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Abstract 

This work explores the preparation of porous poly(epoxide) foams using the method of 

emulsion templating and describes the thorough characterisation thereof. Furthermore, special 

focus was placed on the development of a custom-designed apparatus for gas permeability 

testing. 

Our integrated gaseous transport device, based on the pressure rise technique, does not only 

allow to determine gas permeability, but is also suitable for both steady state and transient 

diffusion (oxygen in nitrogen) measurements. The combination of both working modes allows 

to deduce effective porosity and effective pore length. Pure diffusion measurements provide 

information on the ratio of the diffusion coefficient in a medium compared to free space. The 

apparatus accurately determines viscous permeabilities and slip coefficients over a wide 

permeability range and can even be used for flow exceeding the laminar range. Validity and 

accuracy of the measurements were established through tests performed on Berea 

sandstones and open-porous epoxy foams. 

Porous polyepoxide foams based on the commercial epoxy adhesive Araldite®2020 were 

prepared from surfactant-stabilised W/O emulsions, employing an aqueous electrolyte solution 

as template phase. Materials with porosities ranged between 45-60%, thus classified as  

polymerised medium internal phase emulsions (polyMIPEs), were produced by altering the 

internal phase volume ratio, resulting in materials with elastic moduli between 60 and 200 MPa 

and compressive strengths in the range of 2 to 6.5 MPa. Changes in the surfactant 

concentration mainly influenced the pore structure, enabling the tailored fabrication of closed-

cell as well as open-porous, interconnected foams with permeabilities up to 200 mD. 

Evaluation of the swelling behaviour of the Araldite®2020 polyMIPEs, studied by immersing 

foam samples in a series of solvents of different polarities for eleven days, proved the excellent 

chemical stability of our porous polyepoxides. 

Progressing from the low viscosity model system Araldite®2020 to the epoxy system EF80, 

flexible porous polyepoxide foams were prepared from MIPEs with an external organic phase 

containing resin, hardener, emulsifier and carbon nanotubes. Curing at ambient conditions 
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resulted in polyepoxide foams with interconnected pore morphology with an average pore size 

of about 10 μm, while pores from MIPEs solidified at 50°C and with the addition of carbon 

nanotubes as thickening agent were on average one magnitude larger. EF80 foams did not 

fracture when being compressed to 30% of their original height. Energy loss coefficients 

determined from the energy uptake during cyclic compression tests ranged between 40-60% 

and thus showed the resiliency of our flexible poly(epoxide)MIPEs. 

  



- V -  

Zusammenfassung 

Diese Arbeit beschäftigt sich mit der Herstellung von porösen Polyepoxidschäumen mittels 

Emulsion Templating und deren umfangreicher Charakterisierung. Ein weiterer Schwerpunkt 

wurde auf Entwurf und Entwicklung eines anwendungsspezifischen Geräts zur Bestimmung 

der Durchlässigkeit gegenüber Gasen, i.e. Gaspermeabilität, gesetzt. 

Unser ganzheitliches Gastransportinstrument, basierend auf einer Druckanstiegstechnologie, 

erlaubt nicht nur die Bestimmung der Gaspermeabilität, sondern eignet sich auch für 

Messungen sowohl im Fließgleichgewicht als auch bei transienter Diffusion (z.B. Sauerstoff in 

Stickstoff). Durch Kombination beider Betriebsarten, kann auf die effektive Porosität und den 

effektiven Porendurchmesser geschlossen werden. Reine Diffusionsmessungen liefern 

Informationen über das Verhältnis der Diffusionskoeffizienten in einem Medium relativ zum 

freien Raum. Das Gerät bestimmt präzise über einen großen Permeabilitätsbereich viskose 

Permeabilitäten und Slip-Koeffizienten und kann sogar für Gasfluss außerhalb des laminaren 

Bereichs verwendet werden. Aussagekraft und Genauigkeit der Messungen wurden durch 

Tests an Berea-Sandsteinen und offenporigen Epoxidschäumen nachgewiesen. 

Poröse Polyepoxidschäume, basierend auf dem kommerziellen Epoxidkleber Araldite®2020, 

wurden aus Tensid-stabilisierten Wasser-in-Öl Emulsionen, unter der Verwendungen einer 

wässrigen Elektrolytlösung als Templat-Phase, hergestellt. Materialien mit Porositäten 

zwischen 45-60%, deshalb klassifiziert als polymerised medium internal phase emulsions 

(polyMIPEs), wurden durch Variation des Verhältnisses von interner zu kontinuierlicher Phase 

hergestellt. Die resultierenden Schäume wiesen Elastizitätsmodule zwischen 60 und 200 MPa 

und Druckfestigkeiten in Bereich von 2 bis 6.5 MPa auf. Eine Veränderung der 

Tensidkonzentration beeinflusste vorwiegend die Porenstruktur. Dies ermöglicht die gezielte 

Herstellung von sowohl geschlossen-porigen als auch offen-porigen, verbundenen Schäumen 

mit Permeabilitäten bis zu 200 mD. Zur Untersuchung des Quellverhaltens von Araldite®2020 

polyMIPEs wurden gleich dimensionierte Schaumstücke für elf Tage in eine Reihe von 

Lösungsmitteln unterschiedlicher Polarität getaucht. Die Tests bewiesen die ausgezeichnete 

chemische Beständigkeit unserer porösen Polyepoxide. 
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Aufbauend auf den Erkenntnissen gewonnen von der Verwendung des niedrigviskosen 

Modellsystems Araldite®2020 wurden unter der Verwendung des Epoxids EF80 elastische 

poröse Polyepoxidschäume ausgehend von Emulsionen mit externer organischer Phase, 

welche Monomere, Härter, Emulgator und Kohlenstoffnanoröhrchen (CNTs) enthielt, 

produziert. Aushärtung unter normalen Umgebungsbedingungen lieferte Epoxidschäume mit 

ineinandergreifender Porenstruktur mit einer durchschnittlichen Porengröße von etwa 10 μm, 

während Aushärtung bei 50°C und der Zusatz von CNTs als Verdickungsmittel, im Mittel um 

eine Größenordnung größere Poren lieferte. Die EF80-Schäume hielten einer Kompression 

auf 30% ihrer ursprünglichen Höhe stand, ohne zu zerbrechen. Die 

Energieverlustkoeffizienten, ermittelt aus der Energieaufnahme während zyklischer 

Kompressionsmessungen, lagen zwischen 40 und 60%, was sowohl auf Elastizität als auch 

Belastbarkeit unserer flexiblen Epoxid-polyMIPEs hinweist. 
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 1  

1. Introduction 

Throughout evolution, when people - scientists, engineers - were looking for solutions to 

difficult problems, they seeked inspiration in nature, the seemingly inexhaustible source of 

inspiration. For most of the time, pure observation was the only possible way to study nature. 

One person, undeniably one the most brilliant brains of mankind, who was already in his 

lifetime known for his meticulous studies of nature and its mechanics, was Leonardo da Vinci. 

What set him apart from many others is that he was not satisfied with pure observation, he 

aspired to imitate nature and provide mankind not only knowledge but also new technologies. 

Nowadays, a whole scientific branch, bionics (biology and electronics) is dedicated to the 

exploration and investigation of biological systems and methods, aiming at applying and 

transferring them to engineering and modern technology (e.g. lotus effect, radar). While this 

thesis is certainly not about bionics, its underlying idea is the same – learning from nature: 

“When modern man builds large load-bearing structures, he uses dense solids: steel, concrete, 

glass. When nature does the same, she generally uses cellular materials: wood, bone, coral. 

There must be a reason for it.” (M.F. Ashby, 1983)1 

 

Figure 1: left: classification of porous materials according to their pore size; right: pore throats are the 
channels the connect pores  

A porous material can be imagined as a biphasic-system, with one phase being a solid and 

the other air (void space). If spherically shaped, the void cells are termed pores and the 

windows connecting two pores are referred to as pore throats. According to their pore size, 

mesopores

2 < x < 50 nm

macropores

> 50 nm

micropores

< 2 nm
pore 

throats
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porous materials are commonly classified as microporous ( < 2 nm), mesoporous ( 2 < x < 50 

nm) or macroporous ( > 50 nm) (Figure 1). 

In the last few decades, the interest in and demand for porous materials has skyrocketed, not 

least because of increasingly concerning global environmental problems. Porous polymers 

have the potential to be equivalent substitutes for metals or other solids from a structural and 

load bearing point of view, due to their excellent weight-to-performance ratio. A reduction in 

weight results in a decrease in energy input required to move an object. The lighter an aircraft 

is for example, the lower is its fuel consumption. Macroporous polymers are further used as 

insulation materials and in packaging, as cores for composite sandwich structures, in filters, 

chromatography columns and catalysis for example, making use of their large surface area. 

Polymer foams are a subset of porous materials. Besides methods such as chemical and 

physical blowing, salt leaching, sintering or phase separation, polymer foams can also be 

prepared from emulsion templates. Emulsion templating was first reported in 1962 but has 

been established only in the last two decades as a reliable and highly reproducible method for 

synthesising polymer foams. High or medium internal phase emulsions (HIPEs/MIPEs) are 

prepared by dispersing a major internal phase as discrete droplets in a minor, monomer 

containing, external (or continuous) phase. The latter is polymerised and the internal phase, 

serving as template, subsequently removed again, leaving behind a porous material termed 

poly(merised)HIPE/MIPE. Emulsion templating outperforms conventional foaming techniques 

with regard to the ability to tailor morphology and properties of the final materials. Adjustment 

of emulsion formulation and emulsification as well as polymerisation conditions give control 

over the properties of polymer foams. 

The best explored and most common emulsion-templated porous polymers are based on 

styrene (St) and divinylbenzene (DVB); investigating this specific system has significantly 

contributed to the progress of emulsion templating in the last decades. However, their inherent 

brittleness limits the applications of poly(St-co-DVB) based foams. Each polymer system is 

characterised by a unique set of properties and each application requires certain properties. 

Therefore, it is crucial to choose a suitable polymer system that suits one’s needs. However, 
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out of the huge pool of polymers that are on the market, only a small fraction has been utilised 

for the manufacture of porous materials by now. Epoxy resins possess a wide range of 

advantageous properties, such as high mechanical and thermal stability, excellent chemical 

(corrosion) resistance and insulating properties, good adhesion to a variety of substrates and 

versatile processing, while still being relatively cost-friendly, compared to high-performance 

polymers such as polyimides or PEEK. Compared to other monomer systems which show 

distinct shrinkage after polymerisation, polyepoxides maintain size and shape on curing. 

Nevertheless, despite all these beneficial attributes of epoxy systems, curing of epoxy resins 

in presence of water is a challenge that has to be dealt with. We believe that the liaison of 

epoxides and emulsion templating is not only very reasonable, but also potentially very 

powerful and is therefore worth to be further explored. 
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2. Aims & Objectives 

The goal of this work is to prepare macroporous polyepoxides using emulsion templating and 

thereby show that the pool of monomer systems applicable for this method is far from 

exhausted. Moreover, the superiority of emulsion templating over commonly used methods, 

such as chemical or physical blowing, should be demonstrated. 

In a first step, the aim is to prepare solid epoxy foams from surfactant-stabilised water-in-oil 

(W/O) emulsions using an easily processable (low viscosity) commercial epoxy system, as a 

proof of concept. The influence of alterations in formulation and emulsification conditions on a 

final material’s morphology and properties will be investigated. Due to their different 

applications, synthesis of polymer foams with open-porous as well as closed-cell pore structure 

is aspired. For a thorough characterisation of materials with interconnected pore morphology, 

determination of their permeability is indispensable. Therefore, gas permeability 

measurements will be carried out using a purpose-built apparatus, whose working principle is 

based on a pressure-rise technique. 

Building on the gained insights and findings, a more specific, flexible, epoxy system will be 

employed to prepare flexible porous polyepoxides with tuneable, spring-like properties. These 

foams will be subjected to cyclic compression tests in order to investigate their ability to retrieve 

their initial shape after release of the applied compressive load. 

Thus, to achieve the set/aspired objectives of this PhD project, the following challenges had to 

be overcome: 

1 Proof of concept: emulsion templated macroporous polyepoxides 

1.1 Performing a surfactant screening to identify a non-ionic emulsifier capable to 

stabilise W/O emulsions based on the chosen commercial epoxy model system 

1.2 Selective variation of formulation and emulsification parameters – surfactant 

amount, agitation speed, internal phase ratio – to explore the limits of this particular 

monomer/hardener/surfactant system. 
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1.3 Characterisation of the prepared porous polyepoxides: morphology/pore 

structure, density & porosity, thermal stability, compression properties, gas 

permeability, swelling behaviour 

2 Setting up the gas permeability apparatus and testing its reliability 

3 Flexible epoxy polyHIPEs 

3.1 Preparation of polyHIPEs using a flexible epoxy system 

3.2 Characterisation of the polymer foams, including cyclic compression tests 

Subsequent to this short introductory section, outlining principal ideas, aims and experimental 

tasks of this project, a literature review will give information about the theoretical background 

and summarise relevant previous research. Porous polymers and their applications are briefly 

introduced, prior to a more detailed description of emulsions, including different types, 

formation as well as (de)stabilisation. Afterwards, the most common and popular methods to 

produce macroporous polymers are presented, with special focus on emulsion templating and 

its capability to influence a material’s morphological as well as mechanical properties. 

Following a general introduction to epoxy resins, recent progress in the preparation of epoxy 

foams is reported. Explanations about the measurement of gas permeability and the fluid flow 

through porous media in general conclude the literature review. 
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3. Literature review 

3.1. Common methods for producing porous polymers 

Macroporous polymers can be prepared using a range of methods.2-4 The choice of the method 

depends primarily on the polymer system and the required properties for potential applications. 

Simplicity/complexity of a process, effort and costs have to be considered as well. With 

increasing importance and popularity of green chemistry, environmental benignity became one 

of the principal factors to consider when deciding upon a preparation method for porous 

polymers. 

The most common processes to manufacture macroporous polymers include gas foaming, 

phase separation and templating. 

In chemical blowing, the reaction of a so-called blowing agent with a functional group of 

another compound (in epoxy systems mostly the amine or anhydride hardener) of the 

formulation generates gas and introduces porosity.5,6 The gaseous compound can also be the 

side product of the polymerisation reaction (or released during the decomposition of additives 

(e.g. azo-compounds → N2).7,8 While the process is highly effective and easy to implement, 

control over exact shape and dimensions of the final porous material is limited, compared to 

templating methods. 

Physical blowing techniques mainly employ low-boiling aliphatic compounds (e.g. hexane, 

cyclohexane) as blowing agents, which are mixed with monomers, hardener and any 

additives.6,9 Heat, produced in the exothermic curing reaction or applied externally, commonly 

triggers the liquid-vapour phase transition and leads to the creation of a porous structure. 

Supercritical fluids, such as supercritical carbon dioxide (scCO2), are of interest as ‘green’ 

blowing agents.10-12 However, they can only be used in pressurised environments when CO2 

is not gaseous. A sudden pressure drop induces the expansion of the scCO2 accompanied 

with a phase transition. Pore size, pore size distribution (PSD) and pore structure can be 

influenced to a certain degree by the choice of the blowing agent (its properties) and the 

pressure conditions. Traditionally used halogenated compounds, such as chlorofluorocarbons 
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and perfluorinated compounds, are only rarely employed because of environmental concerns, 

high diffusivity and considerable expenses. 

Rather uncommon are approaches of biological blowing, for example the formation of gas 

by yeast. A major drawback of all blowing techniques is the lack of interconnectivity in the final 

pore structure. 

Furthermore, it is possible to prepare porous polymers, in particular membranes, by means of 

phase separation (PS).2,13 The process is based on creating a homogenous polymer-solvent 

solution and then forcing the system to phase separate by tuning the polymer-solvent 

miscibility, yielding a polymer-rich and a solvent-rich phase. The phase separated structure is 

locked in place by freeze drying, followed by removal of the solvent. There are several ways 

to trigger phase separation. The most common and best explored methodologies are thermally 

induced phase separation (TIPS),14-18 non-solvent induced PS (NIPS),18-23 also known as 

immersion precipitation, and chemically induced PS (CIPS), 24-30 also referred to as 

polymerisation induced (PIPS)31,32  or reaction induced PS (RIPS).33 Further processes and 

terms used in literature include solvent induced PS (SIPS),34,35 vapour induced PS (VIPS),18,36-

38 evaporation induced PS (EIPS),38,39 photo induced PS (as sub category of PIPS)40 and 

pressure induced PS.41,42  

Syntactic foams can be prepared by adding hollow or expandable spheres to a resin 

formulation.43-46 These spheres remain in the material and are thus primarily responsible for 

introducing porosity. Moreover, they substantially contribute to the properties of the final 

porous polymer which is characterised by a well-defined closed-cell pore structure with pores 

of uniform size, controllable through the size of the additives. 

Colloidal templating47 is the umbrella term for particle templating, foam templating, emulsion 

templating and methods derived therefrom, e.g. foamed emulsion templating48-54. All 

templating methods make use of porogens which are defined as substances “that can be used 

as a template and then removed to generate pores.22 Solids, liquids, gases and even 

supercritical fluids are employed as porogens.55 They are integrated as external compounds 
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into a resin formulation and removed again after curing of the polymer matrix, leaving a porous 

structure behind. 

Particle templating (also called particle leaching) employs organic or inorganic solid particles 

which are eventually washed out (e.g. for salt crystals56) or dissolved to produce porous 

polymers.55 This method allows for the preparation of porous materials with a well-defined pore 

morphology and a narrow pore size distribution, similar to syntactic foams. Salt leaching, as 

subset of particle templating, describes the addition of micron-sized salt crystals to a monomer-

based solution.10 Salt is initially integrated in the polymer matrix, but after curing again washed 

out. 

Foam templating uses gaseous templating phases, air in the special case of air templating, 

also referred to as frothing.48,57 In air templating, a monomer containing mixture is frothed by 

mechanically beating air into it.58-60 Stabilisers are often needed to prevent collapse of the foam 

before curing can sufficiently stabilise the fragile framework. Foam templates can further be 

generated by injecting gas (e.g. argon61,62) through membranes into a liquid solution, followed 

by immediate fixation of the foam by freezing with liquid nitrogen or the use of pressurised 

carbon dioxide or nitrogen.12,63 The major advantage of foam templating is that the template 

phase does not require removal since it is air or another gas. While this saves time and money, 

the method generally suffers from a lack of control over pore structure determining 

properties/parameters, such as the pore/bubble size. 

Emulsion templating, detailed in the following, describes the formation of an emulsion from 

a monomer-hardener-emulsifier formulation and a liquid templating phase, which is removed 

after curing. 

3.2. Emulsion templating 

Knowledge about emulsion science (e.g. formation and stability) is the base of emulsion 

templating and thus indispensable for understanding the method and for purposefully utilising 

all its assets. Pioneer work in the field of emulsion templating was done by Bartl and von Bonin 

already at the beginning of the 1960s.64 They synthesised divinylbenzene - styrene and 

methacrylic acid methyl ester polymers from O/W emulsions with monomers of either 
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substance forming part of the external organic phase. In 1966, Lissant defined the terms 

‘low/medium/high internal phase (ratio) emulsion’ and introduced their catchy abbreviations 

LIPE/MIPE/HIPE.65 The term ‘polyHIPE’, as description for low-density polymers prepared 

from emulsion templates, was first used in a patent filed by Unilever in 1982.66 However, about 

twenty more years passed until around the turn of the millennium the unstoppable and still 

ongoing rise of emulsion templating started. 

 

Figure 2: Number of publications between 1990 and 2021 (data obtained on 19 January 2022) for 
search concepts‚ emulsion templating‘ and ‚polyLIPE/polyMIPE/polyHIPE’. SciFinder® (classic) was 
used as search platform. 

The increasing interest in emulsion templating is also reflected in the number of publications 

containing the concept ‘emulsion templating’, as illustrated in Figure 2: from 2000 to 2020 the 

annual number of publications related to emulsion templating increased from 13 to 360. 

Consequently, also the number of articles related to polyLIPEs/MIPEs/HIPEs increased, with 

polyHIPEs accounting for more than 90% (inset Figure 2). 

Porous scaffolds can be prepared from emulsions, if the external phase contains 

monomers/hardener and an initiator, often also an emulsifying agent (Figure 3). The internal 

phase is dispersed as small droplets in the organic phase, eventually yielding an emulsion with 

characteristic creamy texture. The droplet phase performs the task of a liquid template, 

essentially determining the porosity and defining the morphology of the final material. 
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Solidification of the external matrix, followed by removal of the internal phase, results in porous 

polymers termed poly(merised)LIPEs/MIPEs/HIPEs, in analogy to the classification of 

emulsions as LIPEs/MIPEs/HIPEs according to their internal phase ratios of lower than 30%, 

30 - 74% and higher than 74%, respectively. 

 

Figure 3: Illustration of the emulsion templating process, supported by real images (right hand side). 
Addition of an aqueous internal phase leads first to a diluted and then a concentrated emulsion. After 
curing of the organic matrix phase, the internal phase is removed, leaving a porous material behind. 

Polymerizable emulsions can not only be used to prepare porous scaffolds. Addition of 

monomers to the internal phase and subsequent polymerisation yields polymer beads,67-72 

whereas solidification of both phases can be used to produce composites (Figure 4).73,74 A 

number of comprehensive reviews about emulsion templating and emulsion-templated porous 

materials, written by some of the leading scientists in this field, is presented in Table 1. 
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Figure 4: Schematic representation of the different kinds of materials that can be produced from 
emulsions containing a polymerizable species either in the internal (dispersed) phase (IP), the external 
(continuous) phase (EP) or both.  

 
Table 1: List of reviews about emulsion templating and related topics (in chronological order) 

Author(s) Title Year 

Cameron N.R.75 High internal phase emulsion templating as a route to 

well-defined porous polymers 

2005 

Zhang H., Cooper A.I.76 Synthesis and applications of emulsion-templated 

porous materials 

2005 

Kimmins S.D.,  

Cameron N.R.77 

Functional Porous Polymers by Emulsion Templating: 

Recent Advances 

2011 

Pulko I., Krajnc P.78 High Internal Phase Emulsion Templating -  

A Path to Hierarchically Porous Functional Polymers 

2012 

CURING

of EP

Composites Beads

Porous polymers
open porous closed-cell
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Cameron N.R., Krajnc P., 

Silverstein M.S.47 

Colloidal Templating 2012 

Silverstein M.S.79 Emulsion-templated porous polymers:  

A retrospective perspective 

2013 

Silverstein M.S.80 PolyHIPEs: Recent advances in emulsion-templated 

porous polymers 

2014 

Tebboth M., Menner A., 

Kogelbauer A., Bismarck A.81 

Polymerised high internal phase emulsions for fluid 

separation applications 

2014 

Silverstein M.S.82 Emulsion-templated polymers: Contemporary 

contemplations 

2017 

Stubenrauch C., Menner A., 

Bismarck A.,  

Drenckham W.48 

Emulsion and Foam Templating -  

Promising Routes to Tailor-Made Porous Polymers 

2018 

Zhang T., Sanguramath R.A., 

Israel S., Silverstein M.S.83 

Emulsion Templating: Porous Polymers and Beyond 2019 

Dikici B.A., Claeyssens F.84 Basic Principles of Emulsion Templating and Its Use 

as an Emerging Manufacturing Method of Tissue 

Engineering Scaffolds 

2020 

Kramer S., Cameron N.R., 

Krajnc P.85 

Porous Polymers from High Internal Phase Emulsions 

as Scaffolds for Biological Applications 

2021 

Foudazi R.86 HIPEs to PolyHIPEs 2021 

3.3. Emulsions 

An emulsion is by definition of the IUPAC (International Union of Pure and Applied Chemistry) 

‘a fluid colloidal system in which liquid droplets…are dispersed in a liquid’. More commonly, 

emulsions are described as systems of two immiscible liquids forming a homogenous 

dispersion. One classification system uses nature and spatial distribution of the two phases. 

Based on the classical example of an oil/water system, the lipophilic substance is termed oil 

phase and the hydrophilic one aqueous phase. Successful homogenization yields water-in-oil 

(W/O) or oil-in-water (O/W) emulsions, whereupon the nature of the droplet phase is named 

first by convention. The substance forming the droplets is called dispersed, discontinuous or 

internal phase; the bulk/matrix is referred to as continuous or external phase. 

Volume and viscosity ratios, temperature and type and concentration of emulsifier prevailingly 

determine which phase is the dispersed and continuous phase. The internal phase volume 

ratio (IPR), the volume fraction of the internal phase relative to the total emulsion volume, is 

the base of another classification system. Emulsions are categorised as low, medium or high 

internal phase emulsions (LIPEs/MIPEs/HIPEs), with IPR below 30 %, between 30 % and 74 
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%, and above 74 %, respectively. The threshold for HIPEs is related to the space occupied by 

rigid equal sized spheres in a hexagonal close-packed (hcp) or face-centred cubic (fcc) lattice. 

 

Figure 5: Energetic relations in emulsion formation/break-up. Left-to-right: droplet break-up leads to 
increases in interface area ΔA and configurational entropy ΔS, resulting in a positive Gibbs free energy 
ΔG, thus, emulsion formation usually requires energy input. Right-to-left: emulsion breakdown occurs 
spontaneously, because it is energetically favoured due to decreases in interface area.  

 

∆Gform = γ12∆A − T∆S
conf (1) 

The free energy of emulsion formation ΔGform, derived from the second law of thermodynamics 

(Eq.(1)), is mainly comprised by three components: an interfacial energy term γ12ΔA, an 

entropy term TΔSconf and a composition term Σnidμi, which can be omitted for emulsions 

because of constant composition, if assumed that surfactant migration from continuous into 

droplet phase is negligible. 

An increase in droplet number is inevitably connected with an increase in configurational 

entropy. However, ΔSconf and/or an increase in temperature are rarely able to compensate the 

high gain in interface area ΔA = A2 – A1. Thus, in most cases γ12ΔA >> TΔSconf and as a direct 

consequence ΔGform > 0, which means that emulsion formation is nonspontaneous.87,88 

Spontaneous emulsification rarely happens and only in case of sufficiently low interfacial 

tension (γ12 ≈ 0!). Therefore, due to its inherent thermal instability, energy input is required to 

facilitate emulsification and push a two-phase system towards kinetic stability. 

Energy is commonly introduced by stirring, shaking, blending, ultrasonication or shear, all 

leading to a significant increase in surface area because of droplet break-up and thus favouring 

emulsion formation. This suggests that in fact it is the surface/interfacial area that plays a key 

role in emulsion formation, more than merely the number of droplets. On the other end, 

FORMATION ΔS > 0, ΔA↑ ΔG>0

BREAKDOWNΔS < 0, ΔA↓ΔG<0
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reduction of the interfacial area is the driving force for emulsion destabilisation and break-

down. The main mechanisms promoting emulsion destabilisation are depicted in Figure 6. 

 

Figure 6: Illustration of the most important phenomena leading to emulsion destabilisation and 
ultimately phase separation. 

Stoke’s law (Eq.(2)) relates some important parameters involved in emulsion formation  and 

stability (such as droplet size and viscosity) by balancing hydrodynamic 6𝜋𝜂𝑟𝑣 and 

gravitational force 
4

3
𝜋𝑟3∆𝜌𝑔. It states that the droplet (or Stokes) velocity v0 [m s-1] is directly 

proportional to the droplet radius r, mainly determined by the energy input during 

emulsification, the density difference between dispersed and continuous phase 𝛥𝜌 = |𝜌2 − 𝜌1| 

[g cm-3] and the gravitational acceleration g (≈9.8 m s-2), whereas it is indirectly proportional to 

the viscosity of the continuous phase η [Pa s].  

The higher the velocity of droplets moving in the external phase, the faster emulsion 

destabilisation due to creaming and sedimentation progresses. A density difference between 

the two phases causes a net gravitational force acting on the dispersed droplets. If the density 

of the dispersed phase exceeds the density of the external one, droplets precipitate and 

 

v0 =
dx

dt
=
2r2∆ρg

9η
 (2) 
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sediment.89-91 The opposite case of ascending droplets (or bubbles) due to lower density of the 

internal phase is called creaming.91 Both processes, sedimentation and creaming, result in a 

concentration gradient along the vertical axis, with droplets accumulating at the bottom or the 

liquid-air interface, respectively. The sedimentation/creaming rate of a single droplet is 

described by Stoke’s law (Eq.(2)). Emulsion destabilisation due to sedimentation and creaming 

can be kept low by minimisation of the density difference, reduction of the droplet size or by 

using a continuous phase of higher viscosity. Strictly, Stoke’s law is only valid for droplets with 

monodispersed size distribution. 

The Weber number We is another important parameter related to emulsion formation.92 It is 

defined as the ratio between inertial forces and surface tension and provides information about 

droplet break-up for Newtonian liquids in subsonic gas flows (Eq.(3)).  

 

We =
ρgur

2dp

γl
 (3) 

where is ρg is the gas mass density [kg m-3] , ur the relative velocity between gas and liquid [m 

s-1], dp  the drop or liquid jet diameter [m] and γl the surface tension of the liquid [N m-1]. 

Flocculation refers to the aggregation of droplets into larger units (‘flocs’) stimulated by van der 

Waals attractions.93,94 After sedimentation and creaming, flocculation is another destabilisation 

mechanism in which droplets maintain their size. DLVO – theory predicts the tendency of 

droplets to aggregate, by mainly combining attractive van der Waals and repulsive electrostatic 

forces into one total potential energy function (Figure 7). A colloidal system is considered stable 

when repulsive forces prevail. 

When two droplets approach from infinity, at a certain droplet distance the total potential energy 

function reaches a local minimum and flocculation occurs. The formed droplet network is only 

loose and droplets can easily be redispersed. On further reducing the droplet distance, the 

primary minimum of the potential energy curve is reached and droplets coalesce. 

Coalescence occurs when two or more droplets merge to form a larger one.91,93,95 It strongly 

depends on short-range forces (Figure 7) and thus requires droplet collision or at least close 

contact between the droplets. Therefore, coalescence often occurs as consequence or in 
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combination with sedimentation, creaming, flocculation or aggregation. Emulsion 

destabilisation proceeds in different stages: drainage and thinning of the film of continuous  

phase between two droplets, film rupture and ultimately collapse of the droplets.  

This results in a reduction of interfacial area and therefore acts as the main driving force. A 

highly viscous continuous phase, for example, can retard the drainage rate by reducing the 

mobility/movement within the continuous phase, as described by the Stokes – Einstein 

equation (Eq.(4)). This leads to a reduction in droplet collision and thus lowers coalescence: 

 

D =  
kBT

6πηr
 (4) 

where D [m2 s-1] is the diffusion coefficient, η [Pa s] the dynamic viscosity of the continuous 

phase, r [m] the droplet radius, kB [J K-1] the Boltzmann constant and T [K] the absolute 

temperature. 

However, the addition of an emulsifier is often more effective in preventing droplet fusion. 

Emulsifiers adsorb at the interface of dispersed droplets and can hereby increase film stability 

 

Figure 7: Scheme of the potential energy as described by the DLVO – theory. The interaction potential 
between two droplets changes with distance and determines the stability of emulsions towards 
flocculation, agglomeration and coalescence. It is mainly the sum of attractive van der Waals forces 
(UvdW), electrostatic (UE) and Born repulsion (UB). (adopted from Graeber N., PhD thesis)96 
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by altering interfacial tension and increasing the elasticity of the interface and/or add charges 

to droplets. 

Phase inversion describes the phenomenon of identity switch of the two phases, i.e. the 

internal phase becomes the external and vice versa.93,95,97-101 It can be stimulated or inhibited 

by the choice of the internal phase ratio (IPR), the addition of a surfactant or other additives, 

the viscosities of the two phases or the energy input (agitation speed, type of impeller, etc) 

during emulsification. 

Ostwald Ripening (OR), also called coarsening or disproportionation, is a direct consequence 

of poly-dispersity and manifests itself as growth of large droplets at the expense of smaller 

ones.93,102,103 The process is driven by the curvature dependence of the chemical potential 

(Eq.(5)) and thus the solubility of droplets of different sizes.104 The curvature κ, on the other 

hand, is inevitably related to the droplet radius. The capillary pressure across a curved 

interface ΔpL [Pa] can be calculated as function of droplet radius r [m] and interfacial tension 

between droplet and continuous phase γ12 [mN/m] using the Young-Laplace equation:105,106 

with μ(r) and μ∞ being the chemical potential in droplet and bulk liquid, respectively, Vm the 

molar volume of the dispersed phase, 𝜅 =
2

𝑟
 the curvature of a spherical droplet and ΔpL the 

Laplace pressure. 

According to Eq.(5), capillary pressure and thus chemical potential increase with decreasing 

droplet size. Originating from the increased solubility, as described by the Kelvin equation 

(Eq.(6)),107-110 derived from the equilibrium potentials of both phases, molecules diffuse from 

small droplets of the dispersed phase into the bulk and eventually deposit on larger droplets.111 

The then even higher capillary pressure of small droplets promotes further shrinkage and at 

the same time larger droplets continue to grow. 

 

 

μ(r) = μ∞ + Vmγκ   
       ∆pL=

2γ

r
=γκ       

→                    μ(r) = μ∞ +
2γ

r
Vm 

(5) 

 
S(r) = S∞exp (

2γ

r
 
Vm
RT
) = S∞exp(∆pL

M

ρRT
) (6) 

Young-Laplace eq. 
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where S∞ denotes the solubility of the dispersed phase in the external phase for a droplet of 

infinite curvature and S(r) the solubility of the solute when contained in a spherical droplet of 

radius r. The rate of Ostwald ripening can be calculated using the Lifshitz – Slyozov – Wagner 

(LSW) theory.112-116 

Ostwald ripening can hardly be completely suppressed (this would only apply for a perfectly 

monodispersed system or for an internal phase with no solubility in the external phase at all), 

but it is possible to reduce the rate of OR, for example through a narrow droplet size 

distribution, low solubility of the dispersed phase in the continuous one, the addition of 

electrolytes (e.g. sodium chloride, calcium chloride, sodium sulphate)117-121 to the aqueous 

phase or influencing interfacial tension and the stability of the interfacial layer by adding a 

suitable emulsifier.88,122,123 

In addition to the distinct classifications of emulsions according to the combination of chemical 

nature and spatial distribution in O/W or W/O and according to their IPR, liquid-liquid 

dispersions can further be labelled as macroemulsions, nanoemulsions or microemulsions. 

The principal characteristics used hereby are droplet size, as suggest by the prefixes 

macro/nano/micro, appearance and emulsion stability, in terms of the time frame until 

substantial degradation occurs. Confusingly, the boundaries of the subgroups and the 

terminology used in literature are not consistent.124 Macroemulsions typically have droplets 

larger than 1 μm and therefore scatter light, which makes them appear milky white. They are 

kinetically stable but thermodynamically unstable, which means external energy input is 

required to overcome the energy barrier for increasing the interfacial area related to droplet 

break-up. 

Nanoemulsions have droplets in a size range between about 20 nm and a few hundred 

nanometres. Depending on the droplet size they can be either transparent (or at least 

translucent) or blue-white.125,126 Typically, the dispersed phase of nanoemulsions consists of a 

combination of ionic surfactant and co-stabiliser. The latter can either be a water insoluble 

compound such as a long-chain alkane (hexadecane)  or a short aliphatic chain alcohol.127 

Similar to macroemulsions, emulsification does not happen spontaneously. Nanoemulsions 
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are also only kinetically stable, but nevertheless show significant differences in long-term 

physical stability. Due to their small droplet sizes, Brownian motion exceeds the vertically 

acting gravitational force and thus prevents sedimentation, creaming. Steric stabilisation 

(Figure 8), induced by adsorption of surfactant molecules at the droplet surfaces, results in 

layers with thicknesses comparable to the droplet size, which protects nanoemulsions from 

flocculation and coalescence. The Laplace pressure of droplets in nanoemulsions can take on 

values up to several hundred thousand Pascal, which explains why Ostwald ripening is the 

main destabilisation mechanism in nanoemulsions.128 Furthermore, nanoemulsions are 

relatively insensitive towards temperature or pH changes.129 

Widely spread synonyms include ‘submicrometer emulsion’, ‘ultrafine emulsion’, ‘finely 

dispersed emulsion’ and most notably ‘miniemulsion’.130-132 Although the term ‘nanoemulsion’ 

prevailed (mainly because the droplets are in the nanometre range) and most publications 

indicate the equality of the two words, few authors still treat nano- and miniemulsions as 

separate species.133 Moreover, IUPAC has only an entry for ‘mini-emulsion’.134 

Microemulsions have a characteristic average droplet size in the range of 1 – 100 nm, which 

is significantly smaller than the wavelength of visible light and thus the reason for optical 

transparency. It is crucial for the formation of a microemulsion that the two liquids exhibit very 

low interfacial tensions (γ12=0). Commonly a mixture of surfactants or a combination of 

surfactant and co-stabilizer is used.126 

Unlike macro- and nanoemulsions, microemulsions are thermodynamically stable and 

subsequently exhibit substantially different properties. Considering the size range, the term 

‘microemulsion’ is a misnomer. One possible explanation for the misleading naming is that the 

droplets in conventional emulsions are often assumed to have an average diameter of about 

1 mm (10-3 m). The prefix ‘micro’ stands for 10-6 and the combination with 10-3 m yields 10-9 m 

which equals 1 nm.134 Unlike nanoemulsions, which require low to moderate emulsifier 

concentrations in the range of 1 – 3 wt.%, high concentrations in the range of 15 – 30 wt.% are 

typically needed to prepare microemulsions.126,135 
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Differences as well as similarities between nanoemulsions and microemulsions have been 

thoroughly reviewed and summarised by McClements.124 

3.3.1. Stabilisation of emulsions 

Emulsion stability refers to the timescale until destabilisation mechanisms have caused a 

substantial change in emulsion properties. Dispersed colloidal systems exhibit a natural 

tendency to attract each other, which, in the absence of repulsive forces or an energy barrier, 

can quickly culminate in phase separation. Generally, there are two 

strategies/approaches/mechanisms to retard emulsion breakdown: electrostatic and steric 

stabilisation.136 This can be achieved by adding either molecular or particulate emulsifying 

agents. Each species features a distinct set of advantages, which make them 

suitable/appropriate for certain applications. 

In electrostatically stabilised emulsions an ionic charge is imparted to the interface of droplets, 

which induces the formation of an electrochemical double layer (EDL) causing mutual 

repulsion of droplets. Steric stabilisation, on the other hand, is achieved through a structure-

mechanical barrier, created by immobilising non-ionic surfactant or polymer molecules on the 

droplet interfaces. Both approaches aim at screening the attractive forces and thus preventing 

 

Figure 8: Electrostatic and steric repulsion are the two main mechanisms preventing droplet 
aggregation. The interaction potential, although completely different, both heavily depend on the 
distance x of two droplet centres. 
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droplet collisions, which are prerequisite for coalescence. The DLVO-theory (Figure 7) is 

therefore widely used to describe or even predict colloidal stability. 

The predominant types of emulsifying agents employed in emulsion/dispersion stabilisation 

are surface active agents, called surfactants and particles. Emulsifiers adsorb at the liquid-

liquid interface and form an interfacial film, which not only reduce the interfacial tension but 

reduce the overall thermal instability. The interfacial film either acts directly as steric or 

mechanical barrier (polymers, non-ionic surfactants and particles, respectively) or induces an 

electrical barrier (ionic surfactants), thus effectively reducing the rate of coalescence. 

Surfactants are amphiphilic molecules with a polar or ionic hydrophilic head group and a non-

polar lipophilic long-chain hydrocarbon tail. They are commonly classified according to the 

nature of the head group as non-ionic, cationic, anionic or zwitter-ionic/amphoteric. 

Additionally, surfactants can be categorised as polymeric surfactants. Cationic surfactants 

(e.g. amine salts, NH4
+ salts) have positively charged head groups after dissociating from their 

counterions and, therefore, readily adsorb on negatively charged sur- and interfaces, while 

anionic surfactants (e.g. SDS, alkane sulfonic salts) carry a negative charge and thus 

deliberately adsorb at positively charged sur- and interfaces. Interestingly, about half of the 

annual worldwide produced surfactants are cationic, while anionic surfactants account only for 

a single-digit percentage. Zwitter-ionic surfactants (e.g. fatty acid esters, amides)  can take on 

either charge, depending on the solution pH. Non-ionic compounds (e.g. polyethylene oxides 

(PEO), sorbitan esters, polyoxyethylene sorbitan esters) adsorb on surfaces in a way so that 

the hydrophilic moiety of the surfactant molecule is oriented towards the aqueous/hydrophilic 

phase of the emulsion. In W/O emulsions, for instance, non-ionic surfactants with highly polar 

head groups will adsorb with their heads on the interface of the water phase. The long 

hydrophobic tails extend into the oil phase and stabilise the droplets sterically by forming a firm 

interfacial film. The mechanical strength of the film is particularly of importance for W/O 

emulsions, because the (nearly) uncharged water droplets have no electrical barrier which 

could contribute to the stabilisation. Bancroft’s rule gives a first indicator which type of emulsion 
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to expect. It states that the phase with a higher solubility for the surfactant becomes the 

continuous phase. 

Polymeric surfactants have gained popularity only in the last few decades. Block-copolymers 

are employed because of their structure, constituting of several amphipathic units. Properties 

of can be tuned through adjustment of the lengths of the hydrophilic and hydrophobic parts by 

alteration of the polymerisation procedure.137 Finding a suitable surfactant for a given emulsion 

system can be time-consuming and tedious. Therefore, several guidelines were developed to 

provide assistance in selecting the most suitable/effective surfactant for any system and 

application. The oldest yet still most popular concept is the HLB (hydrophilic lipophilic balance) 

approach.138-142 The HLB value of a surfactant is governed by the size of the polar moiety. It 

was initially simply calculated as one fifth of the molecular weight percentage of the hydrophilic 

portion, leading to an empirical scale ranging from 0 to 20. The more hydrophilic a compound, 

the higher its HLB. Surfactants with an HLB > 10 are considered water soluble, while 

surfactants with an HLB < 10 show a higher solubility in the oil phase. Griffin proposed the HLB 

method in 1949 originally only for POE-based non-ionic surfactants,143,144 but since then it was 

adopted also for the use with ionic compounds on an extended scale up to 40. This approach 

unfolds its real power when the required HLB of an oil phase, determined experimentally, is 

matched with the HLB of a surfactant or a blend of surfactants with different HLB values. 

Several approaches of calculating HLB values have been developed. Davies developed a 

methodology especially applicable for ionic surfactants applicable methodology to determine 

the HLB according to a group contribution theory.141,145,146 However, neither the influence of 

temperature nor phase ratio on the emulsion type were accounted for. Numerous other 

researchers attempted to relate the HLB to diverse molecular properties, such as cloud point 

or critical micelle concentration, with limited success though.126,139 Even though the HLB 

concept is widely used, it has serious limitations. What the method can do is, is indicating 

which type of emulsion can be expected from a surfactant with certain HLB value. Neither 

emulsification conditions (temperature, energy input) are considered, nor the proportion of oil 

and water phase nor the amount of surfactant employed. 
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Aiming at accounting for the major shortcomings of the HLB concept, other systematic methods 

providing assistance in the selection of a suitable emulsifier were developed. This includes the 

PIT (phase inversion temperature),126,147-150 HLD (hydrophilic – lipophilic deviation) 

methods,126,151-154 CER (cohesive energy ratio) concept,142,155,156 critical packing parameter 

(CPP)142,157 and integrated surfactant potency (ISP).140 

When particles are used to stabilise liquid-liquid dispersions, the resulting emulsions are 

termed Pickering emulsions.158-169 Compared to surfactants, particles are generally not 

amphiphilic, but still surface-active. Driven by the gain in free energy due to the reduction of 

liquid-liquid interfacial area, particles deliberately adsorb at the interface between oil and water 

phase and form a robust interfacial film which protects droplets from coalescence. The energy 

gained through the adsorption of particles exceeds the energy gained through adsorption of 

surfactant molecules by manyfold. Wettability (and thus contact angle), size, shape and 

concentration of the particles heavily impact emulsion stability. Hydrophilic particles with 

contact angles θ < 90° (always measured into the water phase) are known to effectively 

stabilise O/W emulsions, while hydrophobic particles with θ > 90° tend to stabilise W/O 

emulsions. Particle-stabilised emulsions are in many aspects superior to surfactant-stabilised 

emulsions. Besides the mechanically highly robust interfacial film, Pickering emulsions are 

much less sensitive to change in the environment, i.e. temperature and pH, which facilitates 

 

Figure 9: Stabilization of water or oil droplets in the respective opposite environment. 
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stabilisation over a much wider temperature range. The costs for surfactants are usually higher 

than for particles and moreover, much higher amounts are commonly necessary. However, 

destabilisation of Pickering emulsions is difficult due to their thermodynamic stability, while 

surfactant-stabilised emulsions are only kinetically stable and can therefore relatively easy be 

destabilised. 

Janus particles are particles which combine two distinctly different properties in one particle 

(e.g. hydrophilic and hydrophobic, conductive and insulating). Due to their bivalent character, 

they are not only surface-active but also amphiphilic, which predestines them as emulsifiers. 

Indeed, they were found to be highly effective in stabilising emulsions, exhibiting higher 

interfacial activity and desorption energy than uniform particles.161,170-175 

3.3.2. Factors affecting the morphology of emulsion-
templated porous materials 

Morphology describes the shape and structure of a material on macroscopic as well as on 

microscopic scale. Discussing the structural properties of a porous material prepared by 

emulsion templating requires an emulsion whose stability endures or exceeds the time until 

polymerisation has progressed to the stage at which the polymerizable phase is immobilised. 

This frequently coincides with the gel point, which is characterised by an abrupt increase in 

viscosity of the monomer-containing phase. The morphology of an emulsion-templated porous 

material heavily depends on (a) the emulsion formulation, (b) the energy input during 

emulsification as well as (c) the emulsification and curing temperature. 

Porosity can be tuned by adjusting the internal phase ratio, while type and concentration of 

emulsifier strongly influence the pore structure (open-porous/closed-cell, pore diameter, pore 

throat size). Polymerisation of molecular surfactant stabilised W/O emulsions mostly result in 

materials with spherical pores. At high internal phase ratios, pore deformation can also lead to 

polyhedral-shaped pores. Pores can be completely surrounded by bulk material (closed cells) 

or connected with other pores through small pore throats (open pores), thus forming a pore 

network. The formation of a pore network is facilitated if the droplet phase constitutes less than 

26 vol.% of the total emulsion volume, hence exceeding the threshold value of 74 vol.% of a 
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close-packed arrangement of the droplets, in analogy to crystal structures, and also if higher 

amounts of emulsifier are used. 

Type and amount of emulsifier play a crucial role in determining a material’s pore structure. 

Suitable surfactants are able to promote the formation of an interconnected pore system. 

Commonly, a minimum of 7 vol.% surfactant is required to achieve a notable change in pore 

morphology from closed-cell towards open-porous. A surfactant content of around 20 vol.% 

was suggested as point of reference to obtain highly interconnected open porous scaffolds.176 

In particle-stabilised (Pickering) emulsions, the energy gain caused by the decrease in fluid-

fluid interfacial area drives the irreversible adsorption of surface-active particles at the interface 

of the droplets. The particles form a dense monolayer around the droplets and thereby act as 

steric barrier against coalescence, leading to a morphology dominated by closed pores. The 

particle contact angle is the decisive factor that determines whether certain particles are 

appropriate for stabilising a given emulsion or not. Generally, hydrophilic particles are chosen 

to stabilise O/W emulsions, hydrophobic ones for the stabilisation of W/O emulsions. Opposing 

the general rule, solid foams with interconnected pore structure were successfully prepared 

from Pickering emulsions to which small amounts of molecular surfactant were added after 

emulsification.177,178 Wong et al. added the aqueous phase and a non-ionic surfactant 

simultaneously to an organic phase containing titania nanoparticles.179 The combination of 

both types of stabilisers led to a material with bimodal pore size distribution, the larger particle-

stabilised pores being surrounded by smaller interconnected surfactant-stabilised pores. In his 

perspective article ‘HIPEs to PolyHIPEs’,86 Foudazi discusses in depth the different 

mechanisms influencing pore size, pore size distribution and also pore throat formation and 

thus pore structure by relating to reported experimental evidence. 

In packed beds, typically found in a reactor, and in absence of any stabilising agents, droplets 

are separated from each other only by a very thin monomer film, prone to rupture upon 

application of mechanical forces during solvent extraction or vacuum evaporation for instance. 

This leads to the creation of pore throats at the small areas of contact between droplets. 

Cameron et al. investigated the formation of interconnected structures by studying density 
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differences between polymer gel phase and monomer phase during polymerisation of a DVB-

styrene HIPE using cryo-SEM.180 They observed shrinking of the continuous phase during 

polymerisation, followed by rupture of the thin polymer layer where adjacent droplets get into 

contact with each other. Menner et al., on the other hand, introduced the following hypothesis 

after examining the internal structure of polyHIPEs: advancing polymerisation is accompanied 

by a decrease in surfactant solubility, thus inducing migration of surfactant molecules to the 

O/W interface.181 This leads to the formation of surfactant-rich polymer-poor regions in the 

contact area between two droplets. Upon drying, the thin emulsifier films between the pores 

rupture, resulting in a higher degree of interconnectivity due to the creation and enlargement 

of pore throats. This demonstrates the influence of the surfactant not only on emulsion stability, 

but also the final morphology of a material. Furthermore, Williams et al. studied the effect of 

varying surfactant concentration in a DVB/styrene-based emulsion template on the pore 

characteristics of the resulting rigid foam.182 They reported an inverse relationship between 

surfactant concentration and pore size, i.e. the more surfactant, the smaller the pores. 

However, too large amounts of emulsifier negatively impacted the polymer walls’ continuity, 

thus yielding polymer foams with bi-continuous or non-droplet-shaped morphology. However, 

these foams suffered from fairly poor mechanical properties due to excess surfactant in the 

emulsion.176 

Alternative methods to tune the pore structure of polyMIPEs/HIPEs prepared from surfactant-

stabilised templates include (i) employment of electrolyte solutions (CaCl2, K2SO4) as 

dispersed phase (→ smaller pores with increasing concentration),182-184 (ii) dilution of the 

organic phase using non-reactive compounds (i.e. polymer, solvent, non-solvent) (→ 

increased porosity and surface area),185,186 (iii) controlled stimulation of Ostwald ripening (→ 

larger pores and pore throats),187 (iv) the use of different initiator systems (→ control of pore 

diameter and pore throat size),188,189 (v) the use of aromatic solvents such as toluene or 

chlorobenzene in the continuous phase of emulsion templates (→ smaller pores, larger pore 

throats, higher surface area)190 and also the spatial distribution of the phases.176 
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Varying the energy input is another tool to control a porous material’s morphology. Commonly, 

the influence of thermal energy, by means of emulsification and curing temperature, and 

energy input during emulsification, i.e. stirring speed, are discussed. It was shown that if the 

emulsion template contained an initiator, a temperature increase led to polyHIPEs/MIPEs with 

smaller pores, due to the faster decomposition of the initiator.179 However, higher temperatures 

also promote emulsion destabilisation. Together with other emulsification parameters, 

controlling the temperature and thus coalescence, facilitated tailoring of the pore size between 

a few micrometres and 100 μm.191 Carnachan et al. successfully demonstrated the 

effectiveness of heating the aqueous phase prior to adding it to the organic phase and 

emulsification. By tuning the temperature of the aqueous phase between 23°C and 80°C, they 

were able to triple the pore size.187 

Controlling the energy input during emulsification, often represented by the agitation speed, 

offers another way to influence pore and pore throat sizes and is thus closely connected to the 

mechanical behaviour of a macroporous material.188,192 Higher energy input leads to a finer 

dispersion of the internal phase due to additional droplet break-up, resulting in smaller pores.193 

3.4. Epoxy resins 

As stated above, commonly used monomer systems for emulsion templating are vinyl and 

meth/acrylates that can be polymerised by free radical polymerisation, while other monomer 

systems relying on polycondensation or polyaddition are much less explored; despite the fact 

 

Figure 10: The versatility of epoxy resins is one of their biggest assets. 
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that such monomer systems would provide porous polymers with much better mechanical and 

physical properties. Epoxy resins are molecules with more than one epoxide group which can 

irreversibly react with a curing agent to form an insoluble cross-linked polymer network. Rooted 

in the epoxy ring’s ability to react with a range of compounds (e.g. amines, anhydrides), 

polyepoxide networks can possess a wide range of properties, depending on the initial 

reactants, their ratio and the reaction conditions. Surfactants, fillers or any other additives, 

frequently employed in the production of composites and porous polymers, further impact a 

material’s properties. Thus, by the choice of the formulation, it is possible to tailor the properties 

of epoxy polymers with regard to thermal stability, chemical resistance, flexibility or toughness  

for instance. Their versatility makes epoxies superior to many other systems (Figure 10). 

Produced from a condensation reaction between bisphenol A and epichlorohydrin, bisphenol 

A diglycidylethers contribute about 75% to the worldwide use of epoxy resins. Epoxides are 

cured through polyaddition, most commonly in the presence of polyamines or anhydrides as 

hardeners. The reaction of an epoxy group with an amine, initiated by a nucleophilic attack of 

the amine nitrogen at the terminal carbon atom of the epoxide, is schematically illustrated in 

Figure 11. Even though reactions between epoxides and amines are dominating, hydroxyl 

 

Figure 11: Primary curing reaction between amine and glycidyl/epoxy group. The electron lone-pair of 
the amine-nitrogen attacks the lower substituted carbon atom of the glycidyl group. 
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groups can also react with glycidyl groups and form ether bonds. Polyadditions have the 

advantage that no volatiles or other by-products are released during the reaction, compared 

to, for example, the production of H2O in poly-condensations. Consequently, epoxies are  

dimensionally very stable and show only very low shrinkage during curing. 

Many properties of bisphenol-A based epoxy resins are rooted in the structure of the epoxy 

monomers (Figure 12). Such a structure-property relationship is very helpful in choosing or 

even designing molecules for certain applications. The aromatic rings give these resins a 

hydrophobic character, superior to competing systems, such as polyurethanes or acrylics, 

making them an excellent choice for adhesives or sealants for instance. Moreover, they 

aromatic rings also responsible for pronounced corrosion resistance and good thermal 

properties.  

Epoxies are known for their good adhesive performance, which can be attributed to the high 

number of polar groups. Epoxide groups are the reactive sites that are targeted by hardeners. 

Monomers with only one or two molecular units of Bisphenol-A (n=1,2) are liquid, of low 

viscosity, and transparent at ambient conditions, while a higher number (n>2) results in RT 

solid epoxy resins. Additionally, epoxies are a good choice, because they offer a good price-

performance ratio. This means they provide good (mechanical) properties at a reasonable 

price (Figure 13). 

 

 

Figure 12: Structure-property relationship for Bisphenol-A epoxy resin 
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3.5. Epoxy foams 

Epoxy foams enjoy high popularity,194 mainly driven by their excellent weight-to-performance 

ratio and their versatility, combining the wide range of properties of epoxies with the 

advantages of porous materials.195-198 The porous structure holds responsible for low density 

and low weight of epoxy foams. Depending on the pore morphology, low moisture uptake, 

thermal and acoustic insulation and shock absorption can be added to the list of beneficial 

properties.44,199 This makes epoxy foams attractive for applications in packaging, sealing, 

filtration and as cores in composite sandwich structures.200,201 

Epoxy foams are conventionally prepared by chemical and physical blowing.202 Chemical or 

physical blowing agents are mixed with an epoxy formulation, including resin and hardener, as 

well as other additives. Chemical blowing agents (e.g. azo-compounds) generate gas upon 

chemical reaction,203-211 while physical blowing agents212-215 (usually low boiling point 

chemicals, such as hexane) gasify upon heating; the gas froths the epoxy formulations into 

stable liquid foams, which result after curing in solid epoxy foams. The addition of hollow or 

expandable spheres to an epoxy resin formulation has been used in particular to prepare 

syntactic foams. Foam templating (or mechanical frothing)48,58,59,216-220 has also been used to 

 

Figure 13: Epoxies offer a good price-performance ratio (http://www.compositesworld.com/articles/the-
outlook-for-thermoplastics-in-aerospace-composites-2014-2023) 
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produce macroporous epoxy resins. Air is mechanically beaten in preferably highly viscous 

mixtures of monomers and hardener, which are subsequently cured. The dispersed air bubbles 

serve as templates for controlling the pore size and shapes as well as the porosity of the cured 

epoxy foam. 

Khundamri et al.221 employed epoxidized mangosteen tannin (EMT) as reinforcing material in 

the preparation of epoxy foams based on epoxidized soybean oil (ESO) and 

methyltetrahydrophtalic anhydride (MTHPA), with azodicarbonamide (AC) as chemical 

blowing agent. The use of EMT led to an increase in compressive strength, a decrease in 

compression set and it also raised glass transition and degradation temperature. Even though 

porosities were not explicitly reported, SEM images clearly indicate the porous nature of the 

material. Gu et al.222 synthesised flexible epoxy foams from a mixture containing carboxyl-

terminated butadiene-acrylonitrile rubber (CTBN), a bisphenol A epoxy resin and starch. They 

focused on investigating the influence of the CTBN:epoxy ratio and the amounts of curing 

(dicyandiamide) and blowing agent (AC) on the foam performance. Hashimoto et al.223 reacted 

a polyepoxy compound with a carbonate oligomer with terminal phenolic hydroxyl groups, in 

presence of a catalyst. The carbonate served as crosslinker and due to the release of CO2 

simultaneously also as foaming agent, resulting in a uniform pore structure. The foams showed 

excellent mechanical durability, good heat resistance and high flexibility against compression, 

bending and warp. Wang et al.45 have produced syntactic epoxy foams with significantly 

improved flexibility and higher thermal stability by incorporating a combination of 0.5-2 mm 

sized fillers. Buddhacosa et al.224 added amorphous sodium borosilicate hollow microspheres 

and waste tyre-derived elastomeric fillers to a blend of bisphenol A and F epoxy. Syntactic 

epoxy foams with 70% higher vibration damping were manufactured, but at the cost of lower 

compression properties. Song et al.46 used mechanical frothing to fabricate epoxy foams with 

improved mechanical properties. The addition of 0.5 and 1 wt% hollow elastomeric 

microspheres significantly enhanced fracture resistance and impact toughness, compared to 

an unfilled epoxy foam, without sacrificing the compressive properties. 
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Wang et al.225 were among the first ones to use emulsion templating with epoxies. The 

continuous phase contained one of two epoxy systems, a bisphenol-A diglycidyl ether 

(DGEBA) or glycidyl amino epoxy,226 together with a low molecular weight polyamide resin as 

curing agent, nonyl phenol polyoxyethylene as surfactant and 4-methyl-2-pentanon as solvent. 

An aqueous suspension of colloidal silica was in both cases used as internal phase. Among 

others, the influence of the volume fraction of the dispersed phase, the amount of silica in the 

internal phase and the optimal hydrophile-lipophile balance (HLB) of the surfactant and were 

investigated. Tu et al.227 prepared epoxy foams in a similar way as Wang et al.226 and 

subsequently hydrophilized the surface of porous epoxy monoliths  by swelling the porous 

monolith in an acetone solution containing 10 wt% azobisisobutyronitrile (AIBN), immersing 

the dried foam into an acrylic acid solution and finally grafting acrylic acid molecules to the 

surface by initiating the radical polymerisation through heat. The surface modification caused 

a significant improvement of wettability and water absorption of the porous epoxy monolith. 

Anusha et al.228 succeeded to prepare emulsion-templated conductive epoxy foams by adding 

carbon black to the resin formulation. 

Emulsion templates typically show a higher stability than foam templates due to the similar 

densities of internal and external phase.48,229 For certain applications, such as encapsulation, 

it is desirable to have the target liquid as the internal phase of the emulsion templates, which, 

after curing, have the liquid encapsulated in the porous materials.230-232 

3.6. Compressive behaviour of cellular solids 

The mechanical properties of cellular materials, e.g. polyLIPEs/MIPEs/HIPEs, are most 

commonly determined by compression tests. Stress - strain (σ - ε) curves, illustrating the 

variation of the compressive load as function of applied strain, are recorded while samples of 

defined shape and known dimensions are compressed between two metal plates. They 

primarily describe the nature of a material (e.g. brittle, tough, elastic), but also contain 

information about the pore structure, which is of interest for applications involving energy 

absorption or pressure changes for instance. 
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Typically, the compressive response of polymer foams can be divided in three distinct regions 

(Figure 14):233 (i) elastic deformation, (ii) plastic deformation and (iii) failure/rupture. The linear 

elastic region is characterised by a sharp initial increase of the σ - ε curve at very low strains, 

recognisable by the direct proportionality of loading stress and displacement. It commonly 

extends to a strain of maximum 5-10% and represents reversible deformation. The narrower 

the linear elastic region, the higher is a material’s brittleness. The slope of the linear elastic 

region, termed elastic/Young’s/compression modulus, is an important parameter for describing 

the stiffness of a material. Subsequently, the curves level off and transition into the plasma 

deformation, which is characterised by compression of cells and buckling of cell walls. 

While in the elastic region, the energy absorbed due to internal friction, is used to restore the 

original shape of the test specimen when the load is released, mechanical energy is 

irretrievably lost when cellular solids are compressed beyond their elastic limits, i.e. plastically 

deformed. A slightly positive profile in this region indicates an elastomeric nature and moreover 

suggests a certain contribution of closed cells to the compressive behaviour. On deformation, 

the gas in closed cells is compressed, the cell gas pressure increasingly contributes to the 

stiffness of a material and causes a positive slope in the plastic region. In fully open porous 

materials, on the contrary, compression induces an airflow out of the material, creating viscous 

 

Figure 14: Schematic illustration of the mechanical response of a typical polyMIPE/HIPE undergoing 
compression. 



 34  

forces, which contribute substantially less than the gas pressure and hence leads to almost 

horizontal plateaus. A rapid increase in stress indicates the onset of densification, going along 

with cell walls crushing into each other and total compaction. 

Although general qualitative trends how various formulation and processing parameters affect 

the mechanical properties of polymer foams have been reported, not all links and relations are 

fully understood yet. This makes the establishment of equations for quantitative predictions of 

mechanical properties very challenging. Gibson and Ashby (GA) have started their studies 

about mechanics of cellular solids and their theoretical description at the beginning of the 

1980s and have since then coined this field like no others.1,234,235 They first proposed a simple 

equation correlating relative Young’s modulus (quotient of foam Ef and wall modulus Ew) to 

relative density (quotient of foam ρf and wall density ρw) and pore dimensions (length and 

thickness of edges and struts), which, however, only yields good results for linear elastic 

deformation, i.e. at very small strains. Building on their simplified initial expression, GA 

suggested to include a term taking account for elastic buckling and to introduce the openness 

ϕ into the equation (Eq.(7)):236 

 

Ef
Ew
= C1ϕ

2 (
ρf
ρw
)
n

+ C2(1 − ϕ) (
ρf
ρw
) 

(7) 

  

 

where C1 and C2 are proportionality constants with a value of approximately 1. The openness 

ϕ denotes the fraction of bulk material found in the edges of the cells surrounding the voids, 

whereas (1- ϕ) refers to the wall material surrounding voids. In closed-cell foams, ϕ is typically 

in the range of 0.6 – 0.8,236 while ϕ is close to 1 for fully open-porous structures due to the 

negligibility or even absence of pore walls. The first term, ϕ
2 (

ρf

ρw

)
n

, describes pore edge/strut 

bending, predominant in open porous foams, whereas the exponent n is often 2, but can 

generally vary between 1 and 3; the second term, (1 − 𝜙) (
𝜌𝑓

𝜌𝑤
), represents membrane (pore 

face/wall) stretching, rooted in the flexure of struts. GA also developed an equation for entirely 

pore edge/strut 

bending 

pore wall 

stretching 
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closed-cell foams, considering a third term the pressure build-up in closed pores upon 

compression, which, however, reduces to Eq.(7) at small pressures. GA themselves and 

numerous other researchers proposed and developed modifications and refinements for better 

suitability for certain types of materials and morphologies.237-239 

3.6.1. Factors affecting the mechanical properties of cellular 
solids 

For many applications, the mechanical behaviour of a material is of interest if not of outmost 

importance. Emulsion templating offers a broad range of tools that can be used to tailor a 

material to one’s needs. It is needless to say that this topic is strongly interrelated to emulsion 

stabilisation and  morphology of polyMIPEs/HIPEs.240-242 The mechanical properties of porous 

emulsion-templated materials depend significantly on the modulus of the resin and the foam 

density of the material.243-247 Substitution of bulk polymer for air leads to a reduction in density 

and thus lowers the stiffness. Inversely, increasing the monomer fraction in an emulsion 

(template) commonly leads to a material with higher density and thus also significantly higher 

modulus, hence, E(polyLIPE) > E(polyMIPE) > E(polyHIPE). This behaviour is also reflected 

in stress-strain curves by a decrease of modulus and crush plateau with increasing porosity. 

Copolymerisation with a bulky, rigid monomer presents another way to increase the elastic 

modulus, however, often at the expense of toughness and elasticity. Toughness, combining 

strength and ductility, describes a material’s ability to absorb energy during deformation before 

fracturing. It is quantified by the area under the stress – strain curve, which can easily be 

evaluated using integration. Elastic materials, on the other hand, are characterised by their 

ability to recover their original size and shape after removal of any deforming load. 
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4. Experimental 

4.1. Materials 

4.1.1. Sandstone 

Sandstone cores 1.S1 – 1.S8 (Paper I) with porosities in the range of 3 - 40% were provided 

by Berea® Sandstone (Petroleum Cores, Ohio, USA). 

4.1.2. Porous polyepoxides 

For the preparation of the polyMIPEs described in Papers II & III, two different two-component 

epoxy systems (resin (A) and hardener (B)) were used (Figure 15): 

(1) Low viscosity epoxy resin Araldite® 2020 (Paper II) was purchased from Huntsman 

(Huntsman Corporation, Switzerland). Component A consists of a mixture of diglycidyl ether 

of bisphenol A (DGEBA) (Mn < 700) and 1,4-butanediol diglycidyl ether as reactive diluent. 

Component B is formed by the cycloaliphatic isophorone diamine (IPDA) and trimethylhexane-

1,6-diamine. 

(2) Flexible epoxy system EF80 (Paper III), with the main components of the resin being 

DGEBA and 1,6-hexanediol diglycidyl ether, was purchased from Easy Composites 

(Staffordshire, United Kingdom). The hardener is a mixture of nonylphenol, trimethylhexane-

1,6-diamine, coco alkyl amines (C12-C18) and 2,4,6-tris(dimethyl-aminomethyl)phenol. 

As stabilising agents, the non-ionic surfactant sorbitan monolaurate (Span®20, HLB 8.6) 

(Paper II) and poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) 

(PEG-PPG-PEG) (Pluronic L-81) (Paper III). Calcium chloride dihydrate (CaCl2‧2H2O) was 

added in both cases as electrolyte to the internal aqueous phase.as Salt and surfactants were 

purchased from Sigma-Aldrich (Vienna, Austria). Multi-walled carbon nanotubes (MWCNTs) 

and modified silica nanoparticles (HDK H18), used for producing flexible poly(epoxide)MIPEs 

(Paper III), were kindly provided by Arkema (Lacq, France) and Wacker Chemie AG 

(Germany), respectively. All chemicals were used as received, unless stated otherwise. 
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4.1.3. Gas permeability & diffusivity measurements 

Nitrogen (>99.999% purity) and oxygen (99.5% purity), used for permeability and diffusivity 

tests of sandstones (Paper I), were obtained from BOC Edwards Ltd., Crawley, UK, while 

nitrogen (5.0) consumed during gas permeability measurements performed on 

poly(epoxide)MIPEs (Paper II) was purchased from Messer Austria GmbH (Gumpoldskirchen, 

Austria). 

Sandstone as well as porous polyepoxide samples were sealed with the highly viscous epoxy 

adhesive Araldite® Rapid (Araldite® Precision Adhesive RS Components Ltd., Corby, UK) to 

prevent fluid leakage. A silicon-based release agent (Silicone mould release spray, 

Electrolube, RS Components Ltd., Corby UK) was applied to the inner surface of the PTFE 

 
  Chemical compound CAS 

1  Diglycidylether of Bisphenol A (DGEBA) 25068-38-6 

2  Diglycidylether of Bisphenol F (DGEBF) 28064-14-4 

3  1,4-Butanediol diglycidyl ether 2425-79-8 

4  1,6-Hexanediol diglycidyl ether 16096-31-4 

5  Isophorone diamine (IPDA) 2855-13-2 

6  Trimethylhexane-1,6-diamine 25620-58-0 

7  Nonylphenol 25154‐52‐3 

8  Amines, coco alkyl (mainly C12-C18) 61788‐46‐3 

9  2,4,6-Tris(dimethyl-aminomethyl)phenol 90-72-2 

Figure 15: Structures of the main constituents of the epoxy systems Araldite®2020 and EF80. 
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moulds to facilitate removal of the samples from the mould after embedding in the epoxy resin 

Araldite®2020 (RS Components Ltd., Corby UK). 

4.1.4. Surfactant screening and swelling tests 

All emulsifiers tested for their suitability to stabilise water-in-Araldite®2020 emulsions (Paper 

II) – i.e. Pluronic®L-81 (PEG-PPG-PEG) (HLB 2), Span®80 (sorbitan monooleate) (4.3), 

Hypermer®2296 (based on polyisobutylene succinic anhydride and the copolymer of PEG) 

(4.9), Hypermer®1083 (mixture of sorbitan oleate and block copolymeric ester of a hydroxy 

stearic acid and ethylene glycol) (4-6), Hypermer®B246 (block copolymeric ester of a hydroxy 

stearic acid and ethylene glycol) (6), Span®20 (sorbitan monolaurate) (8.6), Brij®O10 (PEG 

(10) oleyl ether) (12.4), Triton®X-100 (PEG tert-octylphenyl ether) (13.4), Tween®80 (PEG 

sorbitan monooleate) (15), Tween®20 (PEG sorbitan monolaurate) (16.7) and Triton® X-405 

(PEG tert-octylphenyl ether) (17.6) – were purchased from Sigma-Aldrich (Vienna, Austria). 

The solvents isopropanol, acetone, dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), 

tetrahydrofuran (THF) and benzene, employed in the swelling experiments (Paper II), were 

also purchased from Sigma-Aldrich, Diesel oil from Shell. 

4.2. Methods 

4.2.1. Emulsion preparation 

Throughout Papers II & III, emulsion templating was used to produce porous 

poly(epoxide)MIPEs. An aqueous calcium chloride solution (10 g/l), serving as internal phase, 

was added dropwise under constant stirring to homogenised mixtures of EF80 

(resin+hardener)/Pluronic L-81/MWCNTs and Araldite®2020 (resin+hardener)/Span®20, 

respectively. Paper II focused on investigating possible relations between surfactant ratio (13 

- 20 vol%) and internal phase ratio (49 – 60 vol%) on a range of morphological, physical and 

mechanical properties, while Paper III studied the influence of internal phase ratio (60/70 

vol%), curing temperature (RT (23°C)/50°C) and CNT-content (0 - 1.2 wt%). The cured MIPEs 

were washed with distilled water prior to being dried at 50-60°C until constant weight. Exact 

formulations and emulsification procedures are detailed in the respective papers. 
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4.2.2. Scanning Electron Microscopy (SEM) - Structure and 
pore morphology 

Through Papers II & III, a JCM-6000 Neoscope bench-top scanning electron microscope 

(JEOL Ltd., Eching, Germany) was used to study internal structure and pore morphology of 

the prepared porous polyepoxides. Thin foam pieces were mounted on SEM stubs using 

conductive carbon stickers and then sputter gold coated (JFC-1200 Fine Coater, JEOL Ltd., 

Eching, Germany) to achieve sufficient electrical conductivity. The electron microscope was 

operated in secondary electron mode at an acceleration voltage of 15 kV. 

Pore diameters dp and pore throat sizes dpt were measured from the micrographs using the 

software package ImageJ, statistical analysis was done using Microsoft Excel. 

4.2.3. Pycnometry – Density and porosity 

Generally, pycnometry is based on repeatedly determining a samples volume, which is 

inaccessible for a certain displacement medium. Skeletal (absolute) densities ρs were 

determined using gas displacement pycnometry (AccuPyc II 1340, Micromeritics Ltd., Aachen, 

Germany) by detecting a pressure change resulting from the displacement of gas by a solid. 

Helium is commonly preferred because of its inert character, its negligibly small adsorption 

tendency at ambient conditions and its ability to penetrate into pores. Small foam fragments 

were pestled (Paper II & III), sandstones (Paper I) crushed using a hammer, then the 

pulverised material was transferred into a sample cup for weighing. After inserting the cup into 

the pycnometer, the loaded sample chamber was pressurised with helium to a pre-set value, 

before allowing the gas to expand into a reference chamber of known volume. The sample 

volume was accessible from the pressure difference in the sample chamber before and after 

the expansion and the known volumes of both chambers by applying Boyle’s law. Finally, 

skeletal densities were obtained as the quotient of sample mass and skeletal volume. 

Measurements of foam (bulk) densities ρf were based on graphite powder displacement 

pycnometry (GeoPyc 1360 V1.03, Micromeritics Ltd., Aachen, Germany). DryFlo, showing a 

high degree of flowability and quasi-fluid characteristics in addition to being non-penetrating, 

acted as displacement medium. A zero-volume baseline was established by measuring the 
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volume of DryFlo in the sample chamber (blank data), before immersing several small 

polyMIPE pieces (Paper II & III) in the displacement medium and repeating the measurement 

(sample run). Under constant agitation, a plunger compacted the DryFlo in the cylindrical 

sample chamber and consolidated it around the foam fragments. The difference in penetration 

of the piston between blank and sample run was used to evaluate the foam volume. Knowing 

the mass of the polymer pieces, calculation of the corresponding foam densities was straight 

forward. Foam (or bulk) densities of Berea sandstones Paper I were obtained by simply 

measuring mass and dimensions of sandstone fractures. 

The percentage porosity P (ε in Paper I) could then be calculated from Eq.(8): 

 P =  (1 −
ρf
ρs
) ∙ 100% (8) 

4.2.4. Dynamic Scanning Calorimetry (DSC) - Thermal stability 

Glass transition temperatures Tg were determined using dynamic scanning calorimetry 

(Discovery DSC, TA Instruments, Eschborn, Germany) in order to study the possible influence 

of the surfactant amount used in the emulsion formulation on Araldite®2020 polyMIPEs (Paper 

II). Small foam fragments were powdered and subsequently subjected to two cycles of a 

predefined temperature program: after equilibration at -30°C, the samples were heated to 

150°C at a rate of 5°C/min and after five minutes of equilibration cooled down again to -30°C 

at the same rate. The glass transition temperature is seen in a typical DSC curve (temperature 

vs. heat flow) as step-shaped endothermic change in specific heat capacity cp. 

4.2.5. Uniaxial single and cyclic compression tests - 
Mechanical properties 

Mechanical properties of the polyepoxide foams were tested under compression using a 

universal mechanical testing machine (Instron Series 5969, Instron Ltd., UK). In Paper III, a 1 

kN load cell was employed to compress cuboid samples (10 mm x 15 mm x 15 mm) by 70% 

of their initial height, while in Paper II measurements were performed on foam disks (diameter 

25 mm, height 10 mm) using a 50 kN load cell. The maximum strain thereby was 60%. All tests 
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were carried out at room temperature and with a compression speed of 1 mm/min. For every 

polyMIPE with the same composition at least five specimens were tested. 

The elastic (compression) modulus Ec, a measure for stiffness and proportionality constant 

between stress σ and strain ε, was determined from the slope of the initial linear region of the 

stress-strain curves, the plateau modulus Ep from the slope of the rubber plateau. The 

compressive (or crush) strength σc, defined as the maximum stress at the end of the initial 

linear elastic section, was obtained from the intercept of the extensions of linear regressions 

to the initial linear region and the second linear (plateau) region. 

4.2.5.1. Cyclic compression tests 

In Paper III, porous poly(epoxide)MIPEs were additionally subjected to cyclic compression 

tests at predefined strain amplitudes of 10%, 20%, 50% and 70% for 200 cycles in order to 

study their durability and the reversibility of mechanical properties. These strains were selected 

because they represented the polyMIPEs’ mechanical behaviour at the end of the first linear 

region, beginning of the linear plateau region, the end of the plateau region and the 

densification. Loading and unloading rate of the crosshead were set to 5 mm/min. 

The area ΔS enclosed by the loading and unloading curves Sload and Sunload (Figure 16), 

respectively, was obtained by integration using software (OriginPro 2019b). The energy loss 

coefficient ELC, sometimes also referred to as loss ratio or hysteresis ratio, quantifies a 

 

Figure 16: Illustration of a typical hysteresis loop as obtained from cyclic compression tests. An energy 
loss coefficient (ELC) can be calculated from the areas under the loading and unloading curve, 
respectively.  
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material’s ability to absorb kinetic energy during cyclic loading. Residual strains were 

determined as the strains of the unloading curves when the stresses reached zero. 

4.2.6. Equilibrium swelling tests 

Produced polyepoxide foams (Paper II) were immersed in a series of solvents of different 

polarity (isopropanol, dimethyl sulfoxide (DMSO), (N,N)-dimethylformamide (DMF), 

tetrahydrofuran (THF), acetone, benzene and diesel oil) to study their swelling behaviour and 

chemical resistance. Epoxy foams S1-S5 were cut into cuboids (5 mm x 5 mm x 10 mm) using 

a bandsaw. Weight and dimensions of the polyMIPEs were recorded before placement in vials 

and solvent addition (10 ml) and then after 1h, 2h, 4h, 8h, 1d, 2d, 4d, 6d, 8d and 11d. Finally, 

all specimens were dried in a vacuum oven for 24h at 60°C, prior to weighing them again, to 

determine the mass of the dry network after extraction of soluble materials. 

Swelling ratio Q and the inversely proportional polymer volume fraction at swelling equilibrium 

ϕp were calculated from the volumina of the swollen Vsw and initial dry polyMIPEs V0: 

 Q =
Vsw
V0
=
1

ϕp
 (9) 

Lose and unattached molecules, e.g. excess surfactant, are extracted during the swelling 

process, leading to a reduction in weight. The ratio of extracted material ωsol was quantified by 

comparing the weight of the dry polyMIPEs before immersion into a solvent and after solvent 

removal at the end of the swelling test after eleven days, m0 and mdry respectively: 

 ωsol =
mdry −m0

m0
 (10) 

4.3. Gas permeability & diffusivity measurements -  
 method development and validation 

This chapter bridges Paper I and Paper II. On one hand, it contains more detailed information 

about several aspects of the underlying theory of the gas permeability measurements. On the 

other hand, it describes the preparation of porous samples for permeability measurements and 

discusses the results of tests performed on Araldite®2020 epoxy polyMIPEs. Most of the 

information given here is not included in any of the publications. However, few paragraphs 
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from the published manuscript (Paper I) were also used in this chapter in order to establish or 

maintain connection between different topics. 

4.3.1. Introduction to gas permeability 

Permeability characterises the ease of a fluid flowing through a porous solid, thus it is often 

described as fluid conductivity.248 Results of permeability measurements allow to draw 

conclusions about a material’s pore morphology.249 Despite the broad range of available test 

methods, such as mercury porosimetry,250,251 image analysis252 or NMR,253-256 permeability 

measurements based on the application of a pressure gradient across a porous sample are 

most common. 

The French civil engineer Henry Darcy investigated the flow of water through sandstone and 

other porous media.257 Based on his observations, he formulated in 1856 a basic equation, 

relating the volumetric flow rate Q [m3 s-1] to the pressure gradient (dp/dx) driving the flow, 

which is commonly known as Darcy’s law* (Eq.(11)): 

 Q =  
dV

dt
= −

k

μ
A(
dp

dx
) (11) 

 

Figure 17: Illustration of pipe flow and its most influential parameters as described by Darcy’s equation 

where A [m2] is the sample cross-sectional area, μ [Pa s] the dynamic viscosity of the fluid and 

k [m2] the permeability. The ratio of flow rate and cross-section area, Q/A, is termed fluid 

superficial (also filter or empty tube) velocity u [m s-1]. By measuring the volumetric fluid flow 

rate through the material, the permeability k can be calculated.258-260 

p1 p2
Δp = 1 atm

L = 1 cm

μ = 1 cP

Q = 1 cm3/s

A = 1 cm2

Qk = 1 D (darcy)

1 Darcy = flow of 1 cm3/s through a 1 cm tube with a pressure difference of 

1 atm/cm2 between the opposite faces, using a fluid with 1 centipoise viscosity.

1 P = 0.1 kg m-1 s-1
10 P = 1 Pa.s
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We reported the development of an integrated apparatus, which can be used for the 

determination of both permeability and diffusivity, including transient diffusion and diffusion 

under the influence of a pressure gradient.261 The main advantage and novelty about an 

integrated apparatus is that it encompasses several characterisation techniques and allows 

the simultaneous measurement of multiple independent properties, thus being highly efficient. 

It can be used for the characterisation of a wide range of porous media, ranging from 

sandstone to porous polymers. This chapter first elaborates the development of the working 

equation for determining gas permeability in porous media and then focuses on permeability 

measurements carried out on open porous Araldite®2020 epoxy polyMIPEs. 

4.3.2. Theoretical background 

Darcy’s law (Eq.(11)) states that the rate of fluid flow through a porous medium is directly 

proportional to the applied pressure gradient. Therefore, it can be used to determine the 

permeability of porous materials by means of a pressure-rise method. In order to assure its 

validity, a number of conditions has to be fulfilled: the fluid flow must be laminar, it is assumed 

that the resistance to flow is entirely due to viscous drag and the porous material needs to be 

inert to the fluid.260 

Reynolds number Re and friction factor f, both dimensionless, are among the most common 

parameters used to characterise fluid flow through porous media. Re is defined as the ratio of 

inertial to viscous forces and can thus provide information about the flow regime, e.g. predicting 

whether a flow is laminar or turbulent. Its general form is commonly written as: 

 Re =
inertial forces

viscous forces
=
ρuL

μ
 (12) 

where ρ [kg m-3] is the fluid density, u [m s-1] the fluid velocity, L [m] a characteristic linear 

dimension of the medium (e.g. pipe diameter, grain size, pore size) and μ [Pa s] the dynamic 

viscosity of the fluid.  

Assuming Darcy’s law is valid, low Re are obtained for viscous drag-dominated flow (viscous 

forces >> inertial forces). Viscous forces lead to a pressure drop in the fluid and thus energy 

loss. The pressure drop increases linearly with volume flow rate and/or fluid velocity (Q = A∙u). 
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High resistance can also be rooted in high viscosity of the fluid or low permeability of the 

medium. Consequently, k=0 is equivalent to infinite resistance. In porous media, not only 

viscous but also form drag, i.e. inertial forces, contribute to resistance against fluid flow. When 

their contribution becomes significant (e.g. at high flow rates), the linear relationship between 

flow rate and pressure drop, as given by Darcy’s law, becomes inaccurate and is thus replaced 

by a nonlinear expression, such as the Forchheimer equation (Eq.(21)). 

Due to the broad variety of porous materials, several conceptionally equivalent, but slightly 

modified Re were defined.262,263 More precisely, modifications concerned the terms for the 

velocity u and the characteristic linear dimension L. Comiti et al. (2000) stated that the pore 

Reynolds number Rep (Eq.(13)) should be preferentially used for open porous systems:264 

The characteristic linear dimension in Rep is the average pore diameter dp, determined in this 

publication from analysis of SEM images. The pore velocity up [m s-1] accounts for the reduced 

area available for fluid flow, compared to the flow through a single capillary. Bulk material 

reduces the volume that is accessible for fluid flow. Conservation of mass in fluid flow is 

described by the continuity equation, which requires a continuous and steady flow. This can 

only be achieved if the fluid velocity within a porous material is higher than the superficial 

velocity. Porosity ε connects superficial velocity u and pore velocity up (equivalent to interstitial 

velocity in packed beds) through the Dupuis-Forchheimer relation 𝑢p =
𝑢

𝜀
. Accordingly, 𝜀 = 0 

is tantamount to infinite resistance and 𝑢p = 𝑢 for the limiting case of 𝜀 = 1. Moreover, not only 

the porosity, but a material’s pore structure in general affects flow characteristics. Important 

parameters in this context are surface area, surface roughness, pore size, pore throat size and 

tortuosity. The larger the contact area between fluid and solid surface of the porous medium 

(relative to flow volume), the higher the resistance to flow. Accordingly, the resistance to flow 

decreases with increasing diameter. Flow between two points in a porous medium rarely takes 

the shortest way. It is dictated by a material’s pore distribution and thus follows a tortuous path, 

which exceeds the length of the direct linear connection. The ratio of effective path length Leff 

 
Rep =

ρupdp

μ

     up=
u

ε
     

→       Rep =
ρudp

εμ
 (13) 
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to the shortest distance between two points L is termed tortuosity τ (=Leff/L). Tortuosity is 

commonly determined by gas diffusion measurements265-268 or electrical conductivity of a non-

conducting porous material when saturated with brine.269 

The friction factor (Eq.(14)) was introduced to adequately represent the region of flow in which 

the influence of form drag cannot be neglected any longer, i.e. when Darcy’s law does not 

provide a sufficient description anymore.264,270 Based on the analogy of pipes and pores, 

Carman adopted the concepts originally developed for pipe flow to porous media:271 

 f =
16

Rep
+ 0.1936. (14) 

There are major differences between gas and liquid flow in porous media, which as a 

consequence leads to higher gas permeabilities than liquid permeabilities for a given porous 

material.260,272 The lower viscosity of gases facilitates higher flow rates in porous media and 

thus results in an increased probability of flow in the non-Darcy regime (higher Rep). Moreover, 

the compressibility of the gas needs to be considered. As such, Darcy’s law can be applied 

locally to relate fluid velocity and pressure gradient, but the velocity will actually change along 

the flow path according to a parabolic profile.273,274 

Most commonly, description of fluid flow is based on the assumption that the fluid behaves like 

a continuum, which allows for the use of averaged parameters, such as the mean velocity. 

This approach is only viable as long as the pressure of a gas or liquid is in its respective typical 

range. At very low gas pressure (or density), however, the continuum approach breaks down, 

because the requirement of gas molecules to collide more frequently with other gas molecules 

than the (pore) walls is not fulfilled anymore (Figure 18). In this case, gas flow through a porous 

medium resembles more the passage of individual molecules than a fluid continuum. A 

parameter often consulted in this context is the mean free path length λ, which is defined as 

the mean distance travelled by a molecule between subsequent collisions with other 

molecules. When the tube diameter approaches λ, gas flow is faster than predicted by 

Poiseuille’s law; the same applies for low pressure gas flow through porous media. Slippage 

increases the flow rate (i.e. higher velocity at constant cross section) over and above 
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predictions following Darcy’s law, which consequently leads to overestimated permeabilities.275 

This phenomenon, occurring particularly at low gas pressures between the flowing gas and 

the wall, is referred to as slip effect and the corresponding flow as slip flow, Knudsen flow or 

free molecular flow. 

The slip effect was described by Milikan (1923);276 its application to porous media was 

reported, among others by Hewitt (1967).277,278 More recent work on this topic has been 

performed by Biloé (2003),279 Lin (2004),280 Tanikawa (2006),272 Jannot (2012),281 Ziarani 

(2011),282 Berg (2014),283 Kawagoe (2016)284 and Liu (2016).285 Klinkenberg (1951)286 was the 

first to recognise that the difference in permeabilities to gases and liquids was caused by the 

slip effect. Therefore, this phenomenon is often also often referred to as ‘Klinkenberg effect’. 

His idea was to model gas flow through porous media as Knudsen flow through a capillary 

tube (or a set thereof). 

The parabolic flow velocity profile of laminar flow theory assumes no movement (u=0) of fluid 

molecules at the solid wall. However, the velocity at the interface between wall and fluid has a 

finite value. Neglecting slip would lead to underestimation of the rate of transport of momentum 

to the wall (i.e. the wall shear stress), particularly when a gas is employed as fluid. One 

approach to describe gas flow through porous media is to consider first the case of single 

component flow through a single capillary of diameter d. Here, the mean gas velocity ū at a 

 

Figure 18: At low pressure, molecule-wall collisions dominate. Slip causes an artificial increase in 
permeability. At high pressure, viscous and slip flow coexist → linear relationship between pm and K. 
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position along the capillary can be calculated as the sum of viscous flow ūv and slip flow ūs 

(identical to u0 used in Paper I):277,278 

 
u̅ = u̅v + u̅s 

(15) 

 
u̅ = −

d2

32μ
(
dp

dx
) −

πd

16

v̅

p
(
dp

dx
) (16) 

 
v̅ = √

8RT

πM
 

(17) 

where �̅� [m s-1] is the mean molecular velocity of the gas as derived by the kinetic theory of 

gases, R [J mol-1 K-1] the universal gas constant, T [K] the absolute temperature and M [g mol-

1] the molecular weight of the transported species. 

Friction between fluid and capillary wall opposes the flow, thus the flow work on the body has 

to compensate the frictional resistance. This leads to a decrease of fluid pressure in the 

direction of flow (Figure 19), which is represented by the negative pressure gradient (-dp/dx) 

in Eq.(11) and (16). 

When slip is negligible, i.e. when molecule-molecule collisions are dominant (as is usually the 

case for liquid flow), the slip flow term in Eq.(16) can be omitted and the equation reduces to 

the Hagen-Poiseuille equation: 

 

Figure 19: Negative (dp/dx) indicates decrease of fluid pressure in direction of flow; flow work on the 
body has to compensate frictional resistance. 
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u =
Q

A
= −

d2

32μ
(
dp

dx
)       

d=2R,   A=R2π
→                 Q =

dV

dt
= −

πR4

8μ
(
dp

dx
) (18a,b) 

The mass flux of a gas, the product of velocity u (ū) and density ρ, remains unaffected from 

changes in pressure and flow velocity. After considering assumptions such as constant 

temperature and using relationships like the density-pressure proportionality (described in 

more detail in Paper I), one arrives at Eq.(19): 

Carman (1956) eventually derived an expression applicable to porous media, considering the 

porous material as network of capillaries:271 

where Q2 is the volumetric flow rate downstream (low pressure side) [m3 s-1], p1 the gas inlet 

pressure [Pa], p2 the downstream pressure [Pa], Δp the pressure difference across the sample 

[Pa], L the sample length [m], A the sample cross section area [m2], V the vessel volume [m3], 

t the time [s], μ the gas viscosity [Pa s] (μ for N2 at 293K = 1.76x10-5 Pa s), M the molar mass 

of gas [g mol-1], R the gas constant [J mol-1 K-1] and T the temperature [K]; K [m2 s-1] is the 

permeability coefficient, p0 [Pa] the pressure at which Q is measured, k [m2] the viscous 

permeability (analogous to d2/32 for a single capillary – see Eq.(19)), (4/3)K0 [m] the slip 

coefficient (analogous to 16/d  for the single capillary case). The factor 4/3 has its origin in 

the resistance of a flow channel to molecular flow, applied specifically to cylindrical tubes with 

circular cross section area. Knudsen (1909) extensively described and discussed its derivation 

and its application in the calculation of gas flow outside the linear Darcy flow regime.287 Thus, 

and also for consistency with other publications271,288,289 this factor is retained here. 

After evacuating the apparatus, a nitrogen stream of constant pressure was applied to the 

upper side of the sample, inducing a gas flow from the high- to the low-pressure side, where 

the gas was collected in a vessel of known volume (Vlarge=1.9696 dm3, Vsmall=0.24 dm3). The 

rate of pressure rise Q2 was evaluated as slope of a plot of the pressure at the low-pressure 

side p2 vs. time t and the permeability coefficient K [m2 s-1] calculated. K was plotted against 

 
u̅1p1L

∆p
=
d2

32μ
pm +

πd

16
v̅ (19) 

 

 
K = 

Q2p2L

∆pA
= 
V (
dp2

dt
⁄ ) L

p1A
=
k

μ
pm +

4

3
K0√

8RT

πM
 

(20) 
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the mean pressure 𝑝m =
𝑝1

2
, assuming p2 to be negligibly small (p2~0 Pa). A linear fit to the 

experimental data of a K vs. pm plot has the gradient 
𝑘

𝜇
. Thus, extracting the viscous 

permeability k from the slope is straight forward (Figure 20). The Knudsen flow coefficient (or 

slip flow coefficient) K0 is determined from the extrapolation of the intercept (
4

3
𝐾0√

8𝑅𝑇

𝜋𝑀
) of the 

linear fit with the y-axis of the plot 𝐾 = 𝑓(𝑝m) (Figure 18). 

4.3.1. Setup and measurement procedure 

Gas permeability was measured using a purpose-built apparatus, which is shown in  

(Figure 21). The device is presented in more detail with measures and as CAD drawing in 

Manley et al. (2020) (Paper I),261 where also the measurement procedure is described. Sample 

preparation is described extensively in Paper I and illustrated in (Figure 22a). 

In brief, sandstones (Paper I) and poly(epoxide)MIPEs (Paper II), 13 mm and 15 mm in 

diameter, respectively, were sealed with the high viscosity epoxy system Araldite®Rapid to 

avoid unwanted gas leakage. PTFE moulds, impregnated with a thin film of release agent (WD-

40 or a silicon-based equivalent), were used to embed the coated samples in Araldite®2020. 

Once the epoxy was cured (mostly overnight at ambient conditions), the cylindrical specimen 

was cut to a height of 25 mm and inserted into the sample chamber, followed by evacuation to 

a pressure of about 10 Pa. Measurements were performed on at least two epoxy polyMIPEs 

 

Figure 20: Schematic representation of a gas permeability measurement. The pressure gradient (dp2/dt) 
is determined by plotting the recorded pressure over time. The results of the left part (1) of the equation 
are inserted into the right part. Consequently, the viscous permeability k and the slip coefficient K0 are 
evaluated from slope and intercept. 
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per formulation, two samples each which were always tested from both sides (Figure 22b,c). 

Accordingly, 2.S1-1-1.1 refers to epoxy polyMIPE 2.S1, sample 1, piece 1 measured from 1 

side, while 2.S1-1 corresponds to the average over all measurements of 2.S1 sample 1. 

4.3.1. Gas permeability of porous polyepoxides 

The linear relationship between the mean pressure pm and the permeability coefficients K is 

shown exemplary for polyMIPE 1.S3 in Figure 23 (left). Table 2 summarises porosities, pore 

and pore throat size and lists the determined viscous permeabilities k and Knudsen diffusion 

coefficients K0. PolyMIPE 2.S5 exhibited with 147 ± 42 mD (1.47 ± 0.42 ×10-13 m2) the highest 

permeability, followed by 2.S1, 2.S3 and 2.S4 with very similar permeabilities of 93 ± 29 mD, 

94 ± 19 mD and 85 ± 21 mD, respectively. 2.S2 was the least permeable polyepoxide foam 

with 37 ± 12 mD. Contrary to the permeabilities, 2.S5 showed the lowest Knudsen flow 

coefficient, 7.3×10-6  2.6 ×10-6 m, only slightly lower than the result for 2.S2. Similar values 

were again found for the other three polyMIPEs. 

 

Figure 21: Gas permeability setup 
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Figure 22: a) Stepwise illustration of the sealing of the porous polyepoxides; b) graphical representation 
of a specimen and its different layers; c) test results of one piece of foam are afflicted with only a small 
error, while averaging over several specimen leads to a significant increase in the error of the evaluated 
parameters.  

 

Figure 23: Permeability coefficient as function of mean pressure pm (a) and of 𝐶 =
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Comparison of the results of all epoxy foams yielded no systematic and fully coherent 

dependency of the permeability on neither porosity nor pore size, although certain results, 

detailed below, do suggest a correlation between some of the parameters. 2.S5 exhibited the 

largest pores (arithmetic mean d[1,0]) and the highest porosity, thus justifying the higher 

permeability compared to the other foam cores. Consequently, the less porous polyMIPEs 

2.S3 and 2.S4, with smaller average pore diameters d[1,0], were also less permeable. 

Table 2: Data taken from Paper II. Average pore diameters: arithmetic mean d[1,0], Sauter diameter 
d[3,2], median pore diameter d50, and dv10, average pore throat sizes dpt, porosity ε, Knudsen Diffusion 
coefficients K0 and viscous permeabilities k for porous polyepoxides 2.S1-2.S5. 

 Pores (in [μm]) Pore throats ε K0 k 

 d[1,0] d50 d90 d[3,2] dv10 dpt / [μm] [%] [m] [mD] 

2.S1 28.3 15.0 39.5 518.8 400.5 9.7 ± 12.2 43 ± 3 1.1E-05 ± 3.8E-06 93 ± 29 

2.S2 31.3 19.2 56.5 426.8 290.5 6.5 ± 8.6 58 ± 3 8.3E-06 ± 1.8E-06 37 ± 12 

2.S3 34.6 15.7 86.1 211.4 135.8 7.0 ± 7.1 54 ± 3 2.1E-05 ± 3.5E-06 94 ± 19 

2.S4 37.6 17.8 144.7 210.8 134.4 8.0 ± 8.1 54 ± 4 2.1E-05 ± 2.8E-06 85 ± 21 

2.S5 48.3 19.8 137.8 303.9 193.5 10.1 ± 8.5 62 ± 2 7.3E-06 ± 2.6E-06 147 ± 42 

Slip flow is expected to have more impact on gaseous transport in materials with smaller pores. 

This agrees with the lowest Knudsen diffusion coefficient found for 2.S5 and the higher values 

for 2.S3 and 2.S4. However, permeabilities of epoxy foams 2.S1 and 2.S2, prepared with 16 

vol% surfactant, cannot be related to their porosities, likely due to a significant fraction of closed 

or dead-end pores. Evaluation of the experimental data yielded a significantly lower 

permeability for 2.S2, even though it exhibited one of the highest porosities. 2.S1 displays the 

opposite relation, lowest porosity but intermediate permeability, relative to analysed foam 

cores. 

Fluid flow is primarily determined by the dimensions of the flow channel. Accordingly, pore 

throats connecting the larger pores creating the flow path, play a crucial role for gaseous 

transport through porous media and hence permeability. A dpt vs. k plot (Figure 24) indicated 

increased permeabilities for samples prepared with 20 vol% surfactant, i.e. 2.S3-2.S5, and 

thus a higher degree of interconnectivity. 
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Figure 24: Dependence of the gas permeability on the limiting pore throat diameter. One can see a 
trend to higher permeabilities for samples with a higher surfactant ratio. 

 

Figure 25: Permeability coefficient at various mean pressures for polyMIPEs 2.S1-2.S5 

Figure 25 shows a graphical comparison of the pm vs. K plots of all five polyMIPEs. The large 

error bars of the permeability coefficients instantaneously attract attention. However, this is by 
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Figure 20c visualises schematically the development of the error in K, starting from one single 

5 6 7 8 9 10 11
0

50

100

150

200
 16 vol% Span 20

 20 vol% Span 20

p
e

rm
e

a
b

il
it

y
 k

 [
m

D
]

average pore throat diameter dpt [μm]

0 1 2 3 4 5 6
0.000

0.005

0.010

0.015

0.020

 2.S1

 2.S2

 2.S3

 2.S4

 2.S5

P
e

rm
e

a
b

il
it

y
 c

o
e
ff

ic
ie

n
t 

K
 [

m
2
 s

-1
]

Mean pressure pm [MPa]



 55  

foam specimen, tested from both sides, over all specimens from one polyMIPE to the average 

of all analysed specimens of one formulation (e.g. 2.S3). 

The sum of measurements performed on one foam core was mostly associated only with small 

errors, indicating the homogeneity of that individual polyMIPE and the absence of a pore size 

gradient. The large error bars, on the other hand, revealed differences in independently 

prepared polyMIPEs from the same formulation. All specimens were tested roughly at the 

same mean pressures and pressure intervals, an exact adjustment of the input pressure was 

not possible. This has to be improved to develop the method further. Hence, permeabilities 

were averaged over a very narrow pressure range, which probably also contributed to a minor 

degree to the large y-errors. To shine more light onto the measured gas permeabilities, two 

 

Figure 26: SEM micrographs of 2.S2 (a) and 2.S5 (b): entire cross sections of samples prepared for gas 
permeability tests were analysed. 
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poly(epoxide)MIPE monoliths analysed by gas permeability measurements, were bisected 

vertically in order to examine their entire cross-sections. More than 300 scanning electron 

micrographs per piece were stitched together (using ImageJ) (Figure 26) with the aim of 

gaining a better understanding of the results obtained from the gas permeability 

measurements. 

On a first glance, the patchwork cross-sections were consistent with the corresponding SEM 

images from Paper II. Pores, sized several hundred micrometres, dominated the image of 2.S2 

(Figure 26a). A top-to-bottom gradient of the pore sizes was not observed which indicated the 

stability of the emulsion (see Literature review – Emulsions). A vast number of very small pores 

< 5 μm, observed on images with higher magnifications (Paper II) and reflected in their pore 

size distributions, were not visible in Figure 26 because of the necessary down-scaling. It is 

noticeable that there are fairly large areas of bulk material in between the pores which clearly 

hinder gas passing through the polyMIPE. Pore sizes in 2.S5 (Figure 26b) were more 

uniformly distributed and the bigger pores were much smaller than in 2.S2. The small pores 

that filled the space between the larger ones could not be observed here either. Compared to 

2.S2, there was clearly less bulk material present. However, already thin layers of bulk polymer 

block any fluid flow through a sample. 

The moderate internal phase ratios (49 - 60 vol%) and the wide pore size distributions, 

indicating that a small number of large pores occupied disproportionately more volume than 

the much higher count of small pores, left enough space for the accumulation of bulk material. 

Overall, the pore throats were too small to compensate for the only sparsely existent 

continuous interconnected pore system. The combination and contribution of all these factors 

explained, why the gas permeabilities of all epoxy polyMIPEs 2.S1-2.S5 showed similar low 

permeabilities. This demonstrates the importance of a thorough characterisation of polymer 

foams. 

4.3.1.1. Flow regimes – deviation from Darcy flow 

Logarithmic Re vs friction factor plots, referred to as Moody diagrams if the influence of the 

relative roughness is also displayed,290 are a popular tool to identify the regime(s) of fluid flow 
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present. The Re ranges associated with the different flow regimes vary for all modifications of 

Re, such as pore or interstitial Re, etc. A graphical representation allows for a quick 

assessment of the flow regime(s) independent of the Re used, because the curve, formed by 

connecting all data points, takes on the same shape for all Re modifications. In pipe flow, the 

change from laminar to turbulent flow happens abruptly and can, therefore, be indicated by a 

critical Reynolds number Recrit. For porous materials, however, transitions between flow 

regimes are rather gradual due to the presence of a distribution of pore sizes (Figure 27). 

 

Figure 27: Pore size distribution of polyepoxide 2.S1 illustrated as histogram of relative frequencies (left 
axis) and in terms of the cumulative number and volume frequencies (right axis). 
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fully developed turbulent flow happened around Rep=150,295 while Seguin et al. (1998) 

reported substantial fluctuations starting from about Rep=180.296  

Viscous flow is characterised by a linear relationship between Re and friction factor. At low Re, 

Darcy’s law is expected to be valid and should satisfactorily describe fluid flow in the linear 

region, in which flow is assumed to be of purely viscous nature. With increasing Re, the linear 

relationship breaks down and the curve truncates, indicating the onset of inertial effects. Comiti 

et al. (2000) presented data collected from several publications in a pore friction factor vs. Rep 

number plot.264 They reported that the transition from viscous towards turbulent flow in porous 

materials can be expressed conveniently by the general expression 𝑓 = (𝛼 𝑅𝑒p) + 𝛽⁄ ,264 which 

results in Eq.(14) for α=16 and β=0.194. 

It is evident from Eq.(13) that Rep is proportional to the mean pore diameter, which means that 

fluid flow is substantially influenced by the pore size of a material or more precisely the pore 

size distribution. It is debatable, if one single parameter is or can be enough to describe the 

pore size distribution within porous media. Despite that or perhaps exactly because of that, 

there is an extensive number of different mean values used to state an average pore diameter, 

either related to number or volume distribution (defined in ASTM E799-03(2020)e1). Among 

the most commonly used parameters are d10, d50 (=median) and d90, where the subscripted 

numbers state the percentage of pores falling below these values; dv10 specifies that 10% of 

the total pore volume is occupied by pores with smaller diameters than this value; d[1,0] is the 

ordinary arithmetic mean and d[3,2] is the Sauter-mean or volume-to-surface mean diameter, 

which puts more weight on larger pores. While the choice of parameter is of less concern for 

strictly monodispersed media, it becomes highly relevant for materials with broad pore size 

distributions. Literature is inconclusive about the choice of a parameter describing the average 

characteristic length scale of either pores or particles.297 Among others, one can find 

publications using the number averages d10,298,299 d15,300 d50
297 or the Sauter mean diameter 

d[3,2].301 Some researchers tried more complex approaches, such as using two pore sizes or 

even pore size distributions,302-304 with moderate success though. 
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Based on analysis of SEM images, various mean diameters were calculated for 

poly(epoxide)MIPEs 2.S1-2.S5 (Paper II ESI). The impact of the pore size on the perceived 

flow behaviour is exemplified for sample 2.S1 in a plot Rep vs f in Figure 28, containing Rep 

calculated using d[1,0], d[3,2] and d50 as characteristic length. Datapoints related to d50 and 

d[1,0] were located in the linear regime and thus the flow was expected to be predominantly 

viscous, i.e. laminar, while the plot suggested already significant non-linear inertial 

contributions when d[3,2] was used to calculate Rep. These contributions have to be 

considered and accounted for in further calculations. Due to the linear relationship between 

Rep and f of d50 and d[1,0], it is assumed that Darcy’s law should adequately describe the gas 

flow through poly(epoxide)MIPEs. The datapoints related to d[3,2], however, indicate that the 

use of a Forchheimer type equation (Eq.(21)) is required. 

4.3.1.2. Non-Darcy flow through open porous poly(epoxide)MIPEs 

At higher flowrates, i.e. Rep > 100-150, the fluid flow behaviour through porous media is not 

purely dictated by Darcy (viscous) flow anymore, because contributions of the bulk form drag 

effect start to become significant. To take these contributions into account, Dupuit and 

Forchheimer extended Darcy’s equation by a quadratic term, which expresses not only the 

proportionality of inertial forces to the square of the mean velocity, but also their independence 

of viscosity (Eq. (21)):305 

 

Figure 28: Friction factor vs. pore Reynolds number plot as graphical indicator for the prevailing flow 
regimes. The choice of the statistical parameters describing the average pore size substantially affects 
the assessment of the flow regime (as suggested by a f vs Rep plot).  
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where coefficient a (=
μ

k
) [kg m-3 s-1] represents the viscous flow and coefficient b [m-1] the form 

factor or Forchheimer coefficient. Coefficients a and b are in literature often also denoted as α 

and β. The form drag force, described by the quadratic term, stems from the porous medium 

obstructing the fluid flow. The ρu2 term in Forchheimer’s equation can be explained through its 

connection to kinetic energy (Ekin=
1

2
mu2) per unit volume of fluid, which cannot be neglected 

at higher flow rates. According to Eq.(21), inertial effects result in an increased pressure drop 

for a given flow rate, (
dp

dx
)

Forchheimer 
> (

dp

dx
)

Darcy
, hence, Darcy’s law underestimates the 

pressure drop at high flow rates. From another point of view, if the pressure drop is held 

constant, the ‘Forchheimer flow rate’ will be lower than predicted by Darcy’s law, 𝑄Forchheimer <

𝑄Darcy. Dividing the nonlinear by the linear term essentially gives a Re with characteristic length 

scale √k.306 For Re << 1, contributions of the Forchheimer term can be neglected and Darcy’s 

law is recovered. Generally, the Forchheimer coefficient decreases with increasing 

permeability and porosity. One of the main reasons for the occurrence of non-Darcy flow is the 

tortuous flow path that fluids tend to follow in porous media. Accordingly, the Forchheimer 

coefficient is larger for materials with higher tortuosity. It is commonly accepted that the 

quadratic term in the Forchheimer equation is related to inertia effects in the laminar regime, 

which is substantially different from the quadratic velocity dependence for turbulent flow.307 

Based on Eq.(21), a methodology for describing such flows was developed.308 The mass flux 

G can be estimated directly from measurements since: 

In case of isothermal flow of gases, the superficial velocity 𝑢 =
𝐺

𝜌
 can be inserted into Eq.(22), 

where 𝜌 =
𝑝𝑀

𝑅𝑇
. After integration and rearrangements, the following equation is obtained: 

 dp

dx
= au + bρu2 (21) 

 
G = ρu → ρ2

Q2
A
= Q2p2

M

RTA
 
 Q2p2=V

dp2
dt
 

⇒         = V(
dp2
dt
)
M

RTA
 

(22) 
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Using 𝐾 =
𝑉(
𝑑𝑝2
𝑑𝑡
)𝐿

𝑝1𝐴
 from Eq.(20), C can first be simplified to Eq.(24) and in a next step to  

Eq.(25), by assuming that (𝑝1
2 − 𝑝2

2) ≅ 𝑝1
2. 

Plotting C vs. total mass flux G (Figure 29), which is proportional to 𝑉 (
𝑑𝑝2

𝑑𝑡
), is expected to give 

a straight line that intersects the ordinate at 𝑎 (=
𝜇

𝑘
); the slope provides the Forchheimer 

coefficient b. 

The data obtained from permeability measurements was used to investigate non-Darcy flow. 

As exemplified in Figure 23 (right) for one specimen of polyMIPE 2.S3 set, the plot of G vs. C 

is indeed linear, which is an indicator for the contribution of form drag exerted on the gas by 

the porous polyepoxide. The averaged results of 2.S1-2.S5 fortify this finding (Figure 29). 

From the intercept 𝑎 (=
𝜇

𝑘
) it is straightforward to calculate the permeability k. The derived 

permeabilities kDF and Forchheimer factors b are summarised in Table 3. 

 μ

k
+ bG =

(p1
2 − p2

2)M

2RTLG
= C 

(23) 

 
C =

(p1
2 − p2

2)

2Kp1
 (24) 

 
C =

p1
2K
=
pm
K

 (25) 

 

Figure 29: Linear plot of C vs. G for poly(epoxide)MIPEs 2.S1-2.S5 
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Calculating the permeability using the equation for non-Darcy flow leads to results that are up 

to ten times higher than predicted from viscous flow. In all cases, the permeabilities are 

overestimated. This is potentially due to the onset of form drag at various stages in different 

pores. 

Table 3: Permeabilities kDF and Forchheimer factors b determined from C vs. G plots 

 b kDF 

 [m-1] [mD] 

2.S1 1.48 × 107 ± 1.31 × 107 2134 ± 1291 

2.S2 2.97 × 107 ± 1.17 × 107 3156 ± 2402 

2.S3 4.34 × 106 ± 1.42 × 106 5912 ± 2261 

2.S4 4.12 × 106 ± 7.01 × 105 6998 ± 3570 

2.S5 7.30 × 106 ± 2.56 × 106 2402 ± 840 

4.3.2. Diffusivity (Paper I) 

 In Paper I, diffusivity measurements on sandstones are described using the same apparatus 

as for the determination of the gas permeability, after minor changes to the setup (Figure 30). 

Prior to the diffusion experiments, apparatus and sample were evacuated thoroughly, down to 

approximately 10 Pa. After removing any pressure difference between the two surfaces by 

adjusting the inlet pressures of N2 and O2, N2 was fed into the system to fill apparatus including 

the porous specimen. Subsequently, O2 was released into the oxygen side of the device and 

the gas pressures were once again adjusted accordingly to ensure that there was no pressure 

gradient over the sample. An O2 analyser (800 Series Zirconia Cell Oxygen Analyser Model 

 

Figure 30: Comparison of the setups for gas permeability (a) and diffusivity (b) testing. 
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810, Systech Instruments Ltd., Thame, UK), also used for measuring the flow rate of the 

nitrogen purge stream, continuously monitored the O2 concentration in the N2 side, which after 

some time (approximately 10-15 min) an equilibrium value (𝑐𝑂−𝑁)𝑡=∞ was reached (range 0.1 

ppm to 100%, accuracy 0.2% absolute, repeatability  0.2% of measured value). The tests were 

stopped when the rate of change was below 5%. 

Uncertainty analysis of the apparatus for both permeability and diffusivity characterisation was 

performed considering all potential systematic and fixed errors. The uncertainty of our device 

for permeability and diffusivity measurements was determined to be 13% and 8% (see 

supplementary information Paper I), respectively. 
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5. Results & Discussion 

5.1. Araldite®2020 poly(epoxide)MIPEs (Paper II) 

Driven by the motivation to explore and advance the field of porous emulsion-templated 

polyepoxides, the commercial low-viscosity two-component epoxy adhesive Araldite®2020 

was chosen as model system. Surfactant screening was performed using molecular 

emulsifiers covering the entire HLB range, from which Span®20 (sorbitan mono laurate, HLB 

8.6) emerged as the most promising candidate for adequately stabilising water-in-

Araldite®2020 emulsion templates. 

An aqueous internal phase (10 g/l CaCl2∙2H2O) was added at a rate of 2 ml/min to an organic 

external/continuous phase, comprising epoxy system (resin + hardener) and surfactant, using 

a syringe pump. Constant stirring during injection was responsible for droplet break-up and 

consequently dispersion of the droplets and emulsion homogenization. Using 20 vol% 

Span®20, stable emulsions with up to 60 vol% internal phase ratio could be prepared, higher 

portions of aqueous phase resulted in incomplete emulsification. After curing (at 60°C) and 

removal of the template phase, epoxy foams with porosities ranging between 40 – 64%, thus 

classified as polyMIPEs, were obtained, which is in good agreement with the employed IPR 

(Table 4). Skeletal densities ρs of 2.S1-2.S5 did not show any dependence of the amount of 

surfactant or IPR, indicating that the composition of the matrices was not affected by alterations 

of the emulsion formulation. 

Table 4: Summary of emulsion formulations and properties of epoxy polyMIPEs 2.S1-2.S5 

a with respect to the volume of the continuous phase 
b relative to the total emulsion volume 

 Resin/Hardener/Surfactant IPR  P Ec σc Tg k 

 [vol%]a / [vol%]a / [°C]a [vol%]a  [%] [MPa] [MPa] [°C] [mD] 

2.S1 63 / 22 / 16 49  43 ± 3 193 ± 14 6.4 ± 0.2 37.7 ± 0.1 93 ± 29 

2.S2 63 / 22 / 16 56  58 ± 3 190 ± 5 6.2 ± 0.1 32.6 ± 1.1 37 ± 12 

2.S3 59 / 21 / 20 49  54 ± 3 72 ± 9 2.2 ± 0.3 28.4 ± 0.7 94 ± 19 

2.S4 59 / 21 / 20 54  54 ± 4 65 ± 14 2.0 ± 0.3 24.9 ± 0.4 85 ± 21 

2.S5 59 / 21 / 20 60  62 ± 2 100 ± 10 3.2 ± 0.1 31.7 ± 0.1 147 ± 42 
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Analysis of foam fracture surfaces using SEM revealed open-porous structures with 

heterogeneous pore size distributions. Images of 2.S1 and 2.S2 showed similar pore 

morphologies and were dominated by few very large pores (several 100 μm) with pore throats 

up to 200 μm (Figure 31). Although occupying the bigger part of the volume, these few huge 

pores contributed only a few percent to the total number of analysed pores, as illustrated and 

detailed in Paper II and its ESI. 

 

Figure 31: a-e) SEM images of epoxy polyMIPEs 2.S1-2.S5; f) compressive performance of the same 
foams 

Generally, a higher surfactant ratio leads to a higher degree of interconnectivity by formation 

of pore throats. Similarly, the likelihood for open-porous materials increases with increasing 

internal phase ratios also resulting in a higher porosity. The formation of pore throats and a 

high porosity strongly influence permeability but ultimately, in case of interconnected spherical 

pores, it is the smallest pore throat diameter dpt,min of the largest pore connecting top and 

bottom of a porous material, which dictates and limits the flow of fluids through porous 

materials. Measured gas permeabilities for 2.S1-2.S5 (integral properties over a large sample, 

rather than a snapshot as viewed by SEM (Figure 31)) were in the range between 20 and  
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200 mD. These permeabilities are in the range of those reported for sandstones261 and 

poly(styrene-co-DVB)MIPEs and -HIPEs produced by polymerisation of surfactant-stabilised 

emulsion templates.309 

Differential scanning calorimetry measurements showed that epoxy polyMIPE 2.S1 had the 

highest glass transition temperature, 37.7 ± 0.1°C (compared to 39.5°C for pure 

Araldite®2020), while 2.S4 had the lowest Tg, 24.9 ± 0.4°C (Table 4). The Tg of epoxy 

polyMIPEs prepared by curing of emulsion templates stabilised with 20 vol% Span®20 were 

slightly lower than those prepared with only 16 vol% of surfactant, indicating a plasticizing 

effect of the surfactant. 

The epoxy polyMIPEs were compressed by 60% of their original height to determine their 

elastic modulus Ec and compression strength σc. PolyMIPEs 2.S1 and 2.S2 had with about 

190 MPa both significantly higher E-moduli than 2.S3-2.S5 with about 60-100 MPa (Table 4, 

Figure 31f), which can be explained by their thicker and less porous pore walls  

(Figure 31a-e). The same trend was observed for the crush strengths of the epoxy foams. 

Increasing amount of surfactant used to stabilise the MIPE templates for 2.S3-2.S5 resulted in 

thinner pore walls of the cured epoxy foams reducing their mechanical properties. The use of 

16 vol% Span®20 (2.S1, 2.S2) resulted in epoxy polyMIPEs with 2-3x higher stiffness and 

strength compared to those prepared with 20 vol% (2.S3-2.S5), because of their thicker pore 

walls that can carry more load. Nevertheless, it showed that both parameters, porosity/IPR and 

surfactant content, are crucial in manufacturing materials with tailored properties. 

Chemical resistance and degree of crosslinking of the porous polyepoxides were visualised 

through swelling tests in various solvents. The average swelling extent was practically the 

same for all samples, i.e. they reacted in a similar way to the exposure to a particular solvent. 

Swelling happened fairly quickly and the full extent of swelling was reached already after about 

one hour. DMSO, DMF and THF clearly caused the highest volume increases, leading to 

swelling ratios of about 1.7-1.8 (Figure 32). Isopropanol, acetone and benzene extended the 

foam volumes by about 20-40%, while Diesel oil had only a small impact on the sample volume. 
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The weight loss during the swelling tests was for all samples located in a very narrow range of 

10 ± 3%. A marginal trend to higher weight loss was found for the foam cubes with higher 

swelling ratios, i.e. those being immersed in DMSO, DMF and THF. The higher degree of 

swelling of the polymer matrix probably facilitated the extraction of unbound surfactant 

molecules or loose polymer chains. 

5.2. Flexible poly(epoxide)MIPEs (Paper III) 

Flexible porous polyepoxides were produced from emulsion templates containing epoxy resin 

(EF80), hardener (EF80), surfactant (Pluronic L-81) and different amounts of MWCNTs or SiO2 

nanoparticles in the continuous phase (polyMIPEs 3.S2-3.S10). Even though emulsions 

prepared without emulsifier and additives remained stable during curing at room temperature 

(23°C) due to the already high viscosity of their epoxy formulation and the amphiphilic nature 

of the hardener, employing a surfactant was necessary to achieve some interconnectivity 

which facilitated thorough drying of the polyMIPEs. Higher temperature (50°C), applied with 

the intention to accelerate curing, led to a decrease in viscosity of the epoxy system and 

consequently lowered the stability of  the emulsion templates, resulting in phase separation. 

Thus, in order to enhance the viscosity of the continuous phase, MWCNTs (3.S2-3.S8) or Si-

NP (3.S9, 3.S10) were added to the organic continuous phase of the emulsions. 

 

 

Figure 32: Average swelling ratios of Araldite®2020 polyMIPEs 2.S1-2.S5. No values for 2.S1-DMF and 
2.S2-DMSO were included because the respective samples fell apart during swelling measurements. 
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Table 5: Formulation and morphological and mechanical properties of the prepared epoxy foams 

a with respect to the volume of the continuous phase 
b wt% MWCNTs relative to the monomers 
c relative to the total emulsion volume 
d use of modified SiO2 (Wacker HDK H18) instead of MWCNTs 

5.2.1. MWCNTs-stabilised poly(epoxide)MIPEs 

First, the impact of utilising MWCNTs as rheology modifiers was investigated (3.S1-3.S6). The 

key results of the characterisations are summarised in Table 5 and further illustrated in  

Figure 33. Addition of 0.4 wt% MWCNTs to the organic phase (3.S2), otherwise emulsion 

formulation and curing conditions were identical, resulted in slightly larger pores (6 µm vs 14 

µm) and improved mechanical properties compared to polyMIPE 3.S1 (Table 5). The energy 

provided through stirring might have not been enough to achieve the droplet break up of 3.S1 

due to the MWCNT-mediated higher viscosity of the emulsion template. Porous polyepoxides 

produced from curing MIPEs at 50°C exhibited significantly larger pores (dp > 100 µm) and 

pore throats than those solidified at RT (Figure 33). This can be justified by the temperature-

induced viscosity reduction of the liquid epoxy mixture combined with accelerated and 

distinctive coalescence, causing droplets to merge. However, the relatively higher viscosity of 

the formulation containing MWCNTs prevented phase separation. Porosities of all foams, 

ranged between 50 – 70 %, were in good agreement with the employed IPR. Minor losses of 

internal phase during curing can explain negative deviations of the determined porosities from 

the ones expected from the nominal IPR. Epoxy polyMIPEs S1-S6 possessed a pore structure 

with spherical pores interconnected by pore throats. Raising the CNT loading from 0.4 wt% to 

0.8 wt% and 1.2 wt% resulted in increasingly higher viscosities and thus enlarged pores,  

 Surfactant/IPR/Curing T MWCNTs  P dp Ec σc 

 [vol%]a / [vol%]c / [°C] [wt%]b  [%] [µm] [MPa] [MPa] 

3.S1 9 / 60 / 23 0  60 ± 1 6 ± 1 0.25 ± 0.01 0.034 ± 0.003 

3.S2 9 / 60 / 23 0.4  63 ± 2 14 ± 4 0.32 ± 0.02 0.039 ± 0.005 

3.S3 9 / 60 / 50 0.4  56 ± 5 112 ± 26 0.30 ± 0.02 0.038 ± 0.003 

3.S4 9 / 60 / 50 0.8  64 ± 2 170 ± 50 0.21 ± 0.01 0.028 ± 0.001 

3.S5 9 / 60 / 50 1.2  67 ± 2 400 ± 100 0.19 ± 0.01 0.030 ± 0.002 

3.S6 9 / 70 / 50 0.4  71 ± 1 118 ± 35 0.20 ± 0.03 0.026 ± 0.010 

3.S7 - / 60 / 50 0.4  64 ± 4 108 ± 12 0.32 ± 0.06 0.038 ± 0.009 

3.S8 - / 70 / 50 0.4  72 ± 1 100 ± 40 0.18 ± 0.01 0.023 ± 0.002 

3.S9 9 / 60 / 50 0.4d  61 ± 1 145 ± 37 0.40 ± 0.02 0.061 ± 0.003 

3.S10 9 / 60 / 50 1.2d  59 ± 1 215 ± 79 0.45 ± 0.06 0.054 ± 0.010 
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112 ± 26 µm, 170 ± 50 and 400 ± 100 µm, respectively. Moreover, the high viscosity impeded 

the homogeneous dispersion of the carbon nanotubes in the resin phase and limited the IPR 

that could be added to 70% (3.S6). 

Single uniaxial compression tests were carried out in Paper III to determine the mechanical 

properties of poly(epoxide)MIPEs 3.S1-3.S6. Elastic moduli Ec, plateau moduli Ep and 

compressive strengths σc were determined from stress-strain curves, recorded during 

application of the compressive load. Until the end of the tests at 70% compression, no visible 

failure (e.g. breaking, cracking or tearing) was observed and the foams recovered to their 

original height after removal of the load. The elastic moduli of the porous polyepoxides 3.S1-

 

Figure 33: (a)-(f): SEM-images of flexible polyMIPEs 3.S1-3.S6 and their elastic moduli Ec (g) and crush 
strengths σc (h) as function of their foam density ρf. 
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3.S6 ranged from 0.2 MPa to 0.3 MPa and crush strengths from 0.02 MPa to 0.04 MPa, with 

foam densities between 0.3 g/cm3 and 0.5 g/cm3 (Paper II). Both, Ec and σc, increased with 

increasing foam densities and thus followed the well-established Gibson-Ashby correlations 

(Figure 33g,h):58,237,310  

The normalised modulus (elastic modulus over foam density) of 3.S1 was 0.57 MPa / (g/cm3), 

while that of 3.S2 was 0.76 MPa / (g/cm3) probably due to the presence of CNTs. The 

normalised modulus of 3.S3, however, was only 0.63 MPa / (g/cm3), despite its identical 

composition as 3.S2. This indicated that the larger pores with randomly distributed yet large 

pore throats did assist the air release from the foam during compression, while small pores 

and pore throats hindered the gas release from the foam, resulting in a small increase of the 

stiffness. A further increase in pore and pore throat sizes of 3.S4 and 3.S5 resulted in 

normalised moduli of 0.51 MPa / (g/cm3) and 0.49 MPa / (g/cm3), respectively. Although the 

CNTs loadings in 3.S4 and 3.S5 were different from those in 3.S2 and 3.S3, the decreased 

normalised moduli could  also partially be attributed to the increased pore and pore throat 

sizes. 

The poly(epoxide)MIPEs S1-S3 and S6 were subjected to cyclic compression tests at 

predefined strain amplitudes of 10%, 20%, 50% and 70% for 200 cycles. The lower stress on 

 

Figure 34: a-d) Cyclic compression tests performed on polyMIPE 3.S6 for different limiting strains; e+f) 
development of residual strain and energy loss coefficient with increasing cycle numbers. 
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an unloading curve as compared to that at corresponding strain on the loading curve was 

because of the viscoelastic behaviour of the poly(epoxide)MIPEs (Figure 34).198,311 During 

compression, the polymer chains were deformed elastically, while slippage of polymer chains 

occurred simultaneously. The elastic deformation of the polymer chains recovered and 

responded (in stress) instantly during unloading, while the slippage (viscous deformation) of 

the polymer chains did not recover simultaneously, leading to a lower stress. With increasing 

cycle numbers, the loading and unloading curves shifted downwards. The softening effect was 

most significant in the first cycle, represented by a large drop of the loading and unloading 

curve in the second cycle. 

Energy loss coefficients (ELC), as quantitative measure for the energy adsorbed by a material, 

were evaluated using the areas beneath loading and unloading curves of each cycle  

(Figure 16). All polyMIPEs had ELCs ranging from 0.4 to 0.65, indicating an energy absorption 

of 40% to 65% by the foams, within the 200 loading cycles (Figure 34f). In the first and second 

loading cycles, the ELC experienced a reduction, corresponding to the pronounced softening 

effect in these two cycles. Afterwards, the ELC of most of the polyMIPEs reached constant 

values; this phenomenon was also observed in our previous work on flexible polyHIPEs.312,313 

However, in some cyclic loading tests, e.g. 3.S3 and 3.S6 loaded to a strain of 70%, the ELC 

increased slightly after 20 cycles. Our hypothesis is that the cyclic loading could cause some 

pore walls to stick to each other. Moreover, with increasing loading cycles, closure of pore 

throats became more influential and hindered the recovery of the polyMIPEs by impeding air 

flowing back into the pore structure during unloading. 

The polyMIPEs do not recover their shape fully when unloaded, i.e. no stress applied (Figure 

34a-d). Residual strains, shown in Figure 34e-f, were higher when the polyMIPEs were 

compressed by higher strains. Again, the residual strain increased within the first couple of 

loading cycles and then approached a constant value. For some of the foams, the residual 

strains increased from 20 loading cycles, which was corresponding to the increased energy 

adsorption after 20 loading cycles. It is noted that 3.S3 and 3.S6, which had identical polymer 

phase formulation and average pore and pore throat size but different porosities, had residual 
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strains of 0.16 and 0.29, respectively, when being compressed by 70%. With a higher porosity, 

3.S6 did require more air to flow back into the polyMIPE to assist the recovery of the foams 

during unloading.  

5.2.2. Si-NP-stabilised poly(epoxide)MIPEs (Paper III) 

To investigate an alternative rheology modifier, hydrophobic silica nanoparticles HDK H18 

were added to the continuous organic phase (3.S9 & 3.S10) instead of MWCNTs. The epoxy 

foams with silica nanoparticles had porosities of approximately 60%, which was expected from 

emulsion templates prepared with 60% IPR. The polyMIPE 3.S9 containing 0.4% silica 

nanoparticles had a higher elastic modulus as compared to those with corresponding loadings 

of CNTs. This could be explained by a more homogeneous distribution of the hydrophobized 

silica particles throughout the continuous phase of the emulsions, after curing the silica 

particles reinforced the epoxy polymer. In contrast, CNTs tend to form large agglomerates, 

which have to be broken up by applying high shear forces, which are not easily applied in liquid 

resin formulations. Nevertheless, the pore sizes of the epoxy foams with 0.4% silica particles 

were slightly larger than those (112 ± 26 µm) with 0.4% CNTs. This indicated that during the 

curing of the emulsions at elevated temperature, the silica nanoparticles, even when 

homogeneously distributed, did not act as a better thickening agent as compared to CNTs, 

which, due to their 2D shape, are more effective to increase the viscosity of the continuous 

phase. Increasing the silica nanoparticle loading to 1.2% in the epoxy based emulsion 

templates resulted after curing in epoxy foams with larger pore sizes. Yet, the increase of the 

pore sizes was not as pronounced as that of epoxy foams with CNTs. 

 

Figure 35: SEM images of epoxy polyMIPEs 3.S9 (a) and 3.S10 (b), prepared from emulsion templates 
with 0.4 and 1.2 wt% silica nanoparticles, respectively. 



 73  

This indicated that the increased loading did not affect the dispersion of the silica. As such, the 

stiffness of the epoxy foams containing 1.2% silica nanoparticles were identical within error to 

that of the epoxy foams with 0.4% silica particles. 

 

Figure 36: SEM images of epoxy polyMIPEs 3.S3, 3.S6, 3.S7 and 3.S8, prepared from emulsion 

templates with 60% IPR (a,b) and 70% IPR (c,d). The MWCNT content was 0.4 wt% for all four 

samples. A small amount of surfactant (9 vol%) was employed in 3.S3 and 3.S6. 

5.2.3. Surfactant-free poly(epoxide)MIPEs (Paper III) 

The preliminary experiment in producing polyMIPEs from MIPEs without surfactant indicated 

that the viscosity of the formulation had a significant impact on the stability of the emulsions 

and the morphology of the subsequent polyMIPEs, while the surfactant played a minor role in 

the properties of the emulsions and epoxy foams. Therefore, 3.S7 and 3.S8 were cured from 

emulsion templates with MWCNTs but no surfactant. 3.S7 and 3.S8 showed both pore 

morphology and mechanical properties in analogy to their corresponding polyMIPEs (3.S3 and 

3.S6, respectively). This provided a method to produce epoxy foams without the presence of 

surfactant.   

60% IP

70% IP
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6. Conclusions 

This dissertation reports the preparation of porous polyepoxides using the method of emulsion 

templating. Within its scope, limitations of emulsion templated epoxy-based porous polymers, 

often related to emulsion stability and internal phase content, thus porosity, were explored. 

Epoxy resins were chosen because of their versatile properties and their good price-to-

performance ratio, compared to expensive high-performance polymers, such as PEEK, PEKK 

or polyimides for instance. Macroporous polyepoxide foams were prepared from surfactant-

stabilised MIPEs, with a continuous phase based on a commercial Bisphenol A epoxy adhesive 

(Araldite®2020). Pore structure, porosity and permeability were tuneable through internal 

phase ratio and the surfactant concentration in the continuous phase.  

Due to thinner pore walls, mechanical compression properties, i.e. elastic/compression 

modulus and crush/compressive strength, were significantly lower for samples prepared from 

MIPEs with higher surfactant concentrations (Figure 37). Even though our proof-of-concept 

poly(epoxide)MIPEs did not outperform previously reported epoxy foams prepared using other 

methods, it becomes evident from Figure 37 that emulsion templating is nevertheless a viable 

method for producing polyepoxide foams, especially considering advantages such as the 

 

Figure 37:  E-modulus and crush-strength of poly(epoxide)MIPEs prepared by us in comparison with 
results from literature.58,59,204,216-219,314 
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higher safety due to the aqueous internal phase compared to foam templating. The presence 

of H2O as heat sink allows for the production of thick samples. 

Furthermore, flexible macroporous poly(epoxide)MIPEs were manufactured from emulsions 

containing epoxy resin & hardener (EF80), emulsifier and carbon nanotubes in the minor 

continuous phase and an aqueous droplet phase. Due to the decrease of viscosity with 

increasing temperature, curing of the emulsion templates at 50°C required the addition of 

MWCNTs as thickening agent to counteract the accelerated emulsion destabilisation. 

Nonetheless, the higher curing temperature resulted in materials with significantly larger pores 

than those of MIPEs cured at room temperature. Further increase of the CNT-loading led to a 

further increase in viscosity of the continuous phase and consequently even larger pores, in 

the range of several hundred micrometres, due to hindered dispersion of the droplets of the 

template phase in the highly viscous surrounding. Cyclic compression tests, repeated loading-

unloading, did not cause any visible failure or fracture in the foams. Energy loss coefficients, 

representing the energy adsorbed during compressive loading and ranged between 40 and 

60%, showed the potential as cushioning or packaging materials. 

A fully integrated gas transport apparatus, able to determine permeability and diffusivity of 

porous materials covering a broad porosity range, was developed. Accuracy and validity of the 

measurement method was established by measurements on sandstones and 

poly(epoxide)MIPEs. The device further allows evaluation of tortuosity, effective porosity and 

effective pore diameter from steady state diffusion of oxygen in nitrogen. 
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7. Outlook – suggestions for future work 

The work presented in this thesis demonstrates that epoxy resins are a suitable monomer 

system to be used for emulsion templating, or from a different point of view, that emulsion 

templating is a viable method for the production of porous polyepoxides with tailorable 

properties. Building on the laid foundation, future work can follow different paths. On one hand, 

it is essential to find means to stabilise emulsions to an extent which allows for higher internal 

phase ratios and thus preparation of materials with higher porosities, in the range of polyHIPEs 

(P > 74%). Another approach to gain additional porosity can be the integration of expandable 

beads or hollow spheres. 

On the other hand, work should be dedicated to the potential use of high performance epoxy 

systems. However, many of them are not well processable at ambient conditions or moderately 

elevated temperatures because of their high viscosities. Application of high temperature and/or 

pressure is not compatible with the use of an aqueous internal phase, as it would be prone to 

evaporate prior to solidification of the continuous phase. Therefore, the use of a different 

internal phase could be considered, supercritical carbon dioxide or ionic liquids for instance, 

going along with incomparably higher procedural and financial effort though, consequently also 

bearing the challenge of up-scaling.  

Epoxy-based emulsion templates are highly dimensionally stable as they maintain their size 

and shape during solidification. Their liquid nature in combination with the low or even 

negligible shrinkage on curing makes them predestined for being moulded into any kind of 

shapes. Higher glass transition temperatures can potentially be achieved by hypercrosslinking 

of porous poly(epoxide)MIPEs. Mechanical testing in different loading conditions, by means of 

the Arcan test, can be performed to gain further information and understanding of mechanical 

properties not accessible from uniaxial compression tests.315 
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S.1: Fitting procedure for transient diffusion measurements 

Raw data files (Figure A.1) contain the data collected using the software MaddClient: 

CONCENTRATION OF O2 in the N2 efflux stream and the TIME. 

 

Figure A.1: structure of an input file: on the left hand side the O2 concentration, on the right one the 
time. 

After import into a spreadsheet software (e.g. Microsoft Excel), the data needs to be prepared 

for analysis (Figure A.2): 

▪ conversion of the time data into the actual measurement time (in seconds) by 

subtracting t0 from all other values (t1-t0, t2-t0,…) 

▪ multiplication of the concentration data  

- by 102 to obtain the O2 content in the N2 purge stream in % 

- by 106 to get the O2 concentration in ppm by volume 

 

Figure A.2: The input data needs to be processed before it can be used for further evaluation. 

Concentration (either in % or ppm) is plotted against time (Figure A.3). From this plot, the final 

equilibrium concentration of O2 after diffusing through the porous medium, cO-N, can be 

determined. The corresponding value in cinput is subsequently used to calculate the O2 

concentration as a fraction F of the equilibrium value: cinput / cO-N, input (Figure A.4). 

t / [s] cinput c / [%] c / [ppm]

1 1.55E-05 1.55E-03 1.55E+01

2 1.56E-05 1.56E-03 1.56E+01

3 1.58E-05 1.58E-03 1.58E+01

4 1.58E-05 1.58E-03 1.58E+01

5 1.59E-05 1.59E-03 1.59E+01

6 1.59E-05 1.59E-03 1.59E+01

7 1.60E-05 1.60E-03 1.60E+01

8 1.62E-05 1.62E-03 1.62E+01

…………

x 102

x 106
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Figure A.3: The equilibrium concentration of O2 in the N2 outlet flow, cO-N, can be extracted from a  

concentration vs. time plot. 

 

 

Figure A.4: O2 concentration as fraction of the equilibrium value is obtained after dividing cinput by cO-N. 

Leff can be estimated by fitting calculated, theoretical values to experimental data. In Eq. A.1, 

DAB is a constant for the gas pair O2 – N2, Leff is the parameter of interest and a set of values 

for F is given, which leaves only t. Theoretical values of F as a function of the dimensionless 

group (𝐷𝐴𝐵𝑡 𝐿𝑒𝑓𝑓
2⁄ ) can be obtained by iteratively solving Eq. A.1 and arranging the results in 

form of a matrix (Table A.1) or simply in two columns (Figure A.5), which is more convenient 

in this case. Table A.1 must be read as mathematical table, which means the column headings 

add one decimal to the value of the expression of interest from one of the row headings (e.g. 

0.33 corresponds to F = 0.9230). 

400 3.84E-04 3.84E-02 3.84E+02

t / [s] cinput Fraction F

1 1.55E-05 0.0405

2 1.56E-05 0.0407

3 1.58E-05 0.0412

4 1.58E-05 0.0412

6 1.59E-05 0.0414

7 1.60E-05 0.0416

8 1.62E-05 0.0423

400 3.84E-04 1.0000

… … …

… … … …

: 3.84E-04

cO-N

cO-N,input

: cO-N,input
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Table A.1: Theoretically calculated values of F (in the matrix of the table) as a function of 

(𝑫𝑨𝑩𝒕 𝑳𝒆𝒇𝒇
𝟐⁄ ). 















2

eff

AB

L

tD
 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 

0.0 0.00000 0.00000 0.00003 0.00157 0.01089 0.03400 0.07142 0.11991 0.17528 0.23386 0.29290 

0.1 0.29290 0.35053 0.40559 0.45741 0.50567 0.55028 0.59131 0.62888 0.66319 0.69446 0.72292 

0.2 0.72292 0.74879 0.77228 0.79361 0.81295 0.83049 0.84640 0.86082 0.87389 0.88573 0.89647 

0.3 0.89647 0.90619 0.91501 0.92299 0.93023 0.93023 0.93679 0.94811 0.95299 0.95740 0.96141 

0.4 0.96141 0.96503 0.96832 0.97130 0.97400 0.97644 0.98066 0.98066 0.98248 0.98412 0.98562 

0.5 0.98562 0.98697 0.98819 0.98930 0.99031 0.99122 0.99204 0.99279 0.99347 0.99408 0.99464 

0.6 0.99464 0.99514 0.99560 0.99601 0.99639 0.99673 0.99703 0.99731 0.99757 0.99779 0.99800 

0.7 0.99800 0.99819 0.99836 0.99851 0.99865 0.99878 0.99889 0.99900 0.99909 0.99918 0.99926 

0.8 0.99926 0.99933 0.99939 0.99934 0.99950 0.99955 0.99959 0.99963 0.99966 0.99969 0.99972 

0.9 0.99972 0.99965 0.99972 0.99965 0.99977 0.99979 0.99981 0.99983 0.99985 0.99986 0.99990 

1.0 0.99990 0.99991 0.99992 0.99992 0.99993 0.99994 0.99995 0.99995 0.99995 0.99996 0.99996 

1.1 0.99996 0.99997 0.99997 0.99997 0.99997 0.99998 0.99998 0.99998 0.99998 0.99998 0.99999 

1.2 0.99999 0.99999 0.99999 0.99999 0.99999 0.99999 0.99999 0.99999 0.99999 0.99999 0.99999 

1.3 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 

 

The fractions in Ffit can be chosen freely but are ideally evenly distributed over the whole range 

from  

0 to 1. The numbers from Ffit and Ftable are compared the two values which enclose it are 

determined (Figure A.5). Interpolation between the two corresponding time designations gives 

(𝐷𝐴𝐵𝑡 𝐿𝑒𝑓𝑓
2⁄ ). A general formula for interpolation is given in Eq. A.2; its use is demonstrated in 

Eq. A.2a for F=0.95. 

 

Each value of Ffit is compared with the ones calculated from experiments in column Fraction F 

(Figure A.6), the time of the best match is inserted as texp. The fitting parameter X can now be 

calculated as the quotient of (𝐷𝐴𝐵𝑡 𝐿𝑒𝑓𝑓
2⁄ ) and texp:  

 𝐹 =
(𝑐𝑂−𝑁)𝑡

(𝑐𝑂−𝑁)𝑡=∞

= 1 − 2 ∑ 𝑐𝑜𝑠 𝑛𝜋 𝑒𝑥𝑝 (−𝑛2𝜋2
𝑫𝑨𝑩𝒕

𝑳𝒆𝒇𝒇
𝟐 )

∞

𝑛=1

 (A.1) 

 𝐷𝐴𝐵𝑡

𝐿𝑒𝑓𝑓
2 =

(𝑥 − 𝑥1)

(𝑥2 − 𝑥1)
(𝑦2 − 𝑦1) + 𝑦1 (A.2) 

 (
𝐷𝐴𝐵𝑡

𝐿𝑒𝑓𝑓
2 )

𝐹=0.95

=
(0.95 − 0.94811)

(0.95299 − 0.94811)
(0.38 − 0.37) + 0.37 = 𝟎. 𝟑𝟕𝟑𝟖𝟕𝟑 (A.2a) 
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Figure A.5: The dimensionless group (𝑫𝑨𝑩𝒕 𝑳𝒆𝒇𝒇
𝟐⁄ ) is calculated by interpolation of two tabulated 

values. 

 

 

Figure A.6: texp is evaluated from comparison with experimental data; afterwards it is possible to 
calculate the fitting parameter X. 

The calculation of X finally allows to determine the time values tcalc,table corresponding to Fcalc 

(Eq.A.3,  

Figure A.7). The quality of the fit becomes clearer when F vs. t and Ftable vs. tcalc,table are plotted. 

If the result is not satisfying, i.e. when the curve of the theoretical values deviates drastically 

from the curve created from experimental data, then other X’s have to be tried, until a good fit 

is obtained (Figure A.8). The X resulting in the best fit is used to calculate first effective pore 

length Leff and then tortuosity (Eq.A.4 & A.5). 

 (
𝐷𝐴𝐵𝑡
𝐿𝑒𝑓𝑓

2 )

𝑡𝑒𝑥𝑝

= 𝑋   →    𝑡𝑐𝑎𝑙𝑐,𝑡𝑎𝑏𝑙𝑒 =

(
𝐷𝐴𝐵𝑡
𝐿𝑒𝑓𝑓

2 )

𝑋
 

(A.3) 

Ffit DABt/Leff
2 texp X

0.95 0.373873

0.90

0.85

0.80

0.75

Ftable (DABt/Leff
2)table

0.00000 0.00

… …

0.94273 0.36

0.94811 0.37

0.95299 0.38

0.95740 0.39

… …

1.00000 > 1.3

x1 

x2 

y1 

y2 

x 

t / [s] Fraction F Ffit DABt/Leff
2 texp X

0 0.000000 0.95 0.373873

… …

0.90 0.303632

176 0.741739 0.85 0.262497

177 0.745915 0.80 0.233304

178 0.748890 0.75 0.210515 178 0.00118

179 0.752875 0.74 0.206602

180 0.756262 0.73 0.202737

181 0.759741 0.72 0.198974
… …

0.71 0.195460

1.000000 0.70 0.191947
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Figure A.8: A good fit of the theoretically calculated values to the experimental data. 

 

 𝐷𝐴𝐵

𝐿𝑒𝑓𝑓
2 = 𝑋 → 𝑳𝒆𝒇𝒇 = √

𝑫𝑨𝑩

𝑿
 (A.4) 

 
𝝉 =

𝑳𝒆𝒇𝒇

𝑳
 (A.5) 
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Figure A.7: Only one value of X is necessary for the calculation of one set of tcalc,table. 

Ffit DABt/Leff
2 texp X tcalc,table Ftable (DABt/Leff

2)table

0.95 0.373873 275 0.00136 0.0 0.00000 0.00

0.90 0.303632 238 0.00128 8.5 0.00000 0.01

0.85 0.262497 213 0.00123 16.9 0.00003 0.02

0.80 0.233304 194 0.00120 25.4 0.00157 0.03

0.75 0.210515 178 0.00118 33.8 0.01089 0.04

… … … …

42.3 0.03400 0.05

0.45 0.128570 115 0.00112 50.7 0.07142 0.06

0.40 0.118985 107 0.00111 59.2 0.11991 0.07

0.35 0.109908 98 0.00112 67.6 0.17528 0.08

0.30 0.101232 89 0.00114 76.1 0.23386 0.09

0.25 0.092734 80 0.00116 84.6 0.29290 0.10

0.20 0.084220 72 0.00117 93.0 0.35053 0.11

0.15 0.075434 63 0.00120 101.5 0.40559 0.12

0.10 0.135612 53 0.00256
… … …
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Figure A.9: Overview over the entire fitting process 

 

  

2. 8. 4. 5. 6. 7.

t / [s] c c / [%] c / [ppm] t / [s] Fraction F tcalc Ftable DABt/Leff
2 Ffit DABt/Leff

2 texp X

1 1.55E-05 1.55E-03 1.55E+01 0 0.00002 0.0 0.00000 0.00 0.95 0.373873 275 0.00136

2 1.56E-05 1.56E-03 1.56E+01 1 0.00020 8.5 0.00000 0.01 0.90 0.303632 238 0.00128

3 1.58E-05 1.58E-03 1.58E+01 2 0.00042 16.9 0.00003 0.02 0.85 0.262497 213 0.00123

4 1.58E-05 1.58E-03 1.58E+01 3 0.00075 25.4 0.00157 0.03 0.80 0.233304 194 0.00120

5 1.59E-05 1.59E-03 1.59E+01 4 0.00121 33.8 0.01089 0.04 0.75 0.210515 178 0.00118

6 1.59E-05 1.59E-03 1.59E+01 5 0.00182 42.3 0.03400 0.05 0.74 0.206602 176 0.00117

7 1.60E-05 1.60E-03 1.60E+01 6 0.00255 50.7 0.07142 0.06 0.73 0.202737 173 0.00117

8 1.62E-05 1.62E-03 1.62E+01 7 0.00343 59.2 0.11991 0.07 0.72 0.198974 170 0.00117

8 0.00447 67.6 0.17528 0.08 0.71 0.195460 168 0.00116

… …

76.1 0.23386 0.09 0.70 0.191947 165 0.00116

84.6 0.29290 0.10 0.65 0.175622 154 0.00114

93.0 0.35053 0.11 0.60 0.162313 143 0.00114

101.5 0.40559 0.12 0.55 0.149937 134 0.00112

… … …

0.50 0.138825 124 0.00112

0.45 0.128570 115 0.00112

0.40 0.118985 107 0.00111

0.35 0.109908 98 0.00112

0.30 0.101232 89 0.00114

input, fixed values 0.25 0.092734 80 0.00116

calculated values 0.20 0.084220 72 0.00117

from table 0.15 0.075434 63 0.00120

from comparison with experimental data 0.10 0.135612 53 0.00256

3.

… … … …

input 1.
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Figure S.1: Permeability coefficient as a function of mean pressure for shale 
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Figure S.2: Forchheimer plot - the fluid flow in most measurements was clearly in the Darcy regime; 

slight deviations from the linear behaviour, indicating the Dupuit-Forchheimer regime, could only be 

observed for samples S1 and S2.  
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Figure S.3: CAD drawing of the integrated gas permeability and diffusivity apparatus. 

 

 

all measures in mm 
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Figure S.4 a-g: Linear plots of C vs. G for sandstone samples S2-S8 
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Figure S.5 a-g: Characteristic microscope images of sandstone samples S1-S7 
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Table S.2: Uncertainty analysis of both a) gas permeability and b) diffusivity measurements. 

 

 

 

symbol parameter SI units value uncertainty rel. uncertainty (%)

p1 inlet pressure Pa = kg m s
-2 0.2%

p2 outlet pressure Pa = kg m s-2 0.2%

t time s 0.5%

D sample diameter m 1.30E-02 5.00E-04 4%

r sample radius m 6.50E-03 2.50E-04 4%

A cross-section area sample m
2 1.33E-04 1.02E-05 8%

Vsmall volume small vessel m3 2.40E-04 1.00E-06 0.4%

Vlarge volume large vessel m
3 1.97E-03 1.00E-06 0.1%

Vs sample volume m3 3.32E-06 2.64E-07 8%

L sample length m 2.50E-02 5.00E-04 2%

T temperature K 290 1 0.3%

R ideal gas constant kg m
2 

s
-2

 mol
-1

 K
-1 8.3145 - -

µ (N2) viscosity nitrogen (fluid) Pa s = kg m s-1 1.75E-05 1.75E-06 10%

M (N2) molecular mass nitrogen kg mol-1 2.80E-02 - -

13%

G
as

p
er

m
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b
ili

ty

symbol parameter SI units value uncertainty rel. uncertainty (%)

A cross-section area sample m
2 1.33E-04 1.02E-05 8%

L sample length m 2.50E-02 5.00E-04 2%

t time s 0.5%

DAB binary diffusion coefficient O2-N2 m
2 

s
-1 1.81E-05 - 0.6%

M (O2) molecular mass oxygen kg mol
-1 3.20E+01 - -

M (N2) molecular mass nitrogen kg mol
-1 2.80E-02 - -

T temperature K 2.90E+02 1 0.3%

R gas constant kg m
2 

s
-2

 mol
-1

 K
-1 8.31E+00 - -

QN N
2
 flow rate over N2-rich end [m

3
 s

-1
] 0.2%

cO oxygen concentration in N2 purge stream ppm by volume 0.2%

8%

D
if
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si
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ty
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Figure S1: A photograph of buckets containing a mechanically frothed epoxy formulation Epoxy L (EPL) 
and hardener GL1, purchased from R&G Faserverbundwerkstoffe GmbH (Waldenbuch, Germany) 
formulation, which started curing during frothing in an industrial mixer (Henschel). We had to discharge 
the curing formulation quickly from the mixer and distinguish the fire. The material remaining in the mixer 
we had to remove mechanically – a time consuming undertaking. The highly exothermic curing reaction 
of epoxy resins can easily result in charring of the resin and even fire of the material, if the heat cannot 
be dissipated properly, which is difficult if the material contains in excess of 70 vol.% dispersed air. 
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S3 details the procedure used for the determination of pore throat diameters using the 
software package ImageJ 

1. Open an SEM image  

2. Calibrate the measuring tool of the software by drawing a line of the length of the 

scale bar of the micrograph and entering Analyze – Set Scale. ‚Known distance‘ and 

‚unit of length‘ are adjusted. 

3. Select the whole image or the area that you want to analyse 

4. Edit the image so that the pore throats/pores/particles stand out against the 

background. This can be achieved for instance by the following steps (from the 

menus) : Process - Enhance contrast/Filter – Minima/Smooth, Image - Adjust – Auto 

local threshold (method: Sauvola). Alternative or additional processing steps can 

include: Process – FFT – Bandpass filter, Image – Adjust – Threshold (choose B&W 

in the right drop-down menu).  

5. Analyse the objects of interest: Analyze – Analyze particles; adjust ‘Size’ and 

‘Circularity’ for more accurate results.  

6. Save the final result or copy it to a software of your choice (e.g. MS Excel, Origin) and 

calculate parameters of interest.  

 

 

Figure S2: Creamy stable w/epoxy resin emulsion templates 

a) b) c) 
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Figure S4: Pore throat size distributions for polyepoxide foams S1-S5. 
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Table S5: Summarises the various pore dimensions D[1,0], D[2,0], D[3,0], D[3,2], D[4,3], D10, D50, 
D90, Dv10, Dv50, Dv90, Span and Mode, and the numbers of pores Np used to determine these 
parameters. For further details please refer to ASTM E799-03.1 

1. ASTM E799-03(2020)e1, Standard Practice for Determining Data Criteria and Processing of Liquid 
Drop Size Analysis, ASTM International, West Conshohocken, PA, 2020, www.astm.org, 
https://dx.doi.org/10.1520/E0799-03R20E01 

 

  

in [μm] S1 S2 S3 S4 S5 

  16%/49%IP 16%/56%IP 20%/49%IP 20%/54%IP 20%/60%IP 

D[1,0] 28.3 31.3 34.6 37.6 48.3 

D[2,0] 70.4 65.8 63.2 67.1 91.3 

D[3,0] 137.0 122.8 94.5 98.3 136.4 

D[3,2] 518.8 426.8 211.4 210.8 303.9 

D[4,3] 655.5 590.8 276.2 267.9 381.7 

D10 8.4 9.0 6.9 7.3 9.4 

D50/Median 15.0 19.2 15.7 17.8 19.8 

D90 39.5 56.5 86.1 144.7 137.8 

Dv10 400.5 290.5 135.8 134.4 193.5 

Dv50 631.2 603.9 250.7 262.5 373.1 

Dv90 828.4 802.2 455.2 379.5 583.8 

Span 2.1 2.5 5.0 7.7 6.5 

Mode 10.1 20.3 30.4 15.0 3.2 

Np 3860 3783 4150 3705 2253 

file:///D:/STUDIUM/PHD%20v2/_Paper%20Araldite%202020/www.astm.org
https://dx.doi.org/10.1520/E0799-03R20E01
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Figure S6: SEM micrographs of S2 (a) and S5 (b): entire cross sections of samples prepared for gas 
permeability tests were analysed. 
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Table S7: Solvents used in the swelling tests: molar volumes Vm and Hildebrand solubility parameters 
δs were used to estimate Flory-Huggins parameters χ as a measure of polymer-solvent interaction. 

 

 Relative Molar Molar Hildebrand solubility Flory-Huggins 
 polaritya volumeb weight parameterb parameter 

Solvent  Vs Ms δ χ 

    [cm3·mol-1] [g·mol-1] [(MPa)1/2]   

Isopropanol 0.546 76.8 66.10 22.5 0.34 

DMSO 0.444 71.3 78.13 29.7 0.46 

DMF (N,N) 0.386 77.0 73.09 21.7 0.35 

Acetone 0.355 74.0 58.08 20.3 0.46 

THF 0.207 81.7 72.11 18.6 0.79 

Benzene 0.111 89.4 78.11 18.8 0.78 

Diesel oil       
a values are taken from ‘Solvents and Solvent Effects in Organic Chemistry’, Wiley-VCH, 2011, 2nd 

edition, doi:10.1002/9783527632220 
b taken from ‘Polymer Handbook’, Brandrup/Immergut/Grulke, Wiley-VCH, 2003, 4th edition,  

ISBN 0-471-16628-6  

 

Figure S8: Epoxy polyMIPEs at different stages of the swelling test: a) before solvent addition, b) after 

one day and c) after eleven days of immersion. 

 a)  t=0 

 b)  t=1

d 

 c)  t=11

d 
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Due to the short interval of 1h at the beginning of the testing series and considering the time 

necessary to measure weight and dimensions of all foam cubes, the focus was first set only 

on S1, S3, S5. Later on, data for S2 and S4 was also recorded (Figure S9 & Figure S10). 

 

 

 

Figure S9: Swelling ratios of polyepoxide foams S1-S5 isopropanol, DMSO, DMF, acetone, THF, 
benzene and Diesel oil as function of immersion time. 
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Figure S10: Swelling ratios of foams S1-S5 in solvents with varying polarity. List of solvents seen in 
the figure legend. 
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Table S11: Summary of swelling ratios Q, their standard deviations and polymer-volume fraction φp as 

well as percentage weight loss after extraction ωdef,sw in various solvents. 

    Q STDEV φp ωdef,sw 

Is
o

p
ro

p
a

n
o

l 

S1 1.29 0.016 0.78 -8% 

S2 1.29 0.008 0.78 -8% 

S3 1.27 0.020 0.79 -11% 

S4 1.26 0.021 0.79 -11% 

S5 1.25 0.026 0.80 -10% 

 
  f   

D
M

S
O

 

S1 1.76 0.040 0.57 - 

S2 - - - - 

S3 1.68 0.034 0.59 -13% 

S4 1.76 0.029 0.57 -12% 

S5 1.70 0.037 0.59 -16% 

 
     

D
M

F
 

S1 - - - - 

S2 1.80 0.041 0.56 - 

S3 1.74 0.026 0.58 -14% 

S4 1.80 0.030 0.56 -13% 

S5 1.77 0.026 0.57 -13% 

 
     

A
c
e

to
n

e
 S1 1.28 0.030 0.78 -8% 

S2 1.29 0.026 0.78 -9% 

S3 1.26 0.015 0.79 -11% 

S4 1.24 0.015 0.81 -11% 

S5 1.25 0.024 0.80 -12% 

 
     

T
H

F
 

S1 1.80 0.013 0.55 -15% 

S2 1.69 0.015 0.59 -10% 

S3 1.76 0.015 0.57 -12% 

S4 1.79 0.022 0.56 -12% 

S5 1.76 0.017 0.57 -15% 

 
     

B
e
n

z
e

n
e
 S1 1.38 0.012 0.73 -5% 

S2 1.33 0.010 0.75 -4% 

S3 1.33 0.013 0.75 -6% 

S4 1.36 0.022 0.73 -6% 

S5 1.36 0.013 0.73 -7% 

 
     

D
ie

s
e

l 
o

il
 S1 1.03 0.014 0.97 57% 

S2 1.02 0.008 0.98 30% 

S3 1.03 0.010 0.97 53% 

S4 1.04 0.010 0.96 51% 

S5 1.03 0.009 0.97 45% 
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S12: All compression responses showed three distinct regions, as expected for this kind of 

material. A sharp initial increase, recognisable by the direct proportionality of loading force and 

displacement, depicted the linear elastic region. It commonly extends to a strain of 5% and 

represents the reversible deformation/bending of the cell walls. While in the elastic region the 

energy absorbed due to internal friction is used to restore the original shape of the test 

specimen, mechanical energy is irretrievably lost when the polyMIPEs are compressed beyond 

their elastic limits.  

Subsequently, the curves levelled off and transitioned into the rubber plateau, which is 

characterised by compression of cells and buckling of cell walls. The slightly positive profile of 

this region indicated the elastomeric nature of the foams and moreover suggested a certain 

contribution of closed cells to the compressive responses. On deformation, the gas in closed 

cells is compressed, the cell gas pressure increasingly contributes to the stiffness of a material 

and causes a positive slope in the plastic region. In fully open porous materials, on the contrary, 

compression induces an airflow out of the material, creating viscous forces, which contribute 

substantially less than the gas pressure and hence leads to almost horizontal plateaus. The 

rapid rise in stress around 40-50% strain was due to the onset of densification, going along 

with cell walls crushing into each other and total compaction. 
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Figure S13: Stress-strain curves of poly(epoxide)MIPEs S1-S5 

 

 

 

Figure S14: 1) PTFE-mold; 2) thin film of release agent; 3) two-component epoxy system Araldite®2020 

(embedding medium); 4) coating to seal the porous monolith; 5) epoxy foam (base: Araldite®2020) 
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S15:  

The theoretical average molecular weight between crosslinks at full conversion Mc,th was 

calculated for Araldite®2020 using the composition of the epoxy system and the functionalities 

of its components using the following equation:  

 
Mc,th =

2(Me + ∑
Mf

f
Φf

∞
f=2 )

∑ Φf
∞
f=3

 
 

where Me is the epoxide equivalent weight (EEW) of the resin, Mf the molecular weight of a 

hardener with amine functionality f and Φf the mol fraction of active amine hydrogens (AHEW), 

only relevant if more than one curing agent is used. In this case, Eq. S15) can be simplified 

and rewritten as Mc,th = 2(EEW+AHEW). 
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Supplementary information for 

Emulsion-templated flexible epoxy foams 

Patrick Steindla, Helena Deckera, Bernhard Retzla, Qixiang Jianga,* Angelika Mennera, 

and Alexander Bismarcka,b,* 

aPolymer and Composite Engineering (PaCE) Group, Institute of Materials Chemistry and Research, 

University of Vienna, Währinger Strasse 42, 1090 Vienna, Austria 

bDepartment of Chemical Engineering, Imperial College London, South Kensington Campus, London, 

SW7 2AZ, UK. 

*Corresponding author email: qixiang.jiang@univie.ac.at, alexander.bismarck@univie.ac.at  

 

S1 - Migration of resin/hardener into the aqueous internal phase 

1 ml epoxy resin was dropped into 10 ml DI water and the internal phase of the emulsion (e.g. 

aqueous solution of 10 g/L CaCl2), respectively; the epoxy resin was, as expected, insoluble 

in the aqueous phase (Figure S1). 1 ml hardener was also dropped into 10 ml water and the 

CaCl2 solution, respectively. After hand-shaking for 30 s, an emulsion formed. The emulsion 

settled to the bottom of the exceed water or CaCl2 solution in 72 h. Given the structure of the 

epoxy resin and hardener components (Figure 1), it is unlikely that significant partitioning of 

monomers into the water phase will occur. However, we noted that upon addition of the 

hardener to water phase, resulted after shaking in the formation of an emulsion because of the 

amphiphilic nature of the hardener molecules. The partitioning of the hardener to the w/o 

interface of our water-in-epoxy emulsions could have affected the curing reaction. However, 

we noted the glass transition temperatures (Tg) of EF80 (cured epoxy polymer), EF80S (cured 

epoxy polymer with surfactant) and epoxy polyMIPE S1, determined by differential scanning 

calorimetry (DSC) (Discovery DSC, TA Instruments, Eschborn, Germany), were not 

dramatically different. For DSC measurements, about 0.3 g samples were 

heated/cooled/heated/cooled between -50°C to 110°C at a rate of 10°C / min. The heat flow 

curves of EF80, EF80S and S1 did not show pronounced glass transitions (Figure S2). The 

Tg of EF80 and EF80S were estimated to be 14°C, indicating that the presence of surfactant 

did not significantly plasticize the polymer network. S1 had an approximate Tg of 9°C, which 

was only slightly lower than the pure epoxy polymer. 

mailto:qixiang.jiang@univie.ac.at
mailto:alexander.bismarck@univie.ac.at
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Figure S1: A small amount of resin/hardener was added to a large excess of internal phase (IP) and 

DI water, respectively, in order to investigate eventual migration tendencies (from the left: IP + 

hardener, IP + resin, DI water + hardener, DI water + resin). The images illustrate the interactions 

between aqueous and organic components at three different stages: a) right after the addition of 

resin/hardener; b) immediately after shaking; c) after three days. 
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The curing of the epoxy was also confirmed by FTIR (Tensor II, Bruker, Vienna, Austria). The 

presence of primary amines in the uncured EF80 resin and hardener was shown by the two 

bands in the range of 3200 – 3400 cm-1 (Figure S3). However, after curing, the bands of 

primary amines overlapped with the broad adsorption band of –OH and, therefore, cannot be 

used to determine the presence of unreacted primary amines in the cured epoxy polyMIPEs. 

The band at 915 cm-1 indicated the presence of glycidyl groups in the uncured epoxy resin. 

After curing, the bands at 915 cm-1 reduced in EF80, EF80S and S1, caused by the 
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Figure S2: 2nd heat flow curves of cured epoxy polymer (EF80), cured epoxy polymer with surfactant 

(EF80S) and cured epoxy polyMIPE (S1). The reduced heat flow during heating of the samples from 

-40°C to 20°C indicated the glass transition of the epoxy. The glass transition temperatures (middle 

point of the glass transition) of the EF80 and EF80S were 14°C, while the glass transition temperature 

of S1 was 9°C. 
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Figure S3: FTIR of uncured EF80 resin and hardener, cured EF80, cured EF80 with surfactant 

(EF80S) and cured epoxy polyMIPE (S1). 
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consumption of glycidyl groups. The resemblance of the band intensity at 915 cm-1 in the three 

samples indicated their similar curing degrees. Thus, even if hardener components adsorbed 

to the w/o interface with amine groups in the water phase, this would have an insignificant 

influence on the curing of the epoxy foams in emulsion templates. 

S2 – Emulsion templated epoxy foams with modified silica 

nanoparticles 

Hydrophobic silica nanoparticles HDK H18 (Wacker Chemie AG, Germany) were dispersed 

within the epoxy resin and hardener in a glass vessel equipped with overhead stirrer. The 

internal phase was added drop by drop into the continuous phase at a stirring speed of 400 

rpm. After the addition of the internal phase, the emulsions were further stirred at 1000 rpm for 

2 min to homogenise the emulsions. The emulsions were placed into an oven at 50°C for curing 

the continuous resin phase. 

Table S1: Composition and curing temperature of emulsion templates with modified SiO2 (Wacker 
HDK H18). 

 continuous phase  internal phase   

 resin hardener surfactant   ratio (IPR)  
curing- 

temperature 

 EF80 EF80 Pluronic L-81 SiO2  
H2O+CaCl2‧

2H2O 
  

sample 

ID 
[vol%]a [vol%]a [vol%]a [wt%]b  [%]c  [°C] 

S9 36.4 54.6 9 0.4  60  50 

S10 36.4 54.6 9 1.2   60   50 

 

Table S2: Density and mechanical properties of epoxy foams with silica nanoparticles. 

  ρf Pa dp Ec σc 

  [g/cm3] [%] [µm] [MPa] [MPa] 

S9 
0.44 ± 0.01 61 ± 1 

145 ± 37 
0.40 ± 0.02 

0.061 ± 

0.003 

S10 
0.46 ± 0.01 59 ± 1 

215 ± 79 0.45 ± 

0.06  

0.054 ± 

0.010 
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The epoxy based emulsions containing silica nanoparticles in the continuous phase could be 

successfully cured at 50°C, resulting in flexible macroporous epoxy foams. The epoxy foams 

with silica nanoparticles had densities of 0.44 and 0.46 g/cm3, resulting in porosities of 

approximately 60%, which was as expected from emulsion templates containing 60% internal 

phase by volume. The polyMIPE S9 with 0.4% silica nanoparticles had a higher elastic 

modulus as compared to those with corresponding loadings of CNTs. This could be explained 

by a more homogeneous distribution of the hydrophobised silica particles throughout the 

continuous phase of the emulsions, after curing the silica particles reinforced the epoxy 

polymer. In contrast, CNTs tend to form large agglomerates, which have to be broken up by 

applying high shear forces, which are not easily applied in liquid resin formulations. 

Nevertheless, the pore sizes of the epoxy foams with 0.4% silica particles were slightly larger 

than those (112 ± 26 µm) with 0.4% CNTs. This indicated that during the curing of the 

emulsions at elevated temperature, the silica nanoparticles, even when homogeneously 

distributed, did not act as a better thickening agent as compared to CNTs, which, due to their 

2D shape, are more effective to increase the viscosity of the continuous phase. Increasing the 

silica nanoparticle loading to 1.2% in the epoxy based emulsion templates resulted after curing 

in epoxy foam with larger pore sizes. Yet, the increase of the pore sizes was not as pronounced 

as that of epoxy foams with CNTs. This indicated that the increased loading did not affect the 

dispersion of the silica. As such, the stiffness of the epoxy foams with 1.2% silica nanoparticles 

were identical within error to that of the epoxy foams with 0.4% silica particles. 

S3 - Producing polyMIPEs without surfactant 

Table S3: Composition and curing temperature of emulsion templates without surfactant (for S7 and 
S8). The compositions were compared with the MIPEs (of S3 and S6, respectively) with surfactant. 

 continuous phase  internal phase   

 resin hardener surfactant MWCNTs  ratio (IPR)  
curing- 

temperature  EF80 EF80 Pluronic L-81   
H2O+CaCl2‧

2H2O 
 

 

Figure S4: SEM images of epoxy polyMIPEs S9 (a) and S10 (b), prepared from emulsion templates 

with 0.4 and 1.2 wt% silica nanoparticles, respectively.  
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sample 

ID 
[vol%]a [vol%]a [vol%]a [wt%]b  [%]c  [°C] 

S3 36.4 54.6 9 0.4  60  50 

S7 40 60 - 0.4  60  50 

S6 36.4 54.6 9 0.4  70  50 

S8 40 60 - 0.4   70   50 

a with respect to the volume of the continuous phase 

b wt% CNT relative to the monomers 

c relative to the total emulsion volume 

 

Table S4: Morphological and mechanical properties of S3 and S6 - S8. 

 ρs ρf P dp dpt Ec σc 

 [g/cm3] [g/cm3] [%] [µm] [µm] [MPa] [MPa] 

S3 1.10 ± 0.01 0.48 ± 0.05 56 ± 5 112 ± 26 21 ± 14 0.30 ± 0.02 0.038 ± 0.003 

S7 1.12 ± 0.01 0.40 ± 0.04 64 ± 4 108 ± 12 26 ± 16 0.32 ± 0.06 0.038 ± 0.009 

S6 1.11 ± 0.01 0.32 ± 0.01 71 ± 1 118 ± 35 23 ± 13 0.20 ± 0.03 0.026 ± 0.010 

S8 1.17 ± 0.01 0.32 ± 0.01 72 ± 1 100 ± 40 17 ± 9 0.18 ± 0.01 0.023 ± 0.002 

The preliminary experiment in producing polyMIPEs from MIPEs without surfactant indicated 

that the viscosity of the formulation had a significant impact on the stability of the emulsions 

and the morphology of the subsequent polyMIPEs, while the surfactant played a minor role in 

the properties of the emulsions and epoxy foams. Therefore, S7 and S8 were cured from 

emulsion templates with MWCNTs but no surfactant. S7 and S8 showed both analogic pore 

morphology and mechanical properties to their corresponding polyMIPEs (S3 and S6, 

respectively) (Table S2 and Figure S5). This provided a method to produce epoxy foams 

without the presence of surfactant.  
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Figure S5: SEM images of epoxy polyMIPEs S3, S6, S7 and S8, prepared from emulsion templates 

with 60% IPR (a,b) and 70% IPR (c,d). The MWCNT content was 0.4 wt% for all four samples. A small 

amount of surfactant (9 vol%) was employed in S3 and S6. 
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S4 - ELC and residual strains as function of cycle numbers of 

epoxy-based polyMIPEs 

 

 

 

 

 

 

Figure S6: Development of the ELC with increasing cycle number for S1-S3 & S6 
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Figure S7: Course of the residual strain with increasing number of cycles 
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