𝛾

∆𝐴
                                                                               (3) 

where 𝐴0 is the pendant drop interface area, ∆𝐴 is the interface area difference, and ∆𝛾 is the 

interfacial tension difference because of the volume oscillation. The dilatational elastic modulus (E') 

and viscous modulus (E'') are defined as follows [186]: 

                                                𝐸 = |𝐸| cos(𝜙) + 𝑖|𝐸| sin(𝜙) = 𝐸′ + 𝑖𝐸′′                                                    (4) 

where 𝜙 is the phase angle, 𝐸′ = |𝐸| cos(𝜙), and 𝐸′′ = |𝐸| sin(𝜙). The interfacial tension and 

interface area oscillation are fitted with a sinusoidal function to obtain the interfacial moduli. Figure 

3.13 shows the typical normalized pendant drop interface area and interfacial tension oscillation 

curves at 0.5 Hz and 0.1 Hz for the blank interface (i.e., in the absence of particles), respectively. As 

seen, the blank interface also shows dilatational rheological properties, which can be attributed to the 

surface activity of monomers and crosslinkers. Figure 3.13 A shows the aqueous phase drop immersed 

in the clear continuous phase containing 0.001 g of IB100TM0, whereas Figure 3.14 is the aqueous phase 

drop immersed in the translucent continuous phase containing 0.001 g of IB0TM100. The typical 

normalized oscillation curves for 0.001 g IB100TM0-adsorbed interface, to which different waiting times 
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were applied, are provided in Figure 3.15. Figure 3.16 shows the typical normalized oscillation curves 

for the 0.001 g IB0TM100-adsorbed interface. Without applying the waiting time, the IB100TM0-stabilized 

interface is already viscoelastic (Figure 3.15 A), indicating quick adsorption of IB100TM0 at the interface. 

Nevertheless, for IB0TM100 particle with 0 h waiting time, the shape of the pendant drop almost 

remains the same during oscillation, and the interfacial tension does not show any oscillation (Figure 

3.16 A), demonstrating the adsorption of particles at the interface in Pickering HIPEs has a slower 

kinetics compared to soluble polymers.  

 

Figure 3.13: The typical normalized pendant drop oscillation curves at 0.5 Hz (A) and 0.1 Hz (B) for the blank 

interface are shown above. The solid and dashed lines in the above curves are the sinusoidal fitting for interfacial 

tension and interface area oscillation.  

 

Figure 3.14: The pendant drop of the aqueous phase immersed in the continuous phase containing 0.001 g 

particle IB100TM0 (A) and  0.001 g particle IB0TM100 (B). 
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Figure 3.15: 0 h, 1 h, 2 h, and 4 h prior to the volume oscillation were applied, respectively, for particle IB100TM0. 

The typical normalized pendant drop oscillation curve for particle IB100TM0 interface at 0.5 Hz without waiting 

(A). The typical normalized pendant drop oscillation curve for particle IB100TM0 interface after 1 h waiting at 0.5 

Hz (B1), and 0.1 Hz (B2). The typical normalized pendant drop oscillation curve for particle IB100TM0 interface 

after 4 h waiting at 0.5 Hz (C1) and  0.1 Hz (C2). 
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Figure 3.16: 0 h, 1 h, 2 h, 4 h, and over 12 h prior to the volume oscillation were applied, respectively, for particle 

IB0TM100. The pendant drop surface area oscillation curve for particle IB0TM100 interface at 0.5 Hz without waiting 

(A). The surface tension does not show the oscillation. The typical normalized pendant drop oscillation curve for 

particle IB0TM100 interface after 1 h waiting at 0.5 Hz (B1), and 0.1 Hz (B2). The typical normalized pendant drop 

oscillation curve for particle IB0TM100 interface after 4 h waiting at 0.5 Hz (C1), and 0.1 Hz (C2). 
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The measurements were performed after different waiting times, as mentioned earlier, from the drop 

formation moment to evaluate the interfacial rheological properties in the equilibrium state (i.e., 

minimizing transient effects). Figure 3.14 typically shows the E' and E'' of IB100TM0-stabilized interface 

with different waiting times of 0, 1, 2, and 4 h at varied frequencies, indicating that the E' increases as 

the age of the interface increases. However, the E'' remains almost the same regardless of the waiting 

time. As mentioned earlier, different waiting times, including 0, 1, 2, 4, and over 12 h are applied before 

oscillation for particle IB0TM100, as seen in Figure 3.17. The E' increases over time also for the IB0TM100 

interface (see Figure 3.17 inset), although the increase is smaller compared to that of the IB100TM0 

interface. The results suggest that a 4 h waiting time is a good approximation of equilibrium interfacial 

rheology.  
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Figure 3.17: E' and E'' of 0.001 g IB0TM100 particle-adsorbed oil-water interface when applying different waiting 

times of 1 h, 2 h, 4 h, and over 12 h.  

Figure 3.18 B shows the E' and E'' of the oil-water interface in the presence of 0.001 g IBOA/TMPTA 

particles after applying 4 h of waiting at varied frequencies. The interfacial moduli of all samples are 

independent of the frequency. For blank interface, E' is higher than E'', and the introduction of 

IBOA/TMPTA particles further increases the elasticity of the interface while the viscous contribution 

remains unchanged. For particles synthesized with less amount of IBOA, the interfacial elastic modulus 

of the oil-water interface is lower, while no change in the viscous contribution is observed. The 

interfacial rheological properties are a function of the particle’s hydrophilicity, shape, size, and 

aggregates [187–191]. Since all of these characteristics change among IB75TM25, IB50TM50, IB25TM75, 
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and IB0TM100 particles (IB100TM0 was excluded as it dissolves in the continuous phase), it is impossible 

to attribute the observed changes in interfacial rheology to the characteristics of the particles.  

Figure 3.18: E' and E'' of 0.001 g IB100TM0 particle-adsorbed oil-water interface when applying different waiting 

times of 0, 1, 2, and 4 h (A). Dilatational elastic and viscous moduli of 0.001 g IBOA/TMPTA particles-adsorbed 

oil-water interface after 4 h waiting (B). The black points are the moduli of the blank interface. The interfacial 

elastic modulus decreases as decreasing the amount of monomer IBOA in particle synthesis, whereas the 

interfacial viscous modulus remains unchanged as varying the ratio of IBOA and TEMPTA. Additionally, both 

interfacial elastic and viscous moduli of IBOA/TMPTA particles-adsorbed oil-water interface are independent of 

frequency. Dilatational rheological properties of 0.001 g IBOA/TMPTA particles-adsorbed oil-water interface at 

0.5 Hz frequency after 4 h waiting (C). The black solid points show the phase angle, which is dependent on IBOA 

content. The red solid points are the elastic modulus, which decreases with lowering IBOA except for the case of 

100 % of IBOA (soluble polymer). The red hollow points are the viscous modulus, which is independent of the 

IBOA content. HIPE droplet size, PolyHIPE pore size, and PolyHIPE pore throat size as a function of dilatational 

elasticity (D). The inset shows the Pt / Pp versus interfacial elasticity. The orange points are for IB100TM0 particles, 

which do not follow the trend due to their solubility in the continuous phase.  

Figure 3.18 C shows the E' and E'' of the interface with 0.001 g of different IBOA/TMPTA particles at 

0.5 Hz after waiting for 4 h. As supporting information, the interfacial moduli at 0.05 Hz are provided 

in Figure 3.19. The IBOA/TMPTA particles-adsorbed interface is an elastic-dominated interface with E' 

higher than E'' at both 0.5 Hz and 0.05 Hz, and the E'' is almost independent of the IBOA content. It 
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should be mentioned that E' is lower for particles synthesized with less amount of IBOA. However, 

IB100TM0 is an exception because these particles are dissolved in the continuous phase and act similarly 

to macromolecular emulsifiers rather than Pickering stabilizers. Additionally, the phase angle increases 

with a decrease in IBOA content, as seen in Figure 3.18 B, indicating that the interface becomes more 

viscous for particles synthesized with less IBOA concentration [186]. According to Figure 3.3 B, lower 

IBOA content increases the hydrophilicity of IBOA/TMPTA particles. However, since the particle 

positioning at the interface depends on the surface properties of both aqueous and oil phases, it is 

unclear how this phenomenon increases interfacial viscoelasticity shown in Figure 3.18 C. 

Nevertheless, the formation of closed-cell structure, as seen in Figure 3.12 E, may be attributed to the 

increase of interfacial viscoelasticity [192]. We hypothesized that the non-monotonic trend observed 

in Figure 3.7 for Pickering HIPEs is due to the changes in interfacial tension and/or interfacial rheology. 

However, Figure 3.18 C shows that the interfacial rheology data has a monotonic trend when the IBOA 

content of particle decreases from 75 to 0% (Pickering HIPEs). Therefore, the highest scaled modulus 

and yield stress for IB0TM100 sample in Figure 3.7 can be attributed to changes in effective interfacial 

tension rather than interfacial rheology. 
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Figure 3.19: Dilatational rheological properties of 0.001 g IBOA/TMPTA particles-adsorbed oil-water interface at 

lower frequency of 0.05 Hz. 
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Figure 3.18 D shows the HIPE droplet size, PolyHIPE pore size, and PolyHIPE pore throat size against 

interfacial elasticity. As seen, droplet, pore, and pore throat sizes decrease for higher interfacial 

elasticity. To cancel out the effect of pore size on the pore throat size, as discussed in the work of Zhou 

et al. [192], the Pt / Pp versus interfacial elasticity should be studied, as shown in the inset of Figure 

3.18 D. Similar to surfactant stabilized HIPEs studied by Zhou et al. [192], the Pt / Pp ratio decreases 

when the interface elasticity decreases. It should be noted that the particle IB100TM0 is highlighted as 

the orange data points in Figure 3.18D since they are dissolved in the continuous phase and are 

different from the rest of the IBOA/TMPTA particles.  

3.5.  Conclusion 

We demonstrated the effect of particle hydrophilicity by tuning the crosslinker concentration in 

particles on Pickering PolyHIPE morphology. It was observed that particle hydrophilicity has a 

significant impact on emulsion stability, droplet size and shape, and rheology. HIPEs stabilized by 

particles with a water contact angle of 54° exhibit traditional Pickering HIPE behavior ((h)IB0TM100). 

On the other hand, HIPEs stabilized by particles with a water contact angle of 82-69° exhibit reduced 

droplet size, spherical droplets, and reduced viscosity, similar to traditional surfactant-stabilized HIPEs 

((h)IB75TM25, (h)IB50TM50, and (h)IB25TM75). The difference in HIPE behavior is also reflected in the 

morphological differences in PolyHIPEs. It is concluded that it is possible to tune the openness of the 

PolyHIPE by adjusting the particle hydrophilicity from interconnected to closed porous structure. 

Additionally, IBOA/TMPTA particle-stabilized oil-water interfaces exhibit viscoelasticity, which is 

affected by the adsorption time, with the elastic modulus higher than the viscous modulus. 

Furthermore, lower IBOA content during particle synthesis results in a decrease in interfacial elasticity. 

Additionally, the dissolution of particles within the continuous phase, functioning as a macromolecular 

surfactant, is demonstrated, providing conventional PolyHIPE-grade small pores with a semi-open 

porous structure. These results support the previously proposed mechanism for pore throat formation 

in Pickering PolyHIPEs by arrested coalescence and provide new insights into the relationship between 

the mechanism and particle hydrophilicity. Since the rheology of the HIPEs is affected by particle 

hydrophilicity, and these changes are correlated with PolyHIPE openness, rheological measurements 

can be conducted to determine if the HIPE template would be interconnected or not.  

The demonstrated surfactant-free Pickering PolyHIPEs can be used in applications such as tissue 

engineering and as catalyst supports due to their tunable pore and pore throat size. The research 

suggests an innovative approach that involves utilizing both hydrophilic and hydrophobic particles as 

emulsion stabilizers to achieve a tailored porous structure in PolyHIPE materials. When hydrophilic 

particles are employed, they tend to result in a closed porous structure while decorating the pore 
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surfaces with particles. Conversely, the use of hydrophobic particles typically leads to an open-cellular 

morphology. By combining both types of particles as emulsion stabilizers, it becomes possible to 

potentially create a hybrid structure that features open-cellular pores while also being adorned with 

hydrophilic particles. This approach holds promise for offering unique advantages, especially in 

incorporating functional particles such as metal-organic frameworks. It enables a streamlined, one-pot 

synthesis method for crafting PolyHIPE materials with precisely engineered pore structures and surface 

decorations, opening up new possibilities for diverse applications 
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Abstract 

Metal-organic frameworks (MOFs) represent 

an emerging class of porous materials with 

significant potential for various applications. 

However, their utilization in powder form 

poses challenges for industrial-scale 

applications. Consequently, there is active 

research in developing supporting materials 

for MOFs. This research article explores the 

effectiveness of loading MOFs, specifically 

ZIF-8, onto polymerized high internal phase 

emulsions (PolyHIPEs). ZIF-8 was used as a 

sole emulsion stabilizer, as well as in combination with polymeric colloidal particles and surfactant as 

co-stabilizers in the emulsion.The findings indicate that when ZIF-8 is used as the sole emulsion 

stabilizer, it leads to well-surface-decorated but closed porous PolyHIPEs. Conversely, combining ZIF-8 

with IBOA microparticles as emulsion stabilizers results in similarly well-decorated but interconnected 

porous structures. The common practice of using ZIF-8 with a surfactant produces an interconnected 

porous structure, but with a poorly decorated porous structure. This is attributed to an antagonistic 

effect between Hypermer B246 (a surfactant) and ZIF-8. The study employed morphological 

investigations, SEM micrographs, thermogravimetric analysis, and energy-dispersive X-ray analysis to 

evaluate the ZIF-8 loading efficacy in PolyHIPEs. 

Keywords: Metal-organic frameworks, ZIF-8, PolyHIPE, Pickering emulsion 
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4.1.   Introduction 

Metal-organic frameworks (MOFs) represent a class of porous crystalline materials formed through 

the self-assembly of metal ions and organic linkers. The unique characteristics of MOFs, including high 

specific area and porosity, enable interactions between the active sites of MOFs and guest molecules. 

As a result, MOFs have shown significant potential in diverse applications such as gas storage and 

separation, chemical sensing, and catalysis [193,194]. One well-known subclass of MOFs is the zeolitic 

imidazole framework, specifically ZIF-8 (Zn(Hmim)2), composed of zinc as the metal center and 2-

methylimidazole (Hmim) as the organic linker [193]. ZIF-8 stands out due to its high thermal and 

chemical stability, a notable advantage as stability is often a drawback in many other MOFs[195]. The 

popularity of ZIF-8 is mainly due to its high thermal and chemical stability [195] since thermal and 

chemical stability is a well-known drawback of MOFs [196]. Despite their promise, the industrial-scale 

application of MOFs is hindered by their polycrystalline powder form. Challenges such as handling 

difficulties, recycling issues, and the potential for clogging pipes and reactors are associated with the 

powder form of MOFs [197].  

The utilization of polymerized high internal phase emulsions (PolyHIPE) is a commonly employed 

approach to overcome the limitations associated with the powder forms of MOFs. The preparation of 

PolyHIPE involves creating a high internal phase emulsion where the internal phase volume constitutes 

more than 74% of the emulsion. Polymerization of the continuous phase and the removal of the 

internal phase leave behind a highly porous material (theoretically equivalent to the amount of 

internal phase) that is interconnected. The highly porous and interconnected nature of PolyHIPEs 

offers excellent support for MOFs, allowing them to function while embedded in accessible pores. 

There are two common ways of using PolyHIPEs as MOF support: (1) synthesizing MOFs within the 

pores of PolyHIPEs [198–200] or (2) using MOFs as an emulsion stabilizer, as colloidal particles with 

appropriate wettability can function as emulsion stabilizers (Pickering emulsions) [132,201–203]. Both 

methods necessitate the usage of surfactant to prepare PolyHIPE since, unlike PolyHIPEs obtained from 

surfactant-stabilized HIPEs, PolyHIPEs obtained from Pickering HIPE exhibit a closed cellular 

morphology, meaning pores with no interconnecting pore throats. Since the first method requires 

interconnected pores for the synthesis of MOFs within the pores, and both methods necessitate 

accessible pores for MOFs to interact with guest molecules, both methods require the utilization of 

surfactants.  

However, the utilization of surfactants has its drawbacks, requiring intensive washing steps that may 

adversely react with MOFs, increasing production costs, and raising environmental concerns. For the 

second method, surfactants and MOFs are used as dual emulsifiers to obtain interconnected PolyHIPEs 
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[201,202]. However, surfactants and colloidal particles together work antagonistically [88,204]; 

surfactant molecules might adsorb on the colloidal particles and lead them to be dispersed in either 

of the emulsion phases, preventing or reducing their function as an emulsion stabilizer, thus affecting 

the efficacy of pore surface decoration with MOFs. 

In our previous reports, we demonstrated that isobornyl acrylate (IBOA) particles (hydrophobic) as 

HIPE stabilizers result in 2-ethylhexyl acrylate (EHA)/IBOA-based PolyHIPEs exhibiting an open porous 

structure [65], whereas trimethylolpropane triacrylate (TMPTA) particles (hydrophilic) as emulsion 

stabilizers result in closed cellular PolyHIPEs with particle-decorated pore surfaces. In this research, we 

hypothesized that combining IBOA particles and hydrophilic ZIF-8 particles as HIPE stabilizers can 

provide open porous PolyHIPEs with ZIF-8 decorated pore walls. HIPEs with various concentrations of 

IBOA and ZIF-8 particles were used as emulsion stabilizers, and their efficacy as emulsion stabilizers as 

well as in pore wall decoration were investigated. Additionally, Hypermer B246 (surfactant) and ZIF-8 

as dual emulsifiers were also utilized and compared. 

4.2.   Materials 

ZnNO3.6H2O, 2-methylimidazole (Hmim), 2-ethlyhexyl acrylate (EHA), isobornyl acrylate (IBOA), 

trimethlyolpropane triacrylate (TMPTA) and 2-hydroxy-2-methylpropiophenone were purchased from 

Sigma Aldrich. Hypermer B246 was provided by Croda. 

4.3.   Methods 

4.3.1.   The Synthesis of ZIF-8 and IBOA particles 

ZIF-8 is synthesized in accordance with the recipe explained elsewhere with minor modifications [205]. 

Briefly; ZnNO3.6H2O (1.19 g, 4 mmol) and Hmim (1.31 g, 16 mmol) are dissolved separately in 40 mL 

of methanol by magnetic stirring for an hour. After the dissolution, the ZnNO3.6H2O  solution is poured 

into the Hmim solution where the final ratio of ZnNO3.6H2O:Hmim:Methanol was 1:4:20 

(mmol/mmol/mL). The combined solution is not mixed and incubated at 50oC for 6 hours. The 

prepared ZIF-8 particles were recovered by centrifugation at 5.000 RPM for 20 minutes. Afterward, 

samples were washed with methanol followed by centrifugation at 10.00 RPM for 10 minutes thrice 

and dried at 50oC in a convection oven overnight. Polymeric microparticles (3:1 IBOA:TMPTA ratio) 

were synthesized with exactly the same method explained elsewhere. 

4.3.2.   Nomenclature of PolyHIPEs 

PolyHIPE samples were named according to the weight percentage of the stabilizer used to prepare 

HIPE and, thus, PolyHIPE. ZIF-8, isobornylacrylate particles, and Hypermer B246 are referenced with 
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their initials; Z, I and H, respectively. Z1I1.5 refers to PolyHIPE prepared from a HIPE where the emulsion 

stabilizers were ZIF-8 (1 wt%) and IBOA (1.5 wt%).  

4.3.3.   The Synthesis of PolyHIPEs 

The monomers EHA/IBOA/TMPTA are mixed with a ratio of 63/21/16 wt%. The intended amount of 

stabilizer, either ZIF-8 or IBOA particles was dispersed within 1 g of the monomer mixture by sonication 

(Hielscher UP100H, Hielscher Ultrasound Technology) for 30 s. In the case of Hypermer B246, the 

surfactant was dissolved in the oil mixture first by heating the oil mixture, then the ZIF-8 particles were 

added and dispersed with sonication. After the stabilizers were dispersed in the oil mixture, 2-hydroxy-

2-methylpropiophenone (2%) was added to the monomer-particle mixture, thus, the continuous 

phase was prepared. 4 g of water was added to the continuous phase and vortexed for 30 s, followed 

by handshaking for 15 s to prepare HIPE. HIPE was poured onto the glass petri dish and the HIPE was 

photopolymerized by exposing HIPE to ultraviolet light (UV) for 5 minutes via a UV curing system 

(Omnicure Series 1000, Lumen Dynamics). 

4.3.4.   Characterization 

Crystallinity of ZIF-8 was evaluated from the record obtained from PXRD, powder diffractometer 

(Bruker D8 Advance, Bruker) equipped with a copper Kα source (λ=1.5418 Å) operating at 40 kV and 

40 mA. The instrument was fitted with an energy-dispersive LYNXEYE detector. Elemental analysis of 

ZIF-8 was evaluated by CHNSO elemental analyzer (Micro Cube, Vario). 

The particle size of ZIF-8 and the average pore size of the PolyHIPEs were measured from the images 

obtained by scanning electron microscope (SEM) (Inspect FEI, FEI) by using ImageJ. All the samples 

were 8 nm thick gold coated prior to imaging. Prior to gold coating, PolyHIPE samples were cut into 

thin pieces by a scalpel and washed with methanol to remove the unattached ZIF-8 particles from the 

PolyHIPE surfaces. All the samples were imaged at 5 kV accelerating voltage and 3 µm spot size. 

Elemental analysis of PolyHIPE samples were conducted on carbon coated samples and the EDX (FEI 

Nova Nano SEM 450, FEI) spectra was collected at 20 kV. 

Thermogravimetric analysis (TGA) was conducted on PolyHIPE samples and ZIF-8 to evaluate both the 

thermal properties and verify the amount of ZIF-8 in PolyHIPE samples by thermo-gravometric analyzer 

(Pyris 1, PerkinElmer) under N2 supply with the rate of 20 mL/min. Samples were heated from 30 to 

800oC with the rate of 10oC/min. 
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4.4.   Results and Discussion 

4.4.1.   ZIF-8 Nanoparticles 

SEM images and P-XRD pattern of the synthesized ZIF-8 particles are represented in Figure 4.1. As can 

be observed from the SEM image, fairly monodisperse (0.02 PDI) and cuboidal-shaped particles with 

an average size of ~200 nm were synthesized (Fig. 4.1 A). Crystallinity of the ZIF-8 nanoparticles are 

evaluated by P-XRD. Sharp and clear peaks indicating the good crystallinity of ZIF-8 nanoparticles are 

observed in the XRD pattern, similar to a previous report (Fig. 4.1 B) [205]. Crystallinity and the crystal 

size of the synthesized ZIF-8 are found to be 85% and 38 nm, respectively. 

 

Figure 4.1: SEM micrographs (A) and P-XRD (B) pattern of the synthesized ZIF-8. 

4.4.2.  HIPEs 

HIPEs are generally prepared by the dropwise addition of the internal phase to the continuous phase 

while the mixture is being stirred. The preparation of HIPEs with similar ingredients using the dropwise 

addition of the internal phase was previously reported by our research group. However, the method 

reported required the continuous phase to be as low as ~ 4 mL for efficient mixing. Since the yield of 

ZIF-8 is known to be low, the continuous phase volume was reduced to ~ 1 mL. There are few reports 

demonstrating the preparation of HIPE by combining all the ingredients in a single pot and simple 

handshaking [138,206]. In this research, both the continuous and the internal phases were combined 

in a glass vial and vortexed/handshaken. HIPEs were successfully prepared within seconds. The digital 

images of HIPEs and resultant PolyHIPEs for each sample are provided in Figure 4.2. While ZIF-8 as a 

sole stabilizer successfully stabilized HIPE even at low concentrations (0.5 wt%) with slight creaming, 

IBOA particles could not stabilize HIPE at the concentrations of 0.5 and 1 wt%, solely. Both Z0I0.5 and 

Z0I1 samples experienced significant creaming. However, successful HIPE was obtained when the IBOA 

concentration was increased to 1.5 wt%. 

A B
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Figure 4.2: Digital images of HIPEs and PolyHIPEs. HIPEs are imaged 5 minutes after being prepared, while the 

PolyHIPEs are imaged immediately. Images are organized left to right with increasing IBOA content and top to 

bottom with increasing ZIF-8 content. Hypermer B246 is an exception and therefore framed yellow. 

4.4.3.  PolyHIPEs 

The SEM images demonstrating the overall porous structure of each PolyHIPE sample are provided in 

Figure 4.3. ZIF-8 as a sole stabilizer provided a closed cellular porous morphology. The rare pore throats 

observed in the images are non-spherical, and they most probably formed during the post-processing-

induced rupturing of the thinner regions of pores. The incorporation of IBOA particles as a co-stabilizer 

introduced spherical pore throats, due to the previously explained pore throat formation mechanism 

involving the arrested coalescence of emulsion droplets [65]. 
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Figure 4.3: SEM images of PolyHIPEs demonstrating the overall porous structure. Scale bars are 200 µm. 

The pore size of the samples as a function of stabilizer concentrations is provided in Figure 4.4. When 

the HIPE is stabilized solely by ZIF-8, the increase in stabilizer concentration resulted in a decrease in 

the pore size in PolyHIPEs. When both particles are used as dual stabilizers, the increase in ZIF-8 

concentration results in a decrease in pore size when the IBOA particle concentration was as low as 

0.5 wt%. However, the ZIF-8 concentration did not significantly affect the pore size, especially when 

the IBOA concentration was 1.5 wt%, where the average pore size of I1.5 samples ranged from 109 to 

96 µm. In contrast, the addition of IBOA particles significantly affected the pore size of PolyHIPEs, even 

in Z1.5 samples, where the pore size was reduced from 183 to 96 µm as the IBOA concentration 

increased from 0 to 1.5 wt%. Therefore, it can be concluded that IBOA functions as the main stabilizer 

in the given dual stabilizer system. On the other hand, it is important to note that there is a density 
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difference between the particles, where ZIF-8 and IBOA particles have densities of ~1.25 and ~1 g/cm³, 

respectively, meaning that the same wt% changes in stabilizer concentration result in the presence of 

a higher number of IBOA particles than that of ZIF-8. 

 

Figure 4.4: Pore size changes in PolyHIPEs as a function of IBOA particle content in the continuous phase for 

each ZIF-8 content. 

The evaluation of pore decoration with ZIF-8 is initially assed by SEM micrographs (Fig. 4.5). The pore 

surface of Z0I1.5 is smooth; there are rarely observed IBOA particles on the surface. As previously 

reported, they are generally found around the pore throats since the particle migrate to the necking 

region of semi-coalesced emulsion droplets, and this necking region represent itself as a pore throat 

when polymerized. Since the sample does not have any ZIF-8, it was expected to observe smooth pore 

surface in Z0I1.5.  
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Figure 4.5: The SEM images of the PolyHIPEs focusing on the pore surface. Scale bars are 1 µm. 

The incorporation of ZIF-8 as a stabilizer provided ZIF-8 decorated pores in all ZIF-IBOA dual stabilized 

HIPE templates. It was observed that the increase in IBOA wt% in PolyHIPE, the pore surfaces become 

scarcely decorated with ZIF-8. Interestingly, in Z0.5I1.5 samples, holes with ~200 nm diameter were 

frequently observed. This might be due to exhibiting smaller average pore size (104 µm) compared to 

samples with less IBOA wt% (I0, I0.5 and I1 samples)  and containing less amount of ZIF-8 compared 

the other I1.5 samples. Highly concentrated IBOA particles might have functioned faster to stabilize 

emulsion and therefore, ZIF-8 particles might have poorly localized at the interface. Therefore, ZIF-8 

particles poorly embedded on the pore surface might have washed out during washing steps of the 

samples, and the removed ZIF-8 might have left behind holes on the pore surface with the same size 

of ZIF-8 particles. In the case of ZIF-8-Hypermer B246 sample (Z1H0.5) the pore surface exhibit 

roughness, but it is hard to evaluate if it is deeply embedded ZIF-8 particles on the pore surface or the 
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leftover surfactant. Since, PolyHIPE obtained from HIPE solely stabilized with Hypermer B246 exhibit 

similar pore surface as well (Figure 4.6). 

 

Figure 4.6: PolyHIPEs obtained from HIPEs solely stabilized by 0.5, 1 and 2 wt% Hypermer B246, focusing on both 

macrostructure and the pore surface. The remnants can be seen on pore surface, which is similar to Z1H0.5. 

4.4.4.  Validation of Pore Decoration with ZIF-8 

The rest of the experiments were conducted on four chosen samples. Samples with only ZIF-8 (Z1I0), 

ZIF-8/IBOA dual emulsified (Z1I0.5), ZIF-8/Hypermer B246 dual emulsified (Z1H0.5) and with only IBOA 

(Z0I1.5). All the chosen samples were prepared with the same amount of ZIF-8, except Z0I1.5, which was 

used as a negative control. Hypermer B246 was also added into this experimental setup to compare 

the efficacy of stabilizers (surfactant vs particle) on ZIF-8 decoration of PolyHIPE pores.  

TGA analysis was conducted on the chosen PolyHIPE samples as well as ZIF-8. ZIF-8 exhibited thermal 

stability up to 500oC (Fig. 4.7), which corresponds well with the previous reports [195]. Similarly, TGA 

profile of PolyHIPEs composed of EHA/IBOA/TMPTA corresponds well with the previous report [180]. 

ZIF-8 free PolyHIPE sample (Z0I1.5) left approximately ~2 wt% ash while the ZIF-8 included samples left 

~4 wt%. However, the difference in remnant wt% between ZIF-8 free and ZIF-8 loaded samples is 

higher than the amount of loaded ZIF-8 during synthesis (~1 wt%). Considering that only 35 wt% ZIF-8 

is left at the end of 800oC, the leftover of ZIF-8 including PolyHIPE samples should be 2.35 wt%.  
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Although the leftover wt% do not exaclty match, it can be used as an indication as a presence of ZIF-8 

in ZIF-8 loaded PolyHIPE samples. 

 

Figure 4.7: TGA curves of ZIF-8 and the chosen PolyHIPE samples provided as weight percentage as a function 

of sample temperature. 

Additionally, EDX was conducted to verify and quantify the presence of ZIF-8. The elemental (O and 

Zn) map of PolyHIPEs as well as the comparison of O and Zn wt% obtained from the EDX analysis are 

provided Figure 4.8. Since there was no ZIF-8 in the formulation of Z0I1.5, it was not expected to  any 

Zn signal to be observed in elemental map. For the rest of the samples, it can be seen that the ZIF-8 is 

mainly located on the pore walls, verifying that the observed particles in SEM images was indeed ZIF-

8. Since the samples were coated with carbon, C was omitted during the comparison of elemental 

wt%. Therefore, the amount of Zn was compared with O. Both Z1I0 and Z1I0.5 exhibit the same ratio of 

Zn compared to oxygen, 20/80 wt%. On the other hand, Z1H0.5 exhibit 10/90 wt% (Fig. 4.8). The reduced 

zinc content in Z1H0.5 also verifies the hardly identified ZIF-8 particles through SEM micrographs on 

Z1H0.5 pore surface. 
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Figure 4.8: SEM micrographs of the chosen samples and both oxygen and zinc mapping on the corresponding 

SEM image. The comparison of O and Zn wt% for each samples, obtained from EDX measurement. 

4.5.  Conclusion 

In this study, the efficacy of ZIF-8 pore decoration of PolyHIPE with sole ZIF-8 and ZIF-8 together with 

IBOA particles and the surfactant Hypermer B246 was investigated through SEM, TGA, and EDX 

analysis. It was observed that a low amount of IBOA particles as a co-stabilizer was sufficient to obtain 

an interconnected and ZIF-8 decorated porous structure. On the other hand, the ZIF-8/Hypermer B246 

system resulted in a reduced loading of ZIF-8 onto the pore surface. This is attributed to the 
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antagonistic effect between ZIF-8 and Hypermer as a dual emulsifier. The obtained ZIF-8/IBOA 

Pickering HIPE template might be used as a CO2 adsorbent and is expected to perform better than only 

ZIF-8 stabilized Pickering HIPE template thanks to its interconnected porous structure. Additionally, the 

obtained system can be used further to prepare ZIF-8@CarboHIPE, since the polymeric skeleton of 

PolyHIPE is degraded at 500 oC while the ZIF-8 is still thermally stable. 
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CHAPTER 5 

Conclusion 

A novel mechanism for pore throat formation in Pickering PolyHIPEs is presented in this study, and key 

parameters affecting pore openness are explored. The mechanism is subsequently employed to create 

interconnected Pickering PolyHIPEs decorated with functional ZIF-8 particles. 

Originally, the aim was to prepare Pickering PolyHIPEs derived from HIPE, stabilized by synthetically 

produced polymeric particles with a chemical composition similar to the PolyHIPE skeleton. However, 

interconnected pores were unexpectedly obtained, prompting a new research question: why are these 

Pickering PolyHIPEs interconnected? Consequently, the focus of the thesis shifted towards 

investigating the mechanism behind pore throat formation. 

First, the IBOA-stabilized HIPE exhibited rheological properties between conventional surfactant-

stabilized HIPE and silica-stabilized HIPE. Microscopic analysis revealed larger pores than conventional 

HIPE and smaller pores than conventional Pickering HIPE, with occasional semi-coalesced emulsion 

droplets observed in IBOA-stabilized Pickering HIPE. In the PolyHIPE structure, IBOA particles were 

primarily found around the pore throats, indicating that the observed particle layers between pores 

indeed constituted pore throats from a transverse perspective. These observations aligned with the 

previously reported arrested coalescence mechanism in Pickering emulsion droplets, leading to the 

hypothesis that pore throat formation results from the arrested coalescence of emulsion droplets due 

to IBOA particle jamming at the necking region of semi-coalesced emulsion droplets. Parameters 

known to affect arrested coalescence, such as particle size, concentration, and the internal phase 

volume of HIPE, were then tested, and the results corroborated the literature, supporting arrested 

coalescence as a possible pore throat formation mechanism in Pickering PolyHIPEs. 

Furthermore, the impact of particle hydrophilicity on Pickering PolyHIPE morphology was investigated. 

By tuning the cross-linker content in the particles, the effect of hydrophilicity was explored. Non-

crosslinked IBOA particles dissolved in the continuous phase of the emulsion and acted as macro-

molecular surfactants instead of Pickering stabilizers. Conversely, using solely TMPTA, a water-

dispersible particle, yielded the classical Pickering PolyHIPE morphology with large, closed cells. This 

highlighted the influence of particle hydrophilicity on Pickering PolyHIPE openness. 

Based on the previous findings, the hypothesis was formulated that interconnected and hydrophilic 

particle-decorated pores could be achieved by using both hydrophobic IBOA and water-dispersible ZIF-

8 particles as dual stabilizers. Particles with various concentrations were tested to stabilize HIPE and 
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evaluate their morphology and surface decoration efficacy. Indeed, interconnected and ZIF-8-

decorated pores in Pickering PolyHIPEs were obtained. A comparative experiment using surfactant-ZIF-

8 dual stabilization, a common method for obtaining interconnected and particle-decorated Pickering 

PolyHIPEs, was also conducted. However, when surfactant was used, ZIF-8 loading on the surface of 

PolyHIPE pores was reduced, in line with the previously reported antagonistic effect between 

surfactants and colloidal particles. 

While this study aimed to characterize the surface area of the obtained PolyHIPEs and their CO2 

capture performance, these aspects remain to be finalized in the near future. 

In summary, a new understanding of pore throat formation in Pickering PolyHIPEs is contributed by 

this thesis, an area that had been debated in conventional PolyHIPEs. However, there are still 

important parameters requiring investigation to further elucidate the proposed mechanisms, such as 

the chemical similarity between particles and the continuous emulsion phase, polymerization-induced 

forces, and particle mechanical properties. With recent advances in metal-organic frameworks (MOFs), 

increased attention on Pickering PolyHIPEs as excellent candidates for MOF support in various 

applications is anticipated. 
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