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Abstract 

Macroporous polymers produced by polymerisation of the monomer containing 

continuous phase (CP) of high internal phase emulsions (HIPEs), known as polyHIPEs, 

have been explored for many diverse applications, e.g., filters, membranes, sorbents 

and scaffolds for tissue engineering. I investigated micromixing of fluids in the 

tailorable, interconnected pore structure of polyHIPEs, which can be assembled to 

realise miniaturised unit operations leading to a plant-on-a-bench system suitable for 

continuous flow chemistry. 

Miniaturised unit operations were realised by designing and fabricating polyHIPE 

micromixers with tailored morphological features and physical properties. The 

residence time distribution of polyHIPE micromixers was determined using a tracer 

method and was found to be in good agreement with the axial dispersion model. 

Moreover, the effectiveness of polyHIPE micromixers was demonstrated using two 

competitive parallel reactions. The yield of the slower saponification reaction (2.5%) 

was found to be significantly lower compared with a commercial Kenics® static mixer 

which proofs the effective micromixing within the polyHIPEs. Utilising the effective 

mixing performance of polyHIPE micromixers allowed for continuous emulsification 

of a monomer containing continuous and an aqueous internal phase resulting in HIPEs. 

Using the polyHIPE micromixer, it was possible to generate HIPEs with adjustable 

volume fractions and droplet diameters that could be polymerised into polyHIPEs. 

Continuous alteration of the ratio between the continuous and the internal phase of the 

generated HIPEs is also possible using these micromixers, which after polymerisation 

of the monomer phase resulted in polyHIPEs with a porosity gradient. 

To perform continuous organic flow reactions, polyHIPE microreactors were fabricated 

using hypercrosslinked polyHIPEs having a surface area of 850 m2/g and a Pd surface 

loading serving as heterogeneous catalyst. However, due to the lack of functional 

groups on their surface, which form complexes with Pd and thereby immobilising it, 

the model hydrogenation reaction could not be performed. However, using a solvent 

stitching approach and Scholl coupling reaction allowed for simultaneous 

hypercrosslinking and functionalisation of the polyHIPEs leading to the incorporation 

of triphenylphosphine moieties into the polymer network, which results in upto 7 wt.% 

P functionalisation. Unfortunately, during these reactions the polyHIPE monoliths 
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fractured into pieces. Nevertheless, these pieces were found to have efficient catalytic 

activities after Pd loading for a model Suzuki-Miyaura coupling reaction, allowing 

yields of up to 98% after a reaction time of only 30 min resulting in turnover frequencies 

of up to 2440 h-1. 

The final operation unit of a plant-on-a-bench is a continuous liquid-liquid extraction 

unit with settler. This could be fabricated by combining hydrophilic and hydrophobic 

polyHIPEs within a micromixer and connect it to a minisettler. The microextractor-

minisettler was used for the extraction of a hydrogenation reaction product from its 

simulated reaction medium into ethyl acetate within a polyHIPE micromixer connected 

to a gravity-based minisettler. The extraction efficiency of the polyHIPE-

microextractor-minisettler unit reached 98%, while that of control experiments 

performed using a blank tube or static mixer was only 78%.  

I designed and fabricated polyHIPE micromixers and microextraction units, which 

could be useful for the intensification of continuous flow reactions in miniaturised 

operating units, and demonstrated their efficiency.  
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Zusammenfassung 

Makroporöse Polymere, die durch Polymerisation der monomerhaltigen, 

kontinuierlichen Phase (CP) von High Internal Phase Emulsions (HIPEs) hergestellt 

werden, werden PolyHIPEs genannt und kommen für verschiedenste Anwendungen 

z.B. als Filter, Membranen, Sorptionsmittel und Scaffolds für die Gewebezüchtung in 

Frage. Ich untersuchte das Micromixing von Flüssigkeiten in PolyHIPEs mit einer 

maßgeschneiderten, offenporigen Porenstruktur, die als miniaturisierte Reaktoren bzw. 

Betriebseinheiten zu einem Plant-on-a-Bench-System zusammengesetzt werden 

können, das für die kontinuierliche Durchflusschemie geeignet ist. 

Die miniaturisierten Durchflussreaktoren wurden durch die gezielte Synthese von 

PolyHIPE-Micromixern mit auf die Anwendungsanforderungen zu geschneiderten 

Morphologien und physikalischen Eigenschaften hergestellt. Die Verweilzeitverteilung 

in den PolyHIPE-Micromixer wurde unter Verwendung eines Tracer-Verfahrens 

bestimmt und es wurde festgestellt, dass sie in guter Übereinstimmung mit dem axialen 

Dispersionsmodell steht. Darüber hinaus wurde anhand von zwei kompetitiven 

Parallelreaktionen die Wirksamkeit von polyHIPE-Micromixern im Vergleich zum 

handelsüblichen Kenics® -Statikmischer getestet. Es wurde festgestellt, dass die 

Ausbeute der langsameren Verseifungsreaktion (2,5 %) in PolyHIPE-Micromixern 

verglichen mit dem Kenics® -Statikmischer signifikant niedriger war, was die 

Effektivität des Micromixings in PolyHIPEs beweist. Die Nutzung der effektiven 

Mischleistung von PolyHIPE-Micromixern ermöglichte das kontinuierliche 

Emulgieren einer wässrigen, internen Phase in einer kontinuierlichen Monomerphase 

was zu HIPEs führte. Mit dem PolyHIPE-Micromixer war es möglich, HIPEs mit 

einstellbaren Volumenanteilen und Tröpfchendurchmessern zu erzeugen, die zu 

polyHIPEs polymerisiert werden konnten. Darüber hinaus ist durch die Verwendung 

von PolyHIPE-Micromixern auch eine kontinuierliche Änderung des 

Volumenverhältnisses zwischen der internen und der kontinuierlichen Phase der 

erzeugten HIPEs möglich, was nach der Polymerisation der Monomerphase zu 

PolyHIPEs mit einem Porositätsgradienten führt. 

Um kontinuierliche organische Durchflussreaktionen durchführen zu können, wurden 

zunächst PolyHIPE-Microreaktor unter Verwendung von hypercrosslinked PolyHIPEs 

mit einer Oberfläche von 850 m2/g hergestellt und Pd als heterogenem Katalysator auf 
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deren Porenoberfläche abgeschieden. Aufgrund des Mangels an funktionellen Gruppen 

auf der PolyHIPE-Oberfläche, die mit Pd Komplexe bilden und es somit 

immobilisieren können, konnte die Modellhydrierungsreaktion nicht effektiv 

durchgeführt werden. Aus diesem Grund wurde der Lösungsmittel-Stitching-Ansatz 

und die Scholl-Kupplungsreaktion zum gleichzeitigen Hypercrosslinking und 

Funktionalisieren der PolyHIPEs verwendet, was den Einbau von Triphenylphosphin-

Einheiten in das Polymernetzwerk ermöglichte, was zu einer P-Funktionalisierung der 

Oberfläche von bis zu 7 Gew.-% führte. Leider zerbrachen die polyHIPE-Monolithen 

während dieser Reaktionen in Stücke. Dennoch wurde festgestellt, dass diese Stücke 

nach Pd-Beladung für eine Modell-Suzuki-Miyaura-Kupplungsreaktion effiziente 

katalytische Aktivitäten aufweisen. Dies führt zu Ausbeuten von bis zu 98 % nach einer 

Reaktionszeit von nur 30 min und entspricht zu Turnover-Frequenzen von bis zu 2440 

h-1. 

Die letzte Betriebseinheit einer Plant-on-a-Bench ist eine kontinuierliche Flüssig-

Flüssig-Extraktionseinheit mit Abscheider. Dies wurde durch das Zusammenführen 

von hydrophilen und hydrophoben PolyHIPEs zu einem Micromixer, der mit einem 

Miniabscheider verbunden ist, realisiert. Dieser Microextractor-Miniabscheider wurde 

für die Überführung eines Hydrierungsreaktionsprodukts aus einem simulierten 

Reaktionsmedium in Ethylacetat verwendet, wobei der Miniabscheider Schwerkraft 

getrieben war. Die Extraktionseffizienz des PolyHIPE- Microextractor-Miniabscheider 

betrug 98 %, während die der Kontrollexperimente, die unter Verwendung eines leeren 

Röhrchens oder eines Statikmischers durchgeführt wurden, nur 78 % betrug. 

Ich entwarf und stellte PolyHIPE-Micromixer und Microextraktor-unit her, die für die 

Intensivierung von kontinuierlichen Durchflussreaktionen in miniaturisierten 

Betriebseinheiten nützlich sein könnten, und demonstrierte ihre Effektivität.  
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1 Introduction 

Continuous flow processing is an innovative technology (Figure 1-1), which can be 

applied to many chemical reactions of relevance to various industrial fields producing 

significant benefits in terms of process and chain efficiency, lower capital and operating 

expenses, better product quality, less waste and improved process safety.1,2 In order to 

scale up chemical reactions to industrial scale, continuous processing needs to be 

investigated and developed in lab-scale. Therefore, miniaturised equipment needs to be 

designed, fabricated, and tested to perform unit operations, such as mixing, chemical 

transformation, extraction, separation, crystallisation and distillation, continuously. For 

instance, during mixing operations, chemical reactions or extraction can be performed 

in micromixers or static mixers.  

 

Figure 1-1. What is driving the adoption of continuous flow chemistry for chemical synthesis? 

(Reprinted from Baumann, M. et al.,2 Copyright 2020 with permission from American Chemical 

Society).  

Over the years, applications of micromixers have grown rapidly due to the advantages 

they present, including better control of physical reaction parameters, reduced reagent 

utilization, fast and controllable mixing processes, lower energy consumption and 

therefore, lower costs.3,4 The small dimensions of micromixers results in a large surface 

area to volume ratio, which provides efficient mass and heat transfer rates.5 As a result 

of those advantages, we can say that, micromixers have significant role to play in the 

development of continuous flow reactions. 

In micromixers mixing of two or more fluids occurs by molecular diffusion mainly in 

laminar flow while mixing at macro scale occurs by turbulent movement.6 The 
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transition between laminar and turbulent flow is conveniently described by the 

Reynolds (Re) number, which is the ratio of inertial to viscous forces within the fluid. 

Relying only on diffusion to mix fluids is inconvenient for large-scale mixing as very 

long channels or tubes would be needed. Therefore, mixing is commonly enhanced by 

chaotic advection, which is achieved by increasing the deformation of the boundary 

between fluids by stretching resulting in an increased interfacial area.7 In order to 

achieve chaotic advection, the Re should be higher than one,4 micromixer channel 

design is of great importance to increase the interface between fluids while reducing 

channel length and thus the mixing time. Most reported micromixers have been 

produced by injection moulding of cyclic olefin copolymer,8 moulding 

Polydimethylsiloxane onto a plasma etched silica substrates9 or by machining 

polycarbonates.10 However, special instrumentations and clean room facilities are 

necessary to build micromixing devices using time consuming and challenging 

processes, resulting in high costs. Moreover, the channel dimensions cannot be lower 

than hundreds of micrometres due to physical limitations.8 For this reason 

interconnected, high porosity macroporous polymers, whose pore size can be tuned 

from hundreds to a few µm, were explored as valuable option for the production of 

micromixers,11,12 microreactors13 as well as extraction units.14 

 

Figure 1-2. Typical SEM image of an emulsion templated macroporous polymers, illustrating the chaotic 

advection of two co-flowing im/miscible fluids passing through its interconnected pore space, causing 

mixing. 

Macroporous polymers can be produced using a variety of techniques, including 

chemical or physical blowing,15,16 phase separation17,18 or templating methods.19–21 

Since a tailored interconnected macroporous structure is of great importance for the 

fabrication of micromixers, emulsion templating methods offer significant advantages 
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over other polymer foaming processes. Emulsion templating commonly employed 

High Internal Phase Emulsions (HIPEs), defined emulsions with an internal phase 

volume ratio >74%, which after polymerisation of the continuous emulsions phase 

consisting of or containing monomers and removal of the internal templating phase 

results in high porosity macroporous polymers, called poly(merised)HIPEs.22 Emulsion 

templating methods offer a number of advantages for the fabrication of micromixers; 

for instance the morphological properties of porous polymers can be easily tailored 

during the emulsification process by changing the emulsification conditions (choice of 

emulsifier and energy input)23,24 and their and mechanical properties can be tuned by 

monomer selection25,26 and incorporation of suitable reinforcements.27,28 Chemically 

inert scaffolds for micromixers can be realised by monomer selection from the large 

catalogue of monomers, that can be polymerised in emulsions. Moreover, post-

processing of interconnected macroporous polymers allows for the introduction of 

various functionalities to alter their surface properties, such wettability, specific surface 

area, etc. Moreover, it is possible to load catalysts onto their interior surface for use in 

catalysed chemical reactions. PolyHIPEs are great candidates for the fabrication of 

micromixers and extraction units to mix liquids in their interconnected pore network 

(Figure 1-2) as well as catalyst support for heterogeneous catalysis. 

1.1 Scope of the thesis 

Emulsion templating is a suitable method to produce macroporous polymers with 

desired morphology and mechanical properties.29 Therefore, the aim of my PhD thesis 

is to design, build and demonstrate unit operations, which will be useful for the 

realisation of a miniature plant-on-a-bench system suitable to test continuous flow 

chemistry. To reach this aim, the following objectives were defined: 

1. to optimize the morphological properties of polyHIPEs for micromixing 

applications, 

2. to quantify the micromixing performance of polyHIPE micromixers, 

3. to demonstrate the usefulness of polyHIPE micromixers for the continuous 

emulsification of two immiscible liquid phases, 
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4. to simultaneously functionalise and hypercrosslink polyHIPEs to introduce 

ligands enabling catalyst loading and increasing surface area,  

5. to realise a polyHIPE micromixer heterogeneous catalyst support for continuous 

hydrogenation reactions, and 

6. to design and fabricate an effective polyHIPE extraction unit to separate 

reaction educts and products continuously. 

1.2 Structure of the thesis 

The brief introduction and aims & objectives will be followed by a literature review 

detailing the advance of porous polymers produced by emulsion templating methods 

and their application areas highlighting the research gaps required to further the 

development porous polymer-based micromixers. Chapter 3 will briefly summarise the 

experimental methods. Chapter 4 will be the executive summary of my research 

findings detailed in appended publications I to IV. Chemically stable polyHIPEs were 

designed and fabricated into micromixers and their micromixing performance 

quantified by the Residence Time Distribution and competitive parallel reactions 

(Publication I). In order to prove the effective micromixing in the polyHIPE 

micromixers, HIPEs were generated by mixing monomer containing continuous phase 

and aqueous internal phase in various ratios and flow rates. Thereby, I showed that the 

Degree of Interconnectivity of openness of polyHIPEs has impact on the droplet 

breakup, which allows to produce continuous emulsions having desired internal volume 

phase fraction and droplet size (Publication II). In the following work (Publication 

III), polyHIPEs were hypercrosslinked and simultaneously functionalized with 

phosphine moieties with various hypercrosslinking methods to accomplish 

heterogeneous catalyst loaded polyHIPE microreactors. However, due to the strong 

reaction conditions monolithic polyHIPEs were broken either during the quenching of 

the hypercrosslinking reaction or purification. Nevertheless, successful phosphine 

functionalisation was achieved and allowed to stable Pd-loading, which was tested with 

model Suzuki-Miyaura cross-coupling reaction by reaching 2440 h-1 turnover 

frequency. Furthermore, I also hypercrosslinked polyHIPEs using bischloromethyl 

biphenyl, which resulted in increased surface area (up to 850 m2/g) and improved 

mechanical properties. However, due to lack of ligand in the chemical structure of 
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hypercrosslinked polyHIPEs, stable and catalytically active Pd loading could not be 

achieved. Their results were explained in the summary of my research. As a final step 

of realising plant-on-a-bench operation units, micromixer-setter was fabricated using 

polyHIPE extraction unit consist of both hydrophilic and hydrophobic polyHIPEs and 

homemade settler (Publication IV). Hydrogenation reaction simulation was extracted 

in polyHIPE extraction unit and separated continuously. 

2 Literature Review 

2.1 Process Intensification: from microfluidics towards plant-on-a-

bench 

Process intensification (PI) is a strategy to minimise the size of chemical plants to 

achieve a given production objective with significantly reduced capital cost of the 

system.30 Process intensification involves development of innovative equipment and 

advanced techniques that results in momentous enhancements in chemical processing 

while reducing substance volume, thus waste, and energy consumption (Figure 2-1). PI 

results in cheaper, safer, and sustainable chemical processes.31 The four principles of 

PI are;32 

1. to enhance the effectiveness of intra- and intermolecular interactions toward 

ideal reactions, 

2. to supply the same process environment to each molecule, 

3. to adjust the driving forces and resistances in the most favourable way and 

enhance specific surface areas, 

4. to maximise synergistic effects from all process units. 
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Figure 2-1. Components of Process Intensification (adapted from “Reactive separations for process 

intensification: an industrial perspective”, Stankiewicz, A., 2003).31 

Multifunctional reactors and microtechnology have significant importance in 

downscaling chemical plants by replacing large, expensive, and energy-intensive 

equipment or processes.33 Multifunctional reactors are designed to simultaneously 

perform several processes, such as mixing and catalytic reaction. The main aim of 

multifunctional reactors is to optimise mass, heat and momentum transfer within a 

single flow cell leading to lower reaction volumes, better temperature control, and 

reduction in pressure requirements.2,30 Figure 2-2 shows an example of a 

multifunctional reactor developed by Bayat et al.34, which allows to couple the highly 

exothermic methanol synthesis with the endothermic cyclohexane dehydrogenation 

with a Pt/Al2O3 catalyst. They further modified this reactor by addition of zeolite 4A 

particles acting as water adsorbent, which offers significant advantages over the 

conventional sorption-enhanced reaction process because the water adsorbent can be 

continuously regenerated using a solid regenerator.34 
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Figure 2-2. Schematic flow diagram of a thermally coupled multifunctional reactor for simultaneous 

production of methanol and hydrogen. (Reprinted from Bayat, M., et al.,34 copyright 2013, with 

permission from John Wiley & Sons, Ltd.).  

Many studies focus on continuous flow chemistry, which is an important part of process 

intensification. Recent studies showed that economical and sustainable processes can 

be achieved by transforming a batch into a continuous process.35,36 For instance, Snead 

and Jamison synthesised and purified diphenhydramine hydrochloride, an active 

pharmaceutical ingredient, by continuous flow chemistry, which produced a number of 

advantages, such as real-time inline purification, solvent minimisation, resulting in 

lower waste, reduced costs and hazards.37  

Incorporation of micromixers and microreactors into continuous chemical reactions is 

a way to intensify production processes because of enhanced surface-to-volume ratios 

as result of decreased characteristic dimensions of the system.5,36 Micromixers are 

mixing units, where fluids can interact with each other by molecular diffusion in sub-

millimeter channels.38 Due to the high specific surface area reacting species are 

homogenized at molecular scale, which leads to better reaction control, improved 

selectivity, and higher reaction rates.32,39 Micromixers are classified as active and 

passive, depending on the mixing mechanism. In active micromixers fluids are mixed 

by external energy input, such as acoustic, magnetic or electric fields.40 Passive 

micromixers rely on manipulation of fluid flow by channel geometry and/or interfacial 

forces to enhance interfacial area between the fluids, thus resulting enhanced mixing.38 
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Mixing in passive micromixers occurs mainly by molecular diffusion in the laminar 

range, when the Reynolds number, which is the ratio between inertial forces and 

viscous forces, is much below 2200. However, relying only on molecular diffusion to 

achieve effective mixing requires longer microchannels resulting in extended mixing 

time. The interfacial area between the fluids governing the mixing efficiency can be 

enhanced by generating chaotic advection using obstacles added to flow channel, which 

reduces diffusion length. Clever micro-channel design to reorienting flow can also used 

to be enhance the mixing efficiency (Figure 2-3).8,38 

 

Figure 2-3. Mixing simulation of two different micromixers: A) t-type micromixer and B) serpentine 

laminated micromixer. (Reprinted from Kim, D. S., et al.,8 copyright 2005, with permission from The 

Royal Society of Chemistry). 

Interfacial forces, as expressed by the Capillary number, which is the ratio of viscous 

forces and interfacial forces, are one of the most important parameters affecting the 

flow pattern in the microchannel. In case of parallel flow in the micromixer, mass 

transfer through the interface is proportional to the interfacial area. The interfacial area 

is increased by generating plug flow or slug flow in the micromixer by increasing the 

flow rate, also resulting in internal circulation within the slug (Figure 2-4).41,42 The 

highest mass transfer occurs in bubbly or droplet flow having the largest interfacial 

area. Such flows can be generated by further increasing the flow rate or adding obstacles 

into the microchannel.42–44 The generation of droplet flow pattern by increasing flow 
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rate results in higher energy dissipation.43 Reorienting flow by adding obstacles or 

special channel design requires sophisticated techniques and are limited by machine 

tolerance.45 The flow pattern of dispersed and continuous phases depends on the 

wettability of the channel, unlike in batch mixing. Channel wettability can be tailored 

by combining different materials or applying coatings, which allows to control the 

dispersion type affecting mass transfer.46 

 

Figure 2-4. Flow patterns generated in microchannels; schematic representations on the left and 

photographs of the flow on the right. (Reprinted from Wang, K., et al.,42 copyright 2017, with permission 

from Elsevier). 

Micromixers were fabricated from various materials, e.g., poly(methyl methacrylate), 

glass, polycarbonate, stainless steel, etc., using an array of techniques, such as etching, 

moulding, and CNC milling. Helical channels (serpentine, spiral, curved), split-and-

recombination structures, a combination of helical and split-and-recombination 

channels, patterned groves and two-layer crossing channel are the main the micromixer 

designs.47 The internal structure of interconnected macroporous polymers, for instance 

polyHIPEs, combine these channel types and thus could be a suitable alternative to 

those microchannel micromixers. Fluids passing through the pores of polyHIPEs are 

forced through pore throats, which results in mixing both in axial and radial 

direction.11,48 
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2.2 Porous Polymers 

Porous polymers are of significant interest for several application areas due to their 

tailorable strength/weight ratio, low thermal conductivity, well-defined porosity and 

easy processability.19,49 As a result they have found applications both in daily life, as 

the synthetic sponges, shoes soles or foam cups, and in various industries, for instance 

in the automobile,50 aerospace, construction sectors,51 but also as scaffolds for tissue 

engineering.52–54 Among porous polymers, polyurethane foams have the largest global 

market share valued as US$ 70.67 billion in 2020, while polystyrene foams are in 

second place.55 Besides classifying porous polymers based on the polymer used, they 

can also be classified by their pore structure as open or closed porous polymers, which 

results in various application areas.49 Most polymer foams are produced from polymer 

by physical or chemical blowing, or by using expandable or hollow beads (syntactic 

foams).56 

According to IUPAC, porous polymers can be characterized by their pore size; 

microporous polymers are polymer foams with pore sizes < 2 nm in diameter, while 

mesoporous polymers pore size in the range of 2–50 nm, and macroporous polymers 

have pores > 50 nm in diameter.57 Porous polymers having both micro- and mesoporous 

structure are also called nanoporous polymers, which have been investigated recently 

because of their potential applications as catalyst support,58,59 for gas 

sorption/separation,60,61 and electrical conductive porous materials.62 Nanoporous 

polymers possessing a highly ordered structure can be synthesised by covalent linking 

small building blocks,63 which resulted in new polymer classes, such as covalent 

organic frameworks,64,65 conjugated microporous polymers,66 porous aromatic 

frameworks,67 hypercrosslinked polymers (HCPs),62,68 etc. Among these polymers, 

HCPs are receiving increased interest due to their extraordinary advantages such as 

simple and versatile synthetic methods which are suitable for diverse reagents requiring 

only mild synthesis conditions, easy functionalization, high surface area, low cost.69 

The synthesis of HCPs is based on Friedel-Crafts alkylation employing a Lewis acid 

catalyst in mild conditions, which led to the formation of crosslinks between aromatic 

moieties of the building blocks resulting in intrinsic porosity.69,70 
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Figure 2-5. Techniques to introduce porosity in polymer monoliths (Reprinted from Pulko, I. and Krajnc, 

P.,71 Copyright (2017), with permission from John Wiley & Sons, Inc.) 

Macroporous polymers, which with pore sizes ranging from 50 nm to 1 mm, have been 

widely investigated for many industrial applications, e.g. as stationary phase in 

chromatography,72,73 support for catalysts,74,75 sensors and adsorbents,76,77 as well as 

supports for cell growth and drug delivery systems.78 Macroporous polymers can be 

produced using range of methods including particle sintering, use of blowing agents, 

phase separation, particle leaching and colloidal templating (Figure 2-5).19,71 In order 

to produce macroporous polymers with desired properties, such as pore size 

(distribution), porosity, permeability and mechanical properties, the method of 

production is of great importance. Emulsion templating is an effective route to 

synthesize macroporous polymer foams with tailored mechanical and morphological 

properties in any desired shape.79 However, it has the disadvantage that large amounts 

of water have to be removed from the porous polymer precursor requiring significant 

amount of energy. 

2.3 Emulsion templated macroporous polymers 

2.3.1 Formation of emulsions 

Emulsions are heterogeneous mixtures in which one immiscible liquid is dispersed in 

another in the form of droplets. Emulsions can be either water-in-oil (w/o), where the 

dispersed phase is an aqueous phase, or oil-in-water (o/w) in which oil is the dispersed 

phase. The formation of w/o or o/w emulsions depends on factors, such as the viscosity 
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ratio of the liquid phases, volume fraction of the two phases, emulsifier type and 

concentration, pH and temperature.80 Emulsions can also be classified by the dispersed 

(or internal) phase volume ratios; high internal phase emulsions (HIPEs) have an 

internal phase ratio of > 74.05 vol.%, medium internal phase emulsions (MIPEs) from 

30 vol.% to 74.5 vol.% and low internal phase emulsions < 30 vol.%.22,81,82  

Emulsion can be easily formed by applying a shear force to break-up droplets 

increasing the interfacial area, which results in the dispersion of one liquid phase in 

another.80 However, if not stabilised by suitable emulsifiers droplets will coalescence 

to decrease their interfacial area to minimise their interfacial energy. Suitable 

emulsifiers can be surface active agent, also called surfactant, or nanoparticles. 

Surfactants promote emulsion stability by reducing the interfacial tension by absorbing 

at the o/w interface owing to their amphiphilic structure. Their hydrophilic-lypophilic 

balance (HLB) determines which phase will be dispersed and which continuous.83 W/o 

emulsions can be created with surfactants with HLB values ranging from 2 to 6, while 

surfactants with HLB values between 8-18 are required to stabilise o/w emulsions.84 

 

Figure 2-6. Schematic of particles with different wettability as expressed by their contact angle resting 

at an oil-water interface (a) 90° > θ, hydrophilic spherical particle. (b) θ = 90° (c) 180° > θ > 90°, 

hydrophobic spherical particle. (d) Possible positioning of hydrophilic particles at oil-in-water interface. 

(e) Possible positioning for hydrophobic particles at water-in-oil interface. Reprinted from Binks, B.P.,85 

copyright 2002, with permission from Elsevier. 

Alternatively nano-sized particles can also be used to stabilise emulsions. Particulate 

stabilised emulsions are also called Pickering emulsions. Such emulsions form by 

particulate adsorption at the w/o interfaces. The oil/water wettability of particles 

determines whether o/w or w/o emulsions form (Figure 2-6).85,86 Particles form a dense 

(a) (b) (c)

(d) (e)
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layer at the interface between immiscible phases, which allows to generate droplets and 

coalesce of the droplets avoided by acting of the particle layer as mechanical barrier 

(Figure 2-7).24,27,87,88 

 

Figure 2-7. Stabilisation mechanisms in particle stabilised emulsion: (a) monolayer of bridging 

hydrophilic particles; (b) close-packed particles generating a bilayer and (c) aggregated particles inside 

the liquid film separating droplets or bubbles. Reprinted from Horozov, T.88, copyright 2008, with 

permission from Elsevier.  

2.3.2 Stability of emulsion templates 

HIPE stability is affected by many different aspects, including the molecular structure 

of the components comprising the phases and of the surfactant, the surfactant content,27 

the emulsion phase volume fraction, formulation of the dispersed phase, and the 

temperature.89 The common destabilisation process occurs by coalescence of dispersed 

phase droplets, which is mainly driven by van der Waals attractions. Flocculated 

droplets may lead to droplet coalescence which occurs when the thin film between the 

neighbouring droplets rapture driving emulsion destabilisation.80 Sedimentation or 

creaming, caused by density differences between the liquid phases in the emulsion, can 

also contribute to droplet coalescence and then phase separation. Sedimentation or 

creaming is not yet destabilisation, but results in a concentration gradient along the 

emulsion.80 Destabilisation of emulsion can also occur by Ostwald ripening, which is 

driven by differences in the (Laplace) pressure of curvature resulting in solubility 

differences of molecules around dispersed droplets of varying size. Ostwald ripening 
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results in the disappearance of small droplets at the expense of larger droplets.90 

Ostwald ripening can be reduced by the dissolution of electrolytes in the aqueous 

emulsion phase. 

2.3.3 Preparation of macroporous polymers by emulsion templating 

Macroporous polymers having desired mechanical and morphological properties can 

be produced by polymerisation of the monomer containing continuous phase of 

emulsion templates, and subsequent removal of the internal phase.22 Depending on the 

use of HIPEs, MIPEs or LIPEs as the templates, the resulting macroporous polymers 

are named polyHIPEs, polyMIPEs and polyLIPEs, respectively. The morphology of 

the emulsion template at the gel point of the polymerisation represents the structure of 

resultant macroporous polymers.22,82 The porosity of macroporous polymers can be 

easily altered by changing the internal volume phase ratio of the emulsion template. 

Moreover, the mechanical performance of polyHIPEs is determined by the porosity of 

the porous polymer and mechanical properties of the polymer itself.81 

Since pores of emulsion templated macroporous polymers are replica of the droplets in 

the emulsion templates, the average pore size and pore size distribution can be tailored 

by changing the droplet size. The surfactant-to-monomer ratio has great impact on the 

droplet size of the emulsion template; increasing the surfactant amount results in lower 

average droplet sizes.84 Moreover, at a fixed surfactant concentration smaller emulsion 

droplets can be produced by increasing the energy input during the emulsification, e.g. 

increasing the agitation rate and/or time91 or increasing the flow rate of immiscible 

phases during emulsification with micromixers.92–94 Typically the average pore sizes in 

poly-Pickering-HIPEs are larger as compared to polyHIPEs produced by 

polymerisation of surfactant stabilised emulsion templates, since the interaction 

between particles hinders the generation of smaller droplets in particle stabilised 

emulsions.24 

Another important morphological property of macroporous polymers is the size and the 

structure of interconnecting pore throats, which some authors also call windows.21,22 

As mentioned before, due to the presence of densely packed droplets in HIPEs, they 

are in close contact with their neighbours. The formation of interconnects between 

pores, is governed by the competition between polymerisation-induced surfactant 

depletion attraction and the strength of interfacial films (Figure 2-8).95 Moreover, weak 
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interfacial areas between droplets in HIPEs result in pore throat formation in polyHIPEs 

by rapturing the flattened interfacial areas during polymerisation21 or purification22.95 

Owing to the presence of pore throats polyHIPEs possess a permeable structure, which 

allows to use them in various applications requiring fluid transfer. Formation of pore 

throats in polyHIPEs depends on the phase volume fraction, emulsifier type and 

concentration and droplet size.81 It was shown that polyMIPEs exhibited either very 

small and/or fewer pore throats compared to polyHIPEs.96  

 

Figure 2-8. Schematic representation of pore throat formation during polymerisation of HIPEs starting 

with excluding growth of oligomers (stage 2) in the interdroplet layer causing interlayer droplet drainage 

(stage 4&5) resulting in film thinning. (Reprinted from Foudazi, R.,95 copyright 2021 with permission 

from Elsevier) 

Pickering-emulsion stability is affected by particle size, concentration and interaction 

between particles.86,97 Poly-Pickering-HIPEs possess typically closed pore structures, 

because of the high energy required to detach particles from the interface. Also particles 

reinforce the film separating droplets/pores creating mechanically stronger films.24,86,97 

However, drainage or rapturing of the film separating droplets can be achieved by 

adding a small amount of surfactant at the end of emulsification, which also adsorbed 

at the o/w and particle/o interface displacing particles weaking the interfacial film.24 

Besides morphological properties, mechanical properties of polyHIPEs can also be 

tailored by changing the internal phase volume fraction, emulsifier type, monomer type 

and monomer-to-crosslinker ratio. PolyHIPEs have been synthesized from HIPEs by 

free radical polymerisation of monomers such as styrene and meth/acrylates.89 

Poly(styrene-co-divinylbenzene)HIPEs are the most frequently studied emulsion 

templated macroporous polymers, because of the ease to produce HIPEs and simplicity 
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of polymerisation, low cost and chemical stability.29,98 Poly(St-co-DVB)HIPEs are very 

brittle and friable, which hinders the applicability of these polyHIPEs.81 The 

incorporation of nanoparticles into the forming polymer improves their stiffness and 

strength.48,97 The friable nature of poly(St-co-DVB)HIPEs can be addressed by using 

different crosslinkers resulting in less brittle polyHIPEs.26,99 Flexible, less brittle and 

friable polyHIPEs were produced by using acrylate-based monomers.100 Cameron and 

Sherrington101 reduced the brittleness of poly(St-co-DVB)HIPEs by using 2-ethylhexyl 

acrylate (EHA) as comonomer, which also reduced the glass transition temperature. 

HIPEs are highly viscous and paste-like emulsions, which allows to process them with 

different methods, including moulding,81 casting102 and even as ink for 3D 

printing.26,100,103 By dispersing HIPEs in immiscible solvents allows for production of 

macroporous polymer beads.104–106 PolyHIPE beads can be produced by using multiple 

emulsions,107 sedimentation polymerisation,104 phase inversion108 or microfluidic 

fabrication.109 Monolithic macroporous polymers can be described as a single piece of 

continuous porous polymer fabricated by moulding. Depending on the HIPE 

formulation they possess an interconnected or closed cell pore structure.81,97 As a result 

of those advantages of emulsion templating method, desired macroporous polymers can 

be produced relatively easily and have explored for many potential application areas, 

hence polyHIPEs have been intensively investigated by many groups (Figure 2-9). 
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Figure 2-9. Number of publications dealing with polyHIPEs and emulsion templates since the first 

publication by Von Bonin and Bartl in 1962. 
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2.4 Applications of PolyHIPEs 

Despite the fact that the first publication describing polyHIPEs appeared in 1961 and 

increasing interest in the past 30 years it is striking that polyHIPEs have not found 

significant industrial uptake. As far as I am aware of the only industrial application of 

polyHIPEs is the superabsorbent insert of diapers, which was commercialised rather 

recently by Procter and Gamble.110 Nevertheless, polyHIPEs have been explored for 

numerus applications ranging from tissue engineering53,54,111 to inserts in energy 

harvesting systems.26 More popular application areas will be reviewed further below.  

Because of their interconnected pore structure and wide choice of monomers, which 

after polymerisation result in biocompatible materials, polyHIPEs have been explored 

as scaffolds for tissue engineering or cell culture. Tissue engineering aims to repair, 

restore and/or replace damaged tissue and has the potential to extend the life time and/or 

quality of life of humans.52 In order to use a material as scaffold for bone replacement 

or repair, it has to have an interconnected pore structure to allow for tissue ingrowth, 

transport of nutrients to and metabolic waste products fro the growing cells. 

Furthermore, the scaffold should be at least bioinert, but ideally bioactive and possess 

similar mechanical properties as the tissue to be engineered.112 Commonly acrylate-

based materials are widely used in tissue engineering or for biomedical applications, 

because of their biocompatibility and tailorable mechanical performance. Various 

polyHIPEs have been synthesised and explored as (injectable) scaffolds for variety of 

tissue types.111 Moreover, HIPEs because of their liquid nature high viscosity at low 

shear rate and low viscosity at printing and fast UV-polymerisation, are potential 

candidates for bioinks to create complex tissue engineered structures.113 For this reason, 

isobornyl acrylate is often preferred monomer to prepare polyHIPEs with adjustable 

morphological and mechanical properties to use in this case for bone repair.114 

Fumarate based materials were shown to have potential as bone graft biomaterial, thus 

Sears et al.113synthesised polyHIPEs from propylene fumarate dimethacrylate for use 

as scaffold for bone replacement.  
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Figure 2-10. Flexible and compressible polyHIPEs were used by printing HIPEs and subsequently UV-

polymerising as spring/spacer element for capacitive energy harvesting. Copied from 26, open access 

under CC-BY license. 

Jiang et al.26 disclosed a flexible and reversibly compressible macroporous polymer, 

which was produced by emulsion templating for use as spring element in an energy 

harvester (Figure 2-10). Previous research focused on mechanical-to-electrical energy 

harvester based on the reverse electrowetting phenomenon, but the system needed a 

spring/spacer element to allow for reversible and continuous wetting-dewetting.115 To 

produce such spring/spacer element, a highly interconnected macroporous polymers 

was fabricated by polymerisation of a printed emulsion template pattern. Polyurethane 

diacrylate was chosen as crosslinker as it allowed for a very flexible and reversibly 

compressible material. Moreover, its high viscosity and fast UV induced 

polymerisation allowed to print desired patterns, which could be polymerised into a 

spring/spacer element containing mercury droplets enabling electrowetting.26 

2.4.1 PolyHIPEs as catalyst supports 

Two key benefits of polyHIPEs are their interconnected, permeable pore structure and 

chemical stability allowing them to be used as support for catalysts for organic 

synthesis, and for immobilisation of enzymes used for protein synthesis for batch and 

continuous processes.74 Noble-metal nanoparticles are effective heterogeneous 

catalysts, but need to be supported on suitable macroscopic and/or porous materials to 

retain their activity. PolyHIPEs are good candidate materials for use as catalyst support 

and as it is relatively easy to introduce suitable moieties to anchor catalyst particles to 
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their surfaces. Furthermore, their pore structure is easily accessible for 

functionalisation.116–118 Desforges et al.116 fabricated amine group containing 

polyHIPEs for use as Pd catalyst support for Suzuki-Miyaura cross-coupling reactions. 

The stability and catalytic effectiveness of Pd nanoparticles resulted in yields of 90% 

after a reaction time of 70 h (Figure 2-11). Grinding the polyHIPE into powder 

improved the yield to 100% after a reaction time of only 24 h.116 The low surface area 

of these functionalised polyHIPEs resulted in long reaction times, thus making 

necessary to grind the support to enhance the catalytic activity. In another study, 

polyHIPEs were first hypercrosslinked, then functionalised with a Schiff base ligand to 

support cupper(II) ions for use as catalyst for the epoxidation of cyclohexene.119 

Hypercrosslinking and chemical functionalisation of polyHIPEs doubled catalyst 

stability and activity due to the increased surface area.119 

 

Figure 2-11. Pd nanoparticle coated polyHIPE as catalyst in Suzuki Miyaura coupling reaction. A) SEM 

image of polyHIPEs, B) Transmission electron microscope image of Pd nanoparticles on polyHIPE 

surface, and C) surface functionalisation of polyHIPE (P) by a primary amine. Reprinted from Desforges 

et al.,116 copyright 2005, with permission from John Wiley and Sons. 

Dendritic amphiphiles impregnated noble-metal nanoparticles were used to stabilise 

emulsion templates, which after polymerisation were embedded into the surfaces of 

pore walls. These nanoparticles decorated polyHIPEs could be used as heterogeneous 

catalyst for the reduction of 4-nitrophenol to 4-aminophenol.117 (Figure 2-12). 
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Figure 2-12. Pt-loaded polyHIPEs were produced by polymerisation of HIPEs stabilise using in situ 

produced Pt nanoparticles, which shows catalytic activity as evaluated by reduction of 4-nitrophenol. 

Reprinted from Liu et al.,117 copyright 2015, with permission from American Chemical Society. 

PolyHIPEs can also be used to perform biochemical reactions. Ruan et al.120 fabricated 

an easily regenerable enzyme reactor by immobilising the enzyme TPCK-Trypsin on 

poly(St-co-DVB-co-glutaraldehyde)HIPEs. Because of the functional groups in 

polyglutaraldehyde, the enzyme could be immobilised on the surface of the monolith 

at a high immobilization rate.120 

2.4.2 PolyHIPEs as membranes and adsorbents 

A porous material can act as a filter medium as long as the following conditions are 

met; it must be permeable and have pore sizes smaller than the contaminant rejected, 

mechanically robust, chemically stable, wetted by the solution/solvent, does not 

undergo undesired side reactions. Furthermore, it should be easily fabricated into 

desired shapes.121 PolyHIPEs are ideal candidates for filtration applications because 

their mechanical and wetting properties can be tailored by monomer/crosslinker choice 

and the fact that their pore structure, i.e. their characteristic pore and pore throat 

diameters, can be adjusted by choice of emulsifiers (surfactants vs. particles) and by 

energy input during emulsification.122 They have been used as medium in filtration 

systems capturing pollutants by either adsorption or chemisorption28,123 or by rejecting 

particles by sieving.124,125 Malakian et al.124 fabricated polyHIPE microfiltration 

membranes having a hydrophobic bulk and hydrophilic surface. This membrane system 

allowed for effective separation of microalgae from aqueous solution (Figure 2-13). 
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Figure 2-13. Schematic of the polyHIPE membrane fabrication process: a thin layer of HIPE is casted 

on a support, a polyHIPE is obtained by polymerisation during hot pressing resulting in a microfiltration 

(MF) membrane. (Reprinted from Malakian et al.,124 with permission from Elsevier). 

Oil/water separation after oil spillages was demonstrated using hybrid polyHIPEs 

produced by polymerisation of HIPE organogels, which were stabilised by triblock 

ionomer modified magnetic Fe3O4 nanoparticles.126 The adsorbent can be collected 

using magnetic fields. They studied the separation of oil and found that hybrid 

polyHIPEs adsorbed spilled oil from the mixture in a few seconds, quicker than the 

reported common oil-adsorbents.126 The adsorbed oil could be recovered by 

centrifuging allowing the material to be reused for at least 20 cycles without significant 

loss of adsorption performances.127 

 

Figure 2-14. Adsorption performance of cellulose nanocrystals loaded polyHIPE monoliths against 

cationic Nile dye in aqueous environment. (Reprinted from Eslek, A. et al.,28 with permission from 

Elsevier) 

Eslek et al.28 produced polyHIPE filter medium for waste water treatment. The 

mechanical properties of polyHIPEs were improved by incorporation of cellulose 

nanocrystals into the polymer phase, which was achieved by CNC dispersion in the 

continuous phase during emulsification. Moreover, the use of crosslinker 1,4-

butanediol diacrylate resulted in reduced friability and brittleness of the produced 
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polyHIPEs as compared to poly(St-co-DVB)HIPEs. The adsorption performance of 

these polyHIPEs was tested by absorption of Nile blue from water (Figure 2-14). 

Another important pollutant source are heavy metal ions, which can easily enter the 

food chain if polluted water is used for agriculture or food processing.123 To remove 

heavy metal ions from water sources, various separation methods, such as chemical 

precipitation, adsorption, membrane filtration or ion exchange, are being used. 

Chemical precipitation of heavy metals is the most widespread technique especially in 

developing countries. However, it has also many disadvantages; it is a slow process as 

the precipitated settles poorly, and produces excessive sludge.128 Adsorption is an 

effective and economical method because of its reversibility and, therefore, adsorbents 

recently attracted more attention.129 

PolyHIPEs are good candidates as adsorbents to remove heavy metal ions from 

wastewater. In order to achieve rapid contact between adsorbent and wastewater 

containing heavy metal ions, Han et al.130 produced poly(GMA)HIPEs and grafted 

polyacrylic acid to the surface of the highly interconnected porous monolith. Glycidyl 

methacrylate (GMA) is attracting considerable interest as monomer in HIPEs, because 

of its hydrophobicity and reactive epoxy group, which can be functionalised with 

nucleophile attack.131 Han et al.130 showed that copper ions were effectively removed 

from wastewater with a maximum adsorption capacity of 35.30 mg/g, which remained 

stable over seven ad/desorption cycles.130 This adsorption capacity is high to 

conventional adsorption materials, which have an adsorption capacity of 12.3 mg/g.132 

Mert et. al.133 showed that Ag(I), Cu(II) and Cr(III) can be removed from an aqueous 

solution using amine functionalised polyHIPEs. 

Porous hydrogels can be produced by polymerisation of inverse (o/w) HIPEs. Such 

hydrogel polyHIPEs have been used to remove heavy metal ions from wastewater; Cu2+ 

and Pb2+ can be separated from aqueous solution using an acrylic acid grafted chitosan 

polyHIPE.134 Adsorption of metal ions occurred within 5 min with an adsorption 

capacity of 302 mg/g for Cu2+ and 612 mg/g for Pb2+ at a solution concentration of 50 

mg/g. This materials had excellent reusability.134 
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2.4.3 Applications of polyHIPE in chromatography 

Monolithic stationary phases have become popular in chromatography because of their 

ability to separate macromolecules at high flow rates as a result of their higher 

permeability compared with common packed bed stationary phases.135 The Krajnc 

group synthesised poly(GMA)HIPE monoliths, which were modified by attaching 

diethyl amine or diethylenediamine to poly(GMA) epoxy groups. These polyHIPEs 

were used to separate standard protein mixture containing myoglobin, conalbumine and 

trypsin inhibitor.136,137 Diethyl amine functionalised poly(GMA-co-EGDMA)HIPEs 

were also used as stationary phase in liquid chromatography to separate different 

proteins.138 These polyHIPE columns could be reused over 300 times without any loss 

in permeability and separation performance.138 

PolyHIPEs were also used as stationary phase in capillary electrochromatography 

(CEC) because of their low back pressure at high flow rates and superior mass transport 

compared with common packed bed phases.139 Poly(isodecylacrylate-co-DVB)HIPEs 

were used as CEC column to separate variety of alkylbenzenes. Ionisable sulphate 

groups stemming from the initiator used induced electroosmotic flow (EOF) without 

the need for any additional moieties inducing EOF. EOF is necessary in CEC to drive 

mobile phase and analytes. Even though successfully separation of alkylbenzenes was 

achieved, the column had a short life time, because it swelled after 24 h storage in 

organic mobile phase.139 Afterwards, the same group tried to replace isodecylacrylate 

with styrene, because of the chemical stability of crosslinked polystyrene. Effective 

separation of various alkylbenzenes was shown to be possible using this monolithic 

column.140 

Khodabandeh et al.141 demonstrated the possibility to separate small molecules using 

hydrophilic macroporous polymers prepared by polymerisation of emulsion templates 

stabilized by an amphiphilic diblock copolymer (Figure 2-15). The polyethylene glycol 

part of diblock copolymer stabiliser embedded into the polymer network enables 

retention of polar hydroxybenzoic acids in liquid chromatography, while the 

polystyrene component is responsible for hydrophobic interactions needed to separate 

non-polar alkylbenzenes in reverse phase mode.141 
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Figure 2-15. Capillary format polyHIPEs prepared by polymerisation of HIPEs stabilised using 

polyethylene glycol-based brush-type amphiphilic macro-RAFT agents. These polyHIPEs were used as 

stationary phase for high-performance liquid chromatography. Copied from 141, open access under CC-

BY license.  

Thin-layer chromatography (TLC) is used to identify and monitor analytes 

qualitatively.142,143 New stationary phases for TLC have been developed to improve 

separation properties. Due to the highly viscous, liquid nature of HIPEs, TLC 

separation layers can be easily produced by casting.144 Yin et al.143 produced polyHIPE 

layers for use as stationary phase in thin layer chromatography and demonstrated the 

separation of plant extract. 
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3 Summary of Publications: Experiments  

3.1 Materials 

Styrene ≥99%, divinylbenzene (DVB) 80%, sodium monosorbitol (Span 80), α, α′-azo-

isobutyronitrile (AIBN), calcium chloride dihydrate (CaCl2·2H2O) ≥99%, ethylhexyl 

acrylate (EHA), ethylene glycol dimethacrylate (EGDMA), 2-hydroxyethyl 

methacrylate (HEMA), N,N’-methylene bisacrylamide (MBAA), ammonium 

persulfate (APS), the surfactant poly-(ethylenglycole)-block-poly-(propyleneglycole)-

block-poly-(ethyleneglycole) (Kolliphor® P 188 (P188)), cyclohexane, N,N,N′,N′-

tetramethylethylenediamine (TEMED), 2,2-dimethoxypropane (DMP), sodium 

hydroxide (NaOH), sodium borohydride (NaBH4), potassium chloride (KCl), 1,2-

dichloroethane (DCE), aluminium chloride (AlCl3), iron chloride (FeCl3), dimethoxy 

methane (DMM), 4,4-bis(chloromethyl)-1,1-biphenyl (CMP), trifluoro-

methanesulfonic acid (trifilic acid), triphenylphosphine (PPh3), palladium acetate 

(Pd(OAc)2), 4-aminoacetophenone (4-AAP), 4-nitroacetophenone (4-NAP), 

triethylene silane, ammonium formate (AF), bromobenzene, phenylboronic acid and 

tripotassium phosphate (K3PO4) were all purchased from Sigma-Aldrich. Ethanol, 

methanol, acetone, hydrochloric acid (HCl, 37%), isopropanol, ethyl acetate, 

chloroform, dichloromethane (DCM) were purchased from Fischer Chemicals (Vienna, 

Austria), Araldite Rapid adhesive® from Rapid Electronics Ltd. (Essex, UK), Araldite 

2020 from Farnell Element14 (Salzburg, Austria), shrink tubing from Conrad 

Electronic GmbH (Vienna, Austria), 3/8" Kenics static mixer (12 helix) from Cole-

Parmer (Germany), and 1/16” PTFE tubes from VWR (Vienna, Austria). Hydrophobic 

pyrogenic silica particles (HDK H20) were kindly provided by Wacker Chemie AG 

(Germany) and polyurethane diacrylate “Ebecryl 8402” (PUDA) by Cytec (Diegem, 

Belgium). All materials were used as received. 

3.2 Experimental part 

In publication I, II, III and IV hydrophobic poly(-Pickering-)(St-co-DVB)HIPEs were 

prepared by polymerisation of the continuous phase (CP) of HIPEs or Pickering-HIPEs 

containing monomers (for w/o HIPEs). In addition, Publication IV reports on 

preparation of hydrophilic poly(HEMA-co-MBAA)HIPEs produced by polymerisation 
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of the CP (for o/w HIPEs) comprising a monomer solution. Their preparations and 

characterisation (morphological, mechanical and chemical characterisations, including 

SEM, skeletal and foam densities, gas permeability, N2 adsorption isotherms, X-ray 

photoelectron spectroscopy, Fourier-transform infrared spectroscopy, solid-state 13C 

cross polarization (CP) and 31P high power decoupling (HPDEC) magic angle spinning 

(MAS) NMR spectra.) are explained in detail in publications I - IV. Moreover, 

experimental details of the simultaneous hypercrosslinking and functionalisation of 

poly(St-co-DVB)HIPEs are given in publication III. In the following chapter, the 

highlights of the publications I-IV are presented, which mainly are the characterisation 

of Pd@polyHIPEs catalyst support and polyHIPE micromixers on the way of their use 

as unit operators in a Plant-on-a-Bench. 

3.3 Characterisation of polyHIPE unit operators 

3.3.1 Effectiveness of polyHIPE micromixers-Publication I 

3.3.1.1 Fabrication of polyHIPE micromixers 

To fix inlet tubes two 5 mm deep holes were drilled into the top of the monolith (Figure 

3-1/1). Two 1/16 inch PTFE tubes were inserted into the holes and sealed with highly 

viscous Araldite® Rapid two-phase epoxy resin. Two different micromixer outlet 

positions were tested: outlet holes were either drilled into monolith bottom or into the 

side wall 5 mm above the bottom (Figure 3-1/1) and equipped with PTFE tubes. After 

fixing inlet and outlet tubes, the surface of the monolith was covered with highly 

viscous epoxy resin to create an impermeable barrier (Figure 3-1/2). After curing the 

epoxy resin, the sealed monolith was placed into a high-temperature heat shrink tube to 

provide extra protection (Figure 3-1/3). The tubes were additionally sealed with 

Araldite 2020 (Figure 3-1/3) and the resin cured in a convection oven at 70 °C for 4 h. 
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Figure 3-1. Fabrication of polyHIPE micromixers; 1) drilling 5 mm deep holes, 2) placing two inlet 

tubes on the upper and one outlet tube (either in flow or perpendicular to the flow direction) into the 

porous monolith followed by sealing the outer surface with an epoxy resin, 3) further protecting the 

monolith with a shrink tubing and sealing the upper and bottom part of micromixer with epoxy resin. 

3.3.1.2 Effectiveness of polyHIPE micromixers 

The effectiveness of polyHIPE micromixers were determined by the residence time 

distribution (RTD) and two competitive parallel reactions (4th Bourne). Their details 

were explained in publication I.  

  Residence time distribution of polyHIPE micromixers 

Briefly, RTD of polyHIPE micromixers and commercial Kenics© static mixer were 

determined using a tracer (0.2 mL, 25 mg/mL KCl aqueous solution), which was 

injected as pulse flow into a micromixer through which continuously flew water. The 

tracer concentration was monitored at the outlet of the micromixer using a refractometer 

(DnDc, WGE Dr Bures, Dallgow-Doeberitz, Germany) as a function of time.  

The measured refractive index was converted into concentration 𝑐(𝑡) using the pre-

determined calibration curve. The RTD function E(t) was calculated as follows:145 

𝐸(𝑡) =  
𝑐(𝑡)

∫ 𝑐(𝑡)𝑑𝑡
∞

0

(Eq. 1) 

The axial dispersion number (𝐷𝑎𝑥 𝑢𝐿⁄ ) describes the flow spreading rate in the 

micromixer due to a laminar velocity profile, the molecular diffusion, etc.146 The axial 

dispersion model for a dispersion number larger than 0.01 (Eq. 2) was introduced using 

open-open boundary conditions, representing a conventional and commonly used 
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experimental device.146 𝐷𝑎𝑥 𝑢𝐿⁄  can be determined from the parameters of the RTD 

curve by using the axial dispersion model: 

𝐸(𝑡) =
1

𝑡𝑚√4𝜋 (
𝐷𝑎𝑥
𝑢𝐿 ) (

𝑡
𝑡𝑚
)

𝑒𝑥𝑝 [−
(1 −

𝑡
𝑡𝑚
)
2

4 (
𝐷𝑎𝑥
𝑢𝐿 ) (

𝑡
𝑡𝑚
)
] (Eq. 2) 

where 𝐷𝑎𝑥  is the dispersion coefficient, L the length of the investigated device, u the 

velocity of the main flow and 𝑡𝑚 the mean residence time. 

 Two competitive parallel reactions (4th Bourne) 

The micromixing efficiencies of polyHIPE micromixers and the static mixer were 

determined using the 4th Bourne reactions (R1 & R2) by monitoring the acetone yield 

resulting from the slower saponification reaction of DMP (R2) using a UV−vis 

spectrophotometry (Agilent 8453, Agilent Technologies Österreich GmbH, Vienna, 

Austria). 

4th Bourne reactions: 

𝐻𝐶𝑙 + 𝑁𝑎𝑂𝐻 → 𝑁𝑎𝐶𝑙 + 𝐻2𝑂 (𝑘1 = 1.3 × 10
11𝑚3𝑘𝑔−1𝑚𝑜𝑙−1𝑠−1 𝑎𝑡 25° 𝐶)(𝑅1) 

𝐶𝐻3(𝑂𝐶𝐻3)2𝐶𝐻3 + 𝐻2𝑂
𝐻+

→ 𝐶𝐻3𝐶𝑂𝐶𝐻3 + 𝐶𝐻3𝑂𝐻 (𝑘2 = 700𝑚
3𝑘𝑔−1𝑚𝑜𝑙−1𝑠−1𝑎𝑡 25° 𝐶) (𝑅2) 

3.3.2 Continuous emulsification using polyHIPE micromixers-Publication II 

The details of the continuous emulsification using polyHIPE micromixers were 

explained in the publication II. Briefly, continuous HIPE production using polyHIPE 

micromixers, of which micromixing performance were characterised in publication I, 

was performed by injecting a CP containing monomer/crosslinker, surfactant, and 

initiator via inlet 1 and an aqueous IP via inlet 2 using two syringe pumps (PHD Ultra, 

Harvard Apparatus, UK, and Masterflex® Touch-Screen Syringe Pump, Cole-Parmer, 

Germany). Various flow rates and IP:CP ratios were tested. Generated HIPEs were 

either photopolymerised subsequently (in case of using acrylates as monomers) or 

collected in a centrifuge tube and polymerised in an oven at 70 °C for 4 h (in case of 

using St and DVB as monomers). The morphology as well as density and porosity of 

the resulting polyHIPEs was investigated like conventional polyHIPEs via SEM and 

pycnometry. 



29 

 

3.3.3 Model reactions using Pd@polyHIPE microreactor and pieces 

3.3.3.1 Preparation of Pd@polyHIPE heterogeneous catalysts 

Pd catalyst was immobilised on hypercrosslinked and functionalised coarse powder 

poly-Pickering-HIPEs (0.5 g) (after solvent stitching and Scholl coupling reaction) by 

soaking the pieces in 6 mL DCM solution containing Pd(OAc)2 (0.046 g, 0.41 mmol) 

and stirring under reflux for 2 h. The polyHIPE pieces were collected using tweezers, 

dried in a fume hood and washed with acetone to remove physisorbed PdII. The catalyst 

support was dried at 70 °C in an oven. In order to load Pd into the knitted poly-

Pickering-HIPE micromixers, 10 mL of Pd(OAc)2 solution was flushed through the 

micromixer at a flow rate of 0.6 mL/min. Afterwards, these micromixers were placed 

into an oven at 70 °C to evaporate the solvent. PdII was reduced to Pd0 by injecting 

NaBH4 dissolved in water, which resulted in H2 production. Afterwards, water was 

passed through the micromixer to remove any side products. The Pd-loaded poly-

Pickering-HIPE microreactors were dried in an oven at 70 °C overnight. 

3.3.3.2 Hydrogenation reaction using Pd@polyHIPE microreactor 

Catalytic properties of knitted polyHIPE microreactors were investigated using a model 

hydrogenation reaction of 4-NAP with various hydrogen sources (ammonium formate, 

sodium borohydride, triethylene silane) (Figure 3-2) by placing a microreactor into a 

sand bath at 80 °C. 4-NAP (0.05 M in EtOH) and the hydrogen source (0.6 or 1.2 M in 

H2O) were injected using syringe pumps at a flow rate of 0.2 or 0.3 mL/min. The exit 

stream was collected and extracted with EtOAc. The EtOAc was removed from the 

extraction phase using a rotary evaporator and the recovered solid was characterised by 

1H NMR. The yield of the reaction was determined by calculating the proportional ratio 

of the peak area of product to the peak areas of educt and product.  

 

Figure 3-2. Hydrogenation reaction of 4-NAP with ammonium formate as H2 source using Pd-coated 

hypercrosslinked polyHIPEs. 
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3.3.3.3 Suzuki-Miyaura coupling reaction using Pd@polyHIPE pieces-

Publication III 

Catalytic properties of Pd@polyHIPE pieces were tested using a model Suzuki-

Miyaura reaction of bromobenzene (1 mmol) with phenylboronic acid (1.1 mmol) in 

the presence of K3PO4 (3mmol) in 4 mL H2O-EtOH (v/v = 1:1) at 80 °C for 30 min 

(Figure 3-3). Afterwards, the Pd@polyHIPE catalyst was removed using tweezers and 

washed with water, EtOH and EtOAc, then reused five more times. EtOAc was used to 

extract the product/educt mixture from the aqueous reaction phase; purification and 

characterisation was carried out as described above. The fabrication of the 

Pd@polyHIPE catalyst, its use in a Suzuki-Miyaura reaction and the following 

assessment of the effectiveness of the Pd@polyHIPE catalysts were discussed in detail 

in the publication III. 

 

Figure 3-3. The model Suzuki-Miyaura coupling reaction of bromobenzene with phenylboronic acid at 

80 °C with Pd loaded hypercrosslinked and functionalised polyHIPEs. 

3.3.4 Continuous liquid-liquid extraction using polyHIPE microextractor-

settler-Publication IV 

The Liquid-liquid (L-L) extraction of caffeine (1g/L aqueous solution) and 4-AAP from 

its simulated reaction medium (4-NAP (0.05 M)/4-AAP (0.05 M)/AF (0.6 M); 1:1:2 

(v/v/v)), respectively, with EtOAc was performed using polyHIPE micromixers 

fabricated either from a single polyHIPE monolith or a combination of a hydrophilic 

and a hydrophobic polyHIPE as microextractor. The two liquid phases were injected 

into the microextractor using a double syringe pump at a flow rate of 0.2 or 0.3 mL/min. 

The exit stream was separated continuously using a home-made minisettler (view 

publication IV) and collected in vials. Afterwards, the phases were characterised using 

UV-Vis spectroscopy to determine the caffeine or 4-AAP concentration. The Reynolds 

number of the polyHIPE extraction units was determined using the following equation: 

𝑅𝑒 =  
𝜌𝑐𝑑𝑝𝑢𝑡𝑜𝑡

µ𝑐
 (𝐸𝑞. 3) 
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where 𝑑𝑝 is average pore size of polyHIPEs, 𝑢𝑡𝑜𝑡 is the total superficial velocity and 

µ𝑐 is dynamic viscosity and 𝜌𝑐 the density of CP.  

The extraction efficiency E was calculated as follows:  

𝐸 =  
𝐶𝑖𝑜𝑢𝑡,𝐸 − 𝐶𝑖𝑖𝑛,𝐸

𝐶𝑖𝑒𝑞 ,𝐸 − 𝐶𝑖𝑖𝑛,𝐸
 (𝐸𝑞. 4) 

where 𝐶𝑖𝑜𝑢𝑡,𝐸 is the caffeine or 4-AAP concentration in the extracted ethyl acetate phase 

collected at the oil-outlet of the minisettler, 𝐶𝑖𝑖𝑛,𝐸 is their concentration in the extraction 

solvent (ethyl acetate) and 𝐶𝑖𝑒𝑞 ,𝐸 is their equilibrium concentration. 

The overall volumetric mass transfer coefficient 𝑘𝐿𝑎 characterises the mass transfer 

performance of droplets generated in the extraction units and calculates as 

follows:147,148 

𝑘𝐿𝑎 =  
1

𝜏
ln (

𝐶𝑖𝑒𝑞 ,𝑅 − 𝐶𝑖𝑖𝑛,𝑅

𝐶𝑖𝑒𝑞 ,𝑅 − 𝐶𝑖𝑜𝑢𝑡,𝑅
) (𝐸𝑞. 5) 

where 𝜏 is the extraction time determined by the ratio of extraction unit volume and 

volumetric flow rate, 𝐶𝑖𝑖𝑛,𝑅 is the C4-AAP in the inlet of the raffinate phase (simulated 

reaction medium) and 𝐶𝑖𝑜𝑢𝑡,𝑅 is the remaining C4-AAP in the outlet of the raffinate phase. 

The energy dissipation rate 𝜀 of the polyHIPE extraction units, the blank tube and a 

Kenics mixer were calculated from pressure drop ( ∆𝑃 ) monitored during the 

experiments: 

𝜀 =  
∆𝑃𝑄𝑡𝑜𝑡
𝜌𝑐𝑉𝑅

 (𝐸𝑞. 6) 

where 𝑄𝑡𝑜𝑡 is the total volumetric flow rate during L-L extraction, 𝜌𝑐 is the density of 

CP of the extracted mixture and 𝑉𝑅 the extractor volume. Further details regarding the 

experiments and calculations are given in publication IV. 
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4 Summary of Publications: Results and Discussion 

4.1  Macroporous polymer micromixers (Publication I) 

In order to realise the operating units of a Plant-on-a-Bench, chemically stable and 

mechanically robust polyHIPEs were produced by polymerisation of the monomer 

containing continuous HIPE phase and subsequent removal of internal templating 

phase. Poly(St-co-DVB)HIPEs are the most investigated polyHIPEs, however they 

suffer from weak mechanical properties, in particular they are brittle and friable. Their 

mechanical properties can be improved by polymerisation of HIPEs stabilised using 

hydrophobic silica nanoparticles to which surfactant was added prior to polymerisation 

resulting in the formation of particle reinforced, open porous polyHIPEs (Figure 4-1). 

These polyHIPEs can be turned into micromixers without difficulty. The degree of 

interconnectivity (DoI) of the open porous polyHIPE monoliths can be tailored by the 

addition of increasing amounts of surfactant to the Pickering-HIPE template without 

significantly affecting the porosity and average pore diameters of the resulting 

polyHIPEs (Table 4-1). The increased DoI resulted in an increased permeability of the 

polyHIPEs. 

 

Figure 4-1. Schematic of the fluid flow (left) through the pore structure of polyHIPE micromixer (right); 

the pore throats act as orifices in a series of connected parallel tubes. 

The pore Reynolds number 𝑅𝑒𝑝 of polyHIPE micromixers ranged between 1.8 and 4.5 

(Table 4-1), indicating laminar flow. 𝑅𝑒𝑝  decreased with increasing DoI of the 
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monoliths because of fewer obstacles redirecting the fluid flow. Comiti et al.149 showed 

for packed bed reactors that the limiting 𝑅𝑒𝑝 for laminar flow is 4.3 for Newtonian 

fluids. 𝑅𝑒𝑝 for our polyHIPE micromixers were smaller than Re of tubular reactors (ID 

0.4 mm, Re = 80),150 commercial static mixers (Statmix6 and ST-mixer Re = 20 and Re 

= 5 at 𝑄 =  0.5 mL/min, respectively)151 and the Kenics® mixer, which I used as 

reference (𝑅𝑒 = 122). In those static mixers, the mixing performance increased by 

formation of chaotic flow at higher Re. However, our polyHIPE micromixers consist 

of multiple interconnected microchannels, where pore throats act as both obstacles 

(orifices) and split and recombination channels. A parallel channel design is also used 

in commercial SAR micromixers to improve their mixing performance.38 

Table 4-1. Effect of increasing surfactant amounts added to the primary Pickering-HIPE templates on 

the morphology descriptors of poly-Pickering-HIPEs: average pore 𝒅𝒑 and pore throat diameter 𝒅𝒑𝒕 , 

degree of interconnectivity (or openness) 𝑫𝒐𝑰 , porosity 𝑷, and gas permeability 𝒌, pore Reynolds 

number 𝑹𝒆𝒑 for water pumped through the poly-Pickering-HIPEs at 𝑸 = 0.6 mL/min. 

Sample 𝒅𝒑/ µm 𝒅𝒑𝒕 / µm 𝑫𝒐𝑰 /.10-2  𝑷 / % 𝒌 / D 𝑹𝒆𝒑 / - 

P0 89 ± 27 0 0 80.5 ± 0.5 0 - 

P5 78 ± 38 12 ± 9 2.8 ± 0.6 84.3 ± 0.4 0.4 ± 0.1 4.5 ± 0.2 

P10 80 ± 29 20 ± 12 4.3 ± 0.2 86.7 ± 1.2 1.5 ± 0.2 4 ± 0.3 

P15 96 ± 33 17 ± 10 4.6 ± 0.7 87.2 ± 0.5 3.2 ± 0.5 3 ± 0.3 

P20 68 ± 30 13 ± 8 6 ± 0.8 88.2 ± 1.2 3.7 ± 0.1 1.8 ± 0.2 

 

The residence time distribution (RTD) of polyHIPE micromixers (Figure 4-1) was 

investigated using a tracer method, which allows for quantification of the deviation 

from ideal plug flow. Micromixing properties of polyHIPE micromixers were 

compared with that of a Kenics® static mixer (as this was quantified and published 

before);150 polyHIPE micromixers possessed an RTD which was less spread and 

skewed than that of the commercial static mixer. By modelling the RTD of polyHIPE 

micromixers based on axial dispersed flow (Figure 4-2), I showed that the fabricated 

micromixers were in good agreement with that of commercial split-and-recombination 

micromixers. The axial dispersion number of polyHIPE micromixers was dependent on 

the DoI of the polyHIPE monoliths (Table 4-2). The micromixing performance of 

polyHIPE micromixers can be adjusted by tailoring the morphology of polyHIPEs.  
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Table 4-2. Axial dispersion number Dax⁄uL and the coefficient of determination R2 obtained by fitting of 

the axial dispersion model to the RTD of polyHIPE micromixers and the Kenics static mixer at 

volumetric flow rates of 0.6 mL/min and 1.2 mL/min. 

sample 

name 

 

𝑫𝒂𝒙 𝒖𝑳⁄  (∙ 𝟏𝟎−𝟐) R2 

0.6 mL/min 1.2 mL/min 0.6 mL/min 1.2 mL/min 

P5 4 ± 0.5 3 ± 0.05 0.96 0.95 

P10 6 ± 0.2 2 ± 0.04 0.62 0.93 

P15 6 ± 0.1 3 ± 0.06 0.72 0.96 

P20 8 ± 0.2 4 ± 0.2 0.71 0.79 

static 

mixer 
- 8.8 ± 0.3 - 0.92 
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Figure 4-2. Residence time distribution of A) P5 micromixer (produced by polymerisation of Pickering-

HIPE to which 5 vol% surfactant was added), and B) P20 micromixer (20 vol% surfactant was added) 

and the fitted axial dispersion model. 

Moreover, the effectiveness of polyHIPE micromixers was tested by two competitive 

parallel reactions (4th Bourne reaction). The 4th Bourne reaction consists of the very fast 

neutralisation of NaOH and slower acid catalysed saponification reaction of 

dimethoxypropane for which HCl is the common reactant. In case of effective mixing, 

only neutralisation should take place consuming all HCl, thus no acetone and methanol, 

the products of the saponification reaction, should not be observed.  

Regardless of the degree of interconnectivity, all polyHIPE micromixers resulted in a 

dimethoxypropane decomposition yield of approximately 2.5%, whilst the Kenics static 

mixer had an acetone yield of 17% indicating a worse mixing performance. Together 
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with the RTD, these results show that polyHIPEs are good candidates for the fabrication 

of micromixer because of their adjustable morphology, interconnected macroporous 

structure, chemical stability, high permeability resulting in a low backpressure, which 

was found as 54.3 mbar for the polyHIPE micromixer fabricated using polyHIPE 

having the lowest DoI. 

4.2 Continuous emulsification using emulsion templated 

macroporous polymers (Publication II) 

PolyHIPE micromixers, for which micromixing properties were quantified in the first 

publication, were used for the continuous production of HIPEs. This was achieved by 

simultaneous injection of a continuous monomer-crosslinker phase and an aqueous IP 

having significantly different viscosities. Mixing of two-phase flow in the polyHIPE 

micromixer was investigated. The literature reported successful continuous 

emulsification using microfluidic devices.93,152 Droplet-breakup takes place in these 

devices either in channel/tube junctions (for T-junctions or impinging jets) or at orifices 

in co-flow devices, which makes it difficult to produce emulsions with high phase 

volume ratios. Moreover, the productivity of such microfluidic devices is rather low. 

On the contrary, in polyHIPE micromixers, droplet breakup occurs by increased shear 

and pressure gradients caused by forcing the fluid through the pore throats of 

polyHIPEs resulting in droplet elongation and breakup.  

Three different CP formulations, namely St-DVB, EHA-PUDA, and EHA-EGDMA, 

were used to demonstrate continuous emulsification using polyHIPE micromixers for 

production of HIPEs with various internal phase volume fractions (Figure 4-3) (without 

the need for forced sedimentation of low volume fraction precursor emulsions as is 

often the case with microfluidic devices).10,44 The polymerisation of the produced 

HIPEs results in typical polyHIPEs having a porosity determined by the IP ratio and 

varying degrees of interconnectivity. The porosity of the resultant polyHIPEs was 

controlled by varying the flow rate ratio of IP and CP during emulsification using 

polyHIPE micromixers, which allowed to produce polyHIPEs with a porosity gradient. 

Such polyHIPEs could be of interest for applications in tissue engineering153 or as 

separation medium.154  
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Figure 4-3. Porosities of poly(PUDA-co-EHA)HIPEs made by polymerisation of HIPEs created using 

various polyHIPE micromixers operated at flow rate ratio of 1:4 (CP:IP) (A), and of poly(PUDA-co-

EHA)HIPEs made by continuous emulsification using P20 demonstrating that porosity can be controlled 

by changing the injection flow rate ratio of CP:IP (B). 

Furthermore, I demonstrated that continuous emulsification of acrylate monomers 

containing a photoinitiator (in EHA-PUDA CP formulation) in polyHIPE micromixers 

fitted to a 3D printer allows to print HIPEs in desired patters. These printed HIPEs can 

be photopolymerised during printing using a UV-pen to create (fix) the desired 

macroporous material (Figure 4-4). 

 

Figure 4-4. HIPEs generation using polyHIPE micromixer connected to the movable head of a CNC 

machine to print desired pattern which can subsequently be photopolymerised using a UV-pen resulting 

in structured polyHIPEs. 

Besides the emulsion phase volume fraction, which controls porosity of the resulting 

polyHIPEs, it was possible to tailor pore and pore throat diameters by using polyHIPE 

micromixers with different permeability; the lower the DoI the higher the shear applied 

to droplets causing breakup, which results in the formation of smaller droplets acting 

as template for polymerisation thus smaller pore diameters of the resulting polyHIPEs 

after polymerisation (Figure 4-5). 
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Figure 4-5. Average pore size of poly(EHA-co-PUDA)HIPEs produced by polymerisation of HIPEs 

generated using polyHIPE micromixers having various permeabilities as a function of total flow rate.  

The literature reports the formation of methacrylate-based HIPEs, which were produced 

using a flow focusing microfluidic device. PolyHIPEs produced by polymerisation of 

these HIPE templates had 𝑑𝑝of 70-120 µm,44 which was much larger than the average 

𝑑𝑝 of polyHIPEs that I produced by polymerisation of acrylate-based HIPEs formed in 

polyHIPE micromixers (Figure 4-5). Moreover, I could show that the average 𝑑𝑝 of 

resulting polyHIPEs decreased with increasing flow rates because of higher shear 

forces acting on the droplets during emulsification in poly-Pickering-HIPE 

micromixers (Figure 4-5). Kiss et al.155 generated o/w emulsions using SMX 

commercial static mixers in the laminar flow regime. They showed that the droplet 

diameter decreased from 220 µm to 90 µm with increasing flow velocities.156 The less 

complex structure of the SMX static mixers caused larger droplet sizes when compared 

with the droplet diameters of HIPEs produced using polyHIPE micromixers, even 

though approximately a hundred times higher flow velocities were tested in SMX static 

mixers.155 PolyHIPE micromixers are effective to continuously generate emulsions 

with desired phase volume fractions and smaller droplet diameters as possible with 

commercial micromixers. 
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4.3 Hypercrosslinked and functionalized polyHIPEs as Pd catalyst 

support in Suzuki-Miyaura cross-coupling reactions (Publication 

III) 

En route to accomplish a Plant-on-a-Bench design, one of my objectives was to 

fabricate polyHIPE microreactors, which serve as micromixers but simultaneously as 

catalyst support for a Pd catalyst required for the hydrogenation of 4-

nitroacetophenone. Even though poly(St-co-DVB)HIPEs are chemically stable and 

suitable to micromix fluids, they lack functional moieties to serve as ligands for the 

catalyst and possess low surface areas (~10 m2/g). Therefore, I initially explored 

hypercrosslinking approaches of aromatic moieties in the polyHIPE structure. Friedel-

Crafts alkylation with various external crosslinkers in the presence of Lewis acid or 

Brønsted acid catalysts was attempted to increase the available surface area of 

polyHIPEs. Knitting of poly-Pickering-HIPEs with bis(chloromethyl)-biphenyl (CMP) 

as external crosslinker and trifilic acid as catalyst increased the surface area of 

polyHIPEs from 10 m2/g to approximately 850 m2/g as a result of the formation of 

micro- and mesoporosity in the pore walls (Figure 4-6), while preserving the monolithic 

form and macropore structure of polyHIPEs (Figure 4-7). CMP knitted polyHIPEs were 

used for the fabrication of micromixer as described above. The hierarchical pore 

structure of micromixer was loaded with Pd in an attempt to create a microreactor. 
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Figure 4-6. N2 adsorption isotherm of polyHIPEs, hypercrosslinked polyHIPEs with solvent stitching 

approach and hypercrosslinked polyHIPEs with knitting of CMP external crosslinker. 
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Figure 4-7. Photograph of CMP knitted poly-Pickering-HIPEs and its characteristic SEM image. 

Pd@polyHIPE microreactors were used for the hydrogenation of 4-NAP in the 

presence of various hydrogen sources, which should yield 4-AAP (Figure 3-2). The 

highest yield achieved was 70%. Unfortunately, when reusing these microreactors the 

reaction yield dropped to as low as 30%. Even though knitted polyHIPEs possess 

significantly higher surface areas than polyHIPEs it was not possible to fix Pd to their 

hypercrosslinked surfaces; Pd leaching was observed and the remaining Pd oxidised to 

PdO (Figure 4-8B), which is catalytically inactive. This indicates the need for the 

incorporation of ligand moieties into polyHIPE surfaces. Therefore, the incorporation 

of triphenylphosphine (PPh3) moieties–known to be a suitable ligand to form stable Pd 

complexes–was studied. Unfortunately, none of the knitting reactions with an external 

crosslinker was found to be effective to incorporate PPh3 into the polymer network. 

In order to hypercrosslink and simultaneously incorporate PPh3 moieties into poly(St-

co-DVB)HIPEs produced by polymerisation of hydrophobic silica particle and 

surfactant-stabilised HIPEs, which were found to be much more resilient than common 

polyHIPEs (see ESI publication III), solvent stitching and Scholl coupling reaction 

approaches in the presence of a Lewis acid (AlCl3 instead of FeCl3) catalyst were tested. 

DCM or DCE were used as external crosslinker for solvent stitching. The Scholl 

coupling reaction involves the elimination of two aryl-bound hydrogen atoms 

accompanied by the formation of a new aryl–aryl bond. During these hypercrosslinking 

reactions, PPh3 was also added to the reaction mixture. The success of simultaneous 

functionalisation and hypercrosslinking was seen by an incorporation of up to 7.6% P 

into the polymer network and an increase of the surface area up to 410 m2/g (Figure 

4-6). The macroporous structure of polyHIPEs was preserved after the post-
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functionalisation but unfortunately the monoliths cracked and/or broke after the 

reaction, which was probably caused by quenching of highly reactive AlCl3 within the 

rigid structures resulting in rapid vapour release. However, the remaining polyHIPE 

pieces were mechanically robust and remained intact after loading them with Pd(OAc)2 

dissolved in DCM (Figure 4-8). Therefore, I explored the use of Pd@polyHIPE as 

heterogeneous catalyst for a batch model Suzuki-Miyaura coupling reaction (Figure 

3-3). 
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Figure 4-8. HR XP spectra of Pd-loaded on A) knitted but non-functionalised polyHIPE and B) 

hypercrosslinked and P-functionalised polyHIPE produced by solvent stitching. 

Pd was found to be complexed by the phosphine moieties simultaneously introduced 

during hypercrosslinking of polyHIPEs. In this case no Pd leaching was observed after 

reusing the catalyst support six times. In the literature, functionalised, high surface area 

nanoporous polymers loaded with Pd were investigated several times as heterogeneous 

catalyst.58,116,157 However, the fine powder form of these nanoporous polymers required 

tedious filtration steps for both the preparation of Pd loaded supports and after each 

reaction cycle. The coarse powder form of hypercrosslinked and functionalised 

polyHIPEs allowed for simple catalyst recovery from the reaction mixture using 

tweezers. The Pd@polyHIPE catalysts could be reused at least six times (more cycles 

were not tested because of time constraints). These polyHIPEs were resistant against 

repeated impact with the magnetic bar during reactions. Pd-loaded polyHIPEs 

displayed outstanding catalytic performance for the chosen model Suzuki-Miyaura 

coupling reaction reaching turnover frequencies of up to 2440 h-1 (Figure 4-9). 
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Figure 4-9. Turnover frequency of Suzuki Miyaura coupling reaction using Pd@polyHIPE pieces as a 

function of the specific surface areas of those hypercrosslinked and/or P functionalised polyHIPEs. 

4.4 Liquid-liquid extraction of 4-aminoacetophenone using 

hydrophilic and hydrophobic polyHIPE micromixers 

(Publication IV) 

A Plant-on-a-Bench design for continuous flow reactions requires besides the 

micromixer/microreactor a separation unit to recover the product from the reaction 

medium. This can be achieved using a liquid-liquid (L-L) extraction unit combined with 

a settler allowing for separation of the phases. As already demonstrated by Tebboth et 

al.14 and above in paper I and II, the effective micromixing performance of polyHIPE 

micromixers makes them great candidates for the fabrication of a microextraction unit 

to recover continuously the product of 4-NAP hydrogenation reaction. L-L extraction 

of 4-AAP from the aqueous reaction mixture was investigated using polyHIPE 

micromixers combined with a gravity based minisettler (Figure 4-10A). L-L extraction 

is only effective if it is possible to generate a large interface between dispersed droplets 

and continuous phase as mass transfer during extraction occurs through this interface. 

In order to investigate whether the droplet type (o/w or w/o) affects the extraction 

efficiency I produced hydrophilic micromixers or micromixers consisting of a 

combination of hydrophilic and hydrophobic polyHIPEs. I started with hydrophilic 

micromixers as Tebboth et al. investigated hydrophobic polyHIPE micromixers before 

for the L-L extraction of caffeine, which served also as control for my work. The 

combination of hydrophilic and hydrophobic polyHIPEs within a single 

microextraction unit allows to switch the droplet dispersion type from o/w or w/o or 
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vice versa during extraction because of the preferential wettability (water or oil-wet) of 

the polyHIPE parts.  

 

Figure 4-10. A) PolyHIPE extraction unit fabricated by combination of hydrophobic poly(St-co-

TFEMA-co-DVB)HIPEs (SEM image and contact angle) used as top part in the micromixer and 

hydrophilic poly(HEMA-co-MBA)HIPEs (SEM image and contact angle) used as bottom part of the 

micromixer, B) Schematic of the L-L micromixer-minisettler unit used for the extraction of 4-AAP in to 

EtOAc from an aqueous mixture. 

The 4-AAP extraction efficiency achieved when using a combined polyHIPE 

micromixer-settler was compared with polyHIPE micromixer-settlers fabricated only 

using hydrophilic or -phobic polyHIPEs of the same length and pore volume (Figure 

4-10). Combined polyHIPE micromixer-settlers had improved extraction efficiencies 

compared to hydrophobic polyHIPE extraction units, however, had a similar extraction 

efficiency compared to hydrophilic polyHIPE micromixers. Nevertheless, combined 

polyHIPE micromixers possessed a higher permeability compared to hydrophilic 

polyHIPE micromixers because a smaller section of hydrophilic polyHIPE swelled in 

water affecting permeability, which renders the combined microextractor more 

attractive. I compared the extraction efficiency with those achieved in a blank tube and 

a commercial Kenics® static mixer having same internal volume. Significantly higher 

extraction efficiencies were obtained using polyHIPE micromixer-settlers, which 

proves effective micromixing, thus mass transfer in polyHIPE micromixing units 

(Figure 4-11). 
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Figure 4-11. L-L extraction efficiency of 4-AAP from its simulated reaction mixture using polyHIPE 

micromixer-settlers, and static mixer (SM) and blank tube (tube) at Qtot = 0.4 and 0.6 mL/min. 

The literature reports various types of micromixer extraction units; L-L extraction of 

CuSO4 from aqueous solution into kerosene with di-(2-ethylhexyl)phosphoric acid 

(D2EHPA) was investigated using a twisted micromixer. The overall volumetric mass 

transfer coefficient kLa increased approximately from 1 s-1 to 8 s-1 when increasing Re 

from 77 to 460, however at an expense of the extraction efficiency which decreased 

from 97% to 60%.158 Even though they report much higher kLa compared to my findings 

(Figure 4-12A), their energy dissipation rate was also significantly higher (1200-

100000 Pa/s) than the energy dissipation rate of my extraction units (0.03-0.28 m2/s3). 

L-L extraction in a four-stage oscillating micromixer with minisettler was tested to 

extract Zr(IV) from an aqueous solution.159 The recirculation of fluids caused by the 

Coanda effect was achieved by forcing the fluid into the mixing chambers through 

much smaller channels at high enough speed. This mixing behaviour is similar to that 

in porous polyHIPEs in which fluid enters pores through much smaller pore throats. 

However, the extraction efficiency achieved using the four-stage oscillating 

micromixer with minisettler was only between ~20-45%. They reported a lower kLa 

compared with the polyHIPE micromixer-settlers, even though the extraction was 

performed at significantly higher flow rates.  

Mass transfer efficiency of polyHIPE micromixers was significantly higher compared 

to other commercial and reported micromixers, which was likely due to the presence of 

many more connected mixing chambers (pores) within the polyHIPE structure. Higher 

overall volumetric mass transfer coefficients kLa were reported for L-L extraction of a 
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single compounds using commercial micromixers compared to the polyHIPE 

micromixer-settler but in some cases still resulted in much lower extraction efficiencies 

because their significantly lower extraction times. Energy dissipation rates to generate 

droplet flow in microchannel microextractors can be as high as 100 m2/s3,43 while the 

energy dissipation rates in polyHIPE micromixer-settlers were lower than 0.28 m2/s3 

(Figure 4-12B). 
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Figure 4-12. A) Overall volumetric mass transfer coefficient kLa of polyHIPE micromixer-settlers, a 

Kenics static mixer (SM) and a blank tube, used as controls, as function of Reynolds number, and B) 

interfacial area produced in the microextractors as function of energy dissipation at a total flow rate of 

Qtot = 0.6 mL/min. 
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5 Conclusions and Future Work 

5.1 Conclusions 

Emulsion templated macroporous polymers were investigated with aim to use them for 

design of micromixers, microreactors and microextractors to be used as unit operations 

in a future Plant-on-a-Bench. Chemically stable polyHIPEs with an interconnected pore 

structures were synthesised to fabricate effective micromixers, which can be used to 

continuously mix fluids by molecular diffusion and chaotic advection. I showed that 

poly(St-co-DVB)HIPEs produced by polymerisation of HIPEs stabilised with 

hydrophobic silica particles and surfactant are great candidates for the fabrication of 

micromixers. I optimised the design of polyHIPE micromixers, which could be 

relatively easy built by inserting inlet and outlet tubes into polyHIPEs, followed by 

coating the surface of the polyHIPE with epoxy resin and further protection with a 

shrink tube. Fluids injected through the inlet tubes pass from macropore to macropore 

in polyHIPEs being forced through pore throats, which acting as constrictions, causing 

the fluids to mix both in radial and axial directions. Four polyHIPEs with identical 

average macropore diameters and porosities but increasing degrees of 

interconnectivity, and thus permeability, were synthesised, turned into micromixers and 

their micromixing behaviour investigated. The residence time distribution (RTD) of 

polyHIPE micromixers was determined using a tracer method. An axial dispersion 

model was fitted to the RTD and was in good agreement with commercial split and 

recombination micromixers. Additionally, the effectiveness of polyHIPE micromixers 

was investigated using two competitive parallel (4th Bourne) reactions. By determining 

the yield of slower reaction product, successful micromixing in polyHIPE micromixers 

was confirmed. The micromixing performance of polyHIPE micromixers was much 

better as compared with a commercial (Kenics) static mixer. 

The micromixer performance of polyHIPE micromixers were utilised to continuously 

emulsify two immiscible liquids. A CP consisting of monomer, crosslinker and 

surfactant was mixed insight the pore structure of polyHIPE micromixers with an 

aqueous IP at various flow rates and CP:IP ratios. By changing the flow ratio during 

emulsification, the volume phase fraction of the generated emulsions could be adjusted. 

In contrast to many microfluidic devices it was possible to continuously generate HIPEs 
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(with emulsion phase volume ratios up to 88%) directly within polyHIPE micromixers 

without the need for forced sedimentation to produce HIPEs. The generated HIPEs 

could be polymerised into polyHIPEs (when using acrylate monomers even right after 

ejection from the mixer, allowing to pattern porous structures by 3D printing of HIPEs) 

with direct control over their porosity, which also allows for the preparation of graded 

porous polyHIPEs by simply changing the flow ratio of IP:CP during HIPE production 

in the polyHIPE micromixers. Moreover, the morphology of polyHIPEs used to build 

micromixers had direct impact on the HIPE droplet size, which is reflected in the pore 

size of the resultant porous polymers. Increasing the degree of interconnectivity of 

polyHIPEs resulted in lower shear forces exerted on the emulsion droplets and thus in 

larger droplets, which in turn result in polyHIPEs with larger average pore sizes. The 

usefulness of polyHIPE micromixers to continuously generate HIPE templates was 

tested using three different emulsion formulations with various IP:CP viscosity ratios. 

Because of the chemical stability of poly(St-co-DVB)HIPEs, micromixers could be 

reused several times without observing any obvious change of their morphology. 

After demonstration of effective micromixing in polyHIPE micromixers, I attempted 

to turn them into microreactors loaded with catalyst. Due to lack of functional moieties 

and/or the low surface area of polyHIPEs it was impossible to stabilise catalyst on their 

macroporous surfaces. Therefore, poly(St-co-DVB)HIPEs were hypercrosslinked to 

increase their surface area. The aromatic moieties within monolithic polyHIPEs were 

knitted using an external crosslinker resulting in a surface area of ~850 m2/g. Despite 

the much-increased surface area it was impossible to anchor the Pd catalyst to their 

surface. Therefore, I choose solvent stitching, in which solvent was used as external 

crosslinker, and Scholl coupling reaction not only to increase the surface area of 

polyHIPEs but also to incorporate phosphine moieties, which was not possible by 

knitting with an external crosslinker. Triphenylphosphine is known to be a ligand, 

which can complex Pd, resulting in stable and active catalyst. The simultaneous 

hypercrosslinking and PPh3 functionalisation using solvent stitching and Scholl 

coupling reactions, resulted in the incorporation of 4 to 7 wt.% of P. Unfortunately, the 

polyHIPE monoliths fractured into a coarse powder during the reaction, which was used 

for Pd loading. Owing to the size of coarse polyHIPE pieces, they could be collected 

easily using tweezers allowing for simple catalyst recovery. Because of the successful 

introduction of phosphine moieties, stable Pd complexes formed on those polyHIPEs. 
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The catalytic activity of Pd@polyHIPE was determined using a model Suzuki-Miyaura 

reaction; reaction yields of 98% were achieved after a reaction time of only 30 min.  

The final operation unit of a Plant-on-a-Bench for continuous flow reactions is a 

continuous L-L extraction and settler unit. This was designed and fabricated using 

polyHIPE micromixers. In the microextractor design, water- and oil-wet polyHIPEs 

were combined to investigate the effect of the droplet dispersion type (o/w or w/o) on 

the mass transfer and thus extraction efficiency. I investigated the L-L extraction of 4-

aminoacetophenone, the product of the 4-nitroacetophenone hydrogenation reaction, 

from an aqueous reaction medium with ethyl acetate using a polyHIPE microextraction 

unit combined with gravity-based minisettler. The L-L extraction unit fabricated using 

a combination of hydrophilic and hydrophobic polyHIPE allowed for an extraction 

efficiency of 98%. The interfacial area between the two immiscible liquid phases 

produced in the polyHIPE extraction unit was as high as 17900 m2/m3 but the energy 

dissipation rate as low as 0.1 m2/s3. The extraction efficiency and interfacial area was 

comparable to values reported in the literature but at much lower energy dissipation 

rate. The developed polyHIPE micromixer-settler unit is a great candidate for 

continuous flow reactions allowing to intensify such processes. 

5.2 Future work 

The developments described in this thesis lay the groundwork for the development of 

a Plant-on-a-Bench assembled with miniaturised operation units, which could be 

realised with emulsion templated macroporous polymers. PolyHIPEs having tailored 

permeability and wettability were fabricated as micromixers and their effectiveness was 

investigated. Even though they had excellent micromixing performance, they still 

possessed mean residence times exceeding those of most commercially available 

micromixers. Therefore, shorter polyHIPE micromixers should be fabricated and 

tested.  

In conventional microfluidic mixing units, fluid reorientation in microchannels 

achieved by insertion of obstacles into the mixing channel. It should be possible to 

polymerise HIPEs in microchannels to produce tailor-made obstacles, which could 

allow for improved mixing in such channel micromixers. 
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I demonstrated continuous emulsion generation in polyHIPE micromixers having 

various permeabilities. However, the droplet break-up mechanism could not be 

clarified completely because of the transparency of the polyHIPE micromixer. In order 

to understand it better, viscosity ratio between internal and continuous phases can be 

altered, thus changing critical Capillary number affecting droplet break-up. The droplet 

diameter of the resulting emulsion should be investigated systematically, which will be 

helpful to understand the mixing mechanism in polyHIPEs. 

Furthermore, polyHIPE micromixers can be used to generate HIPEs continuously, 

which could be used to subsequently create more complex printed “porous structures”. 

This could be realised by fitting such micromixer to a 3D printer allows for HIPE 

production during printing with photopolymerisation of the monomer containing phase. 

By tailoring the viscosity and emulsion volume phase fraction of the generated HIPE, 

many different desired materials can be produced in very short times. 

Another important milestone of my project was to fabricate a polyHIPE microreactor 

by loading their porous surface with a heterogeneous catalyst. However, because of the 

lack of suitable ligand sites to stabilise the catalyst on the hypercrosslinked polyHIPE 

monoliths, I could not accomplish this. Nevertheless, the solvent stitching approach and 

Scholl reaction are promising tools to incorporate chemical functionalities into the 

polymer network. By improving the reaction and quenching method it should be 

possible to realise hypercrosslinked and functionalised monolithic polyHIPEs, suitable 

for loading with heterogeneous catalyst. These can be used to produce as microreactors. 

Furthermore, knitted high surface area polyHIPEs should be tested as catalyst support 

with another metals, which do not oxidise as fast as Pd, which could also enable the 

production of polyHIPE microreactors. 

As a final point of my project, after accomplishing stable catalyst loading on polyHIPE 

monoliths, microreactor, extraction unit and minisettler should assembled into a plant-

on-a-bench and tested to perform continuous flow reactions. This might open up 

opportunities for process intensification of flow reactions. PolyHIPEs could play an 

important role as part of operating units in continuous flow synthesis. 
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ABSTRACT: Micromixers were fabricated from emulsion-tem-
plated macroporous polymers, known as polymerizing high
internal-phase emulsions (polyHIPEs). Micromixers are mixing
elements containing submillimeter channels, in which mixing
occurs by molecular diffusion in the laminar flow regime.
PolyHIPEs possess an interconnected pore structure with
connected channels, which are ideal to mix liquids. We investigated
the residence time distribution of polyHIPE micromixers in
comparison to a helix static mixer using a tracer method, which
allows for quantifying the deviation from ideal plug flow. The axial dispersed flow was modeled, and the obtained axial dispersion
number is in good agreement with that of commercial split-and-recombination micromixers. Two competitive parallel reactions (4th
Bourne reaction) were performed to characterize the efficiency of micromixing of polyHIPE mixers. We show that polyHIPE
micromixers are more efficient than a commercial helix static mixer.

■ INTRODUCTION
Mixing of fluids is important for both laboratory and industry
processes for a plethora of reasons, including chemical and
biological reactions.1 Mixing is classified by the mixing scale
either as macromixing or micromixing (Figure 1). Macro-

mixing takes place by driving the largest scales of motion in a
fluid in turbulent flow. The smallest scale of motion is called
micromixing, where molecular diffusion becomes important to
mix the fluids in the submillimeter range.1 Macro- and
microscale mixing are distinguished by the dimensionless
Reynolds number (Re), which is the ratio of inertial forces and
viscous forces in the fluid.1 At low Re, laminar flow dominates
in submillimeter mixing channels resulting in micromixing.
The Re range between 102 and 104 is considered to be the
transition region between laminar and turbulent flow inside

channels.2 Mixers capable of micromixing are known as
micromixers.1,2

Micromixers operate, control, and process small fluid
volumes in continuous flow, resulting in less waste.1,3,4 They
possess high surface-to-volume ratios due to their small
channel dimensions, which produce many benefits over
macroscale mixing.1,4 Micromixers provide better process
control during mixing as a result of controlling flow properties
by viscous (μ·u/D) rather than inertial effects allowing for
rapid diffusive mixing, which results in higher yields at a lower
energy input compared to macroscale mixing techniques.1,2

Owing to these advantages, micromixers have found many
applications, for instance in chemical and biochemical
screening,2,5 for the continuous production of emulsions,6

synthesis of pharmaceuticals,7 and continuous nanoparticle
production.8 Micromixers belong to the top 10 chemical
innovations to render our world more sustainable, according to
the list published in 2019 by IUPAC.9

Y and T type micromixers are the most common types of
micromixers consisting of two inlet channels, which merge to
form a microchannel (Figure 1B).1 The fluids entering from
the inlet channels are mixed in the microchannel by molecular
diffusion, which takes place in the interfacial zone between the
two coflowing fluids. However, the fluids away from the
interfacial zone need some time to interact, due to the lack of
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Figure 1. Fluid mixing processes: (a) macromixing by turbulent
motion in a vessel equipped with an impeller stirrer and (b)
micromixing by molecular diffusion in a T-shape micromixer. Adapted
with permission from ref 1. Copyright 2012, Elsevier.
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turbulence, and thus, long channels are required to achieve
complete mixing.10 Many researchers showed that the
micromixing performance in an empty tube can be enhanced
by adding obstacles to the wall or by inserting a helical
structure into the tube.10,11 These obstacles redirect the flow
and produce irregularities, generating chaotic advection
resulting in more efficient mixing.10,11 Moreover, the micro-
mixing performance can be improved by designing channel
splits, which recombine the flow at different points along the
microchannel.1 Although the addition of obstacles or split-and-
recombination (SAR) channels enhances mixing, the produc-
tion of these microchannels is expensive and requires special
instrumentation and expertise.12 In contrast, Tebboth et al.13,14

explored interconnected macroporous polymers as micro-
mixers, and Brown et al.15 used polymerizing high internal-
phase emulsions (polyHIPEs) as catalyst supports and
microreactors for flow through processing. Mixing occurs in
pores of the polyHIPEs, while the flow is split and recombined
by pore throats interconnecting various pores in radial and
axial directions along the porous monolith (Figure 2). This
allows micromixers with desired diameters and lengths to be
produced simply from emulsion-templated macroporous
polymers with minimal design effort and low cost.
Emulsion-templated macroporous polymers, called poly-

HIPEs, are particularly interesting for specialty applications,
such as scaffolds for tissue engineering,16,17 stationary
chromatography phases,18,19 and filters.20,21 PolyHIPEs are
synthesized by polymerization of the continuous phase of high
or medium internal phase emulsions containing monomer(s).
The removal of the aqueous internal phase results in pores.22

Emulsions are called HIPEs if the emulsion phase volume ratio
exceeds 74%.23,24 The morphology of polyHIPEs can be
tailored by changing the internal phase ratio to alter their
porosity, energy input which affects pore sizes,25,26 or by
selection of the emulsifier type and concentration,27 which
enables to control pore interconnectivity. The formation of
pore throats, forming the interconnects between pores, is
governed by the competition between polymerization-induced
surfactant depletion attraction and the strength of interfacial
films. The weak interfacial areas result in pore throats in
polyHIPEs of the same size as the flattened interfacial areas
between droplets in HIPEs.28 Owing to those pore throats, an
interconnected permeable structure forms. Moreover, molec-
ular surfactants act as plasticizers that negatively affect the

mechanical properties of polyHIPEs.29 Hydrophobic nano-
particles are alternative emulsifiers that can be used to stabilize
water-in-oil emulsions.30,31 Macroporous polymers produced
by polymerization of nanoparticle-stabilized emulsions, called
poly-Pickering-HIPEs, have better mechanical properties than
traditional polyHIPEs, produced from surfactant-stabilized
emulsions.29 However, they are typically closed celled and
thus impermeable.29,30 We already demonstrated29,31 that pore
throat formation during the synthesis of poly-Pickering-HIPEs
can be initiated by addition of a small amount of surfactants at
the end of the emulsification process, which promotes the
formation of permeable structures. The mechanical properties
and chemical stability of polyHIPEs are determined by
monomer choice.32 Due to the liquid nature of the template,
HIPEs can be shaped, allowing to produce net-shaped
polyHIPEs, such as monoliths,13 micrometer- to millimeter-
sized beads,21 or membranes.33 HIPEs can also be directly
polymerized inside a capillary15,34 or printed and polymerized
using additive manufacturing.35

Herein, we report the design, fabrication, and evaluation of
micromixers from permeable poly-Pickering-HIPEs. We
characterized the deviation from ideal plug flow in micromixers
by the residence time distribution (RTD), which also allows to
determine the existence of dead-zones in a micromixer and the
homogeneity of the mixing by monitoring an inert tracer flow
through the micromixer.36 Moreover, the effectiveness of our
micromixers was tested by two competitive parallel reactions
(4th Bourne reaction), which share a common reactant (HCl)
but have different reaction kinetics.37 The first reaction is an
instantaneous neutralization reaction

+ → +

= × °− − −k

HCl NaOH NaCl H O

( 1.3 10 m kg mol s at 25 C)
2

1
11 3 1 1 1

and second reaction is an acid (HCl)-catalyzed saponification
of dimethoxypropane (DMP), which is much slower than the
neutralization reaction.

+ ⎯→⎯ +

= °− − −

+

k

CH (OCH ) CH H O CH COCH CH OH

( 700 m kg mol s at 25 C)
3 3 2 3 2

H
3 3 3

2
3 1 1 1

If micromixing is effective, only the neutralization reaction
takes place so that the common reactant is solely consumed in
this reaction. If the fluids are not effectively mixed, some HCl

Figure 2. Fluid flow and thus mixing through axial and radial directions along the interconnected poly-Pickering-HIPE micromixer.
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will be consumed also in the slower saponification reaction,
yielding acetone and methanol.37 The micromixing perform-
ance is monitored by quantifying the concentration of the
reaction products to determine which reaction occurred. The
micromixing behavior of poly-Pickering-HIPE micromixers will
be evaluated and compared with a commercial static mixer (3/
8″ 12 helix Kenics static mixer, Cole-Parmer, Germany).

■ EXPERIMENTAL PART
Materials. Styrene ≥99%, divinylbenzene (DVB) 80%,

sodium monosorbitol (Span 80), α,α′-azoisobutyronitrile
(AIBN), calcium chloride dihydrate (CaCl2·2H2O) ≥99%,
2,2-DMP, ethanol ≥99.8%, sodium hydroxide (NaOH),
hydrochloric acid (HCl, 37%), potassium chloride (KCl),
and copper sulfate (CuSO4) were purchased from Sigma-
Aldrich. Hydrophobic pyrogenic silica particles (HDK H20)
were kindly provided by Wacker Chemie AG (Germany).
Araldite rapid adhesive and Araldite 2020 were purchased from
RS Components Ltd. (Corby, UK). All materials were used as
received.
Preparation of Poly-Pickering-HIPEs. Poly-Pickering-

HIPEs were prepared by polymerization of the continuous
monomer phase of Pickering-HIPEs. The continuous phase
was produced by homogenizing a 1:1 mixture of styrene/DVB
containing 3% (w/v) of HDK H20 in a free-standing
centrifuge tube (VWR, Vienna, Austria) using a high-speed
homogenizer (Kinematica POLYTRON PT 1600 E, Malters,
Switzerland) for 15 min at 15,000 rpm. Afterward, the
suspension was transferred into a glass mixing vessel, and 1
mol % AIBN (with respect to the monomer double bonds) was
added. AIBN was dissolved in the monomer phase by stirring
at 400 rpm. Subsequently, an aqueous solution of 40 g/L
CaCl2·2H2O (in total 40 mL) was added dropwise into the
continuous phase while stirring at the same rate with an anchor
paddle attached to an overhead stirrer (Phoenix Instruments
RSO-20D, Garbsen, Germany). The internal phase volume
ratio was 80%. After addition of the internal phase, the
Pickering-HIPEs were agitated further for 3 min at 400 rpm,
yielding a stable emulsion. Thereafter, 5, 10, 15, or 20 vol % of
Span 80 (with respect to the continuous phase) were added
into the emulsion template, and the emulsion was mixed for 30
s at 400 rpm to dissolve the surfactant. One of the Pickering-
HIPE was poured into the mold without adding surfactant.
The emulsions were then poured into molds with diameters of
either 6 mm [poly(tetrafluoroethylene) (PTFE) tube, VWR,
Vienna, Austria] or 12 mm (centrifuge tubes, VWR) and
polymerized at 70 °C for 4 h in a convection oven. After
polymerization, the monoliths were purified by Soxhlet
extraction, first with distilled water to remove CaCl2, then
with acetone to remove residual surfactants and unreacted
monomers. The monoliths were kept in the fume hood
overnight for the acetone to evaporate slowly before they were
dried in a convention oven at 70 °C for 24 h. The poly-
Pickering-HIPEs were named P0, P5, P10, P15, and P20 with
respect to the surfactant volume which was added to their
emulsion template.
Fabrication of Poly-Pickering-HIPE Micromixers.

Micromixers were produced from poly-Pickering-HIPE mono-
liths with diameters of 6 and 12 mm prepared by polymer-
ization of Pickering-HIPEs, to which either 5 or 10% surfactant
was added (P5 and P10, respectively). For P15 and P20, only
12 mm diameter monoliths were used for micromixer
fabrication. The conical tip at the base of the monolith was

removed, and two inlet holes with diameters of 2 mm were
drilled 5 mm deep into the top of the monolith. An outlet hole
with the same diameter and depth of 5 mm was drilled into the
wall of the 12 mm diameter monolith 5 mm above its base. For
6 mm diameter monoliths, the outlet hole was only 3 mm deep
(stage 1 in Figure 3). PTFE tubes (outer diameter 1/16″,

VWR, Vienna, Austria) were sealed into the holes using
Araldite Rapid adhesive, which cured in 30 min at room
temperature (stage 2, as shown in Figure 3). The adhesive was
also used to coat the surface of the monolith to avoid fluid
bypassing the poly-Pickering-HIPEs (stage 3, as shown in
Figure 3). Afterward, the monolith was sealed with a high-
temperature shrink tube (Conrad, Vienna, Austria) using a
heat gun to provide extra protection (stage 4, as shown in
Figure 3). The top of the micromixer was sealed using epoxy
resin (Araldite 2020), which also provided stability to the inlet
tubes (stage 4, as shown in Figure 3). The device was placed
into a convection oven at 70 °C for 4 h to cure the epoxy resin.

Characterization of Poly-Pickering-HIPEs. Morphology
of Poly-Pickering-HIPEs. The morphology of poly-Pickering-
HIPEs was investigated using scanning electron microscopy
(SEM, JCM-6000, JEOL GmbH, Eching, Germany) operated
in a high vacuum mode with an acceleration voltage of 15 kV.
Fractured sample surfaces were gold-coated (JFC-1200 JEOL
GmbH, Eching, Germany) prior to imaging. SEM images were
analyzed using the software package ImageJ (https://imagej.
nih.gov/ij/download.html) to measure pore and pore throat
diameters, and at least 150 individual pore throats and pore
diameters per sample were analyzed. The average degree of
interconnectivity (DoI) or openness was calculated, as
described by Pulko and Krajnc38

=
·

·

N d

d
DoI

4
pt

2

p
2

(1)

where N is the number average of pore throats per pore, dpt is
the average pore throat diameter, and dp is the average pore
diameter.

Density of Poly-Pickering-HIPEs. The skeletal density ρs of
poly-Pickering-HIPEs was determined using helium displace-
ment pycnometry (Accupyc II 1340, Micrometrics, Aachen,
Germany). About 0.1 g of poly-Pickering-HIPE was ground to
powder, weighed, and analyzed. The foam density ρf of the
poly-Pickering-HIPEs was determined using an envelope
density analyzer (GeoPyc 1360, Micrometrics Ltd., Aachen,
Germany). The porosity of the poly-Pickering-HIPEs was
calculated as follows

Figure 3. Schematic showing the fabrication of poly-Pickering-HIPE
micromixers: (1) removal of the conical base of the monolith and
drilling inlet/outlet holes, (2) inserting and sealing tubes, (3) sealing
the outer surface of the porous monolith with adhesive, and (4) finally
sealing the micromixer in a shrink tube and the top with adhesive.
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Gas Permeability of Poly-Pickering-HIPEs. The gas
permeability of the monoliths was determined by pressure
rise measurements using a home built device.39 In brief, poly-
Pickering-HIPEs with a diameter of 12 mm were prepared as
described and cut to a length of 25 mm, coated with Araldite
rapid. These coated samples were placed into a cylindrical
PTFE mold with a diameter of 25 mm, and Araldite 2020 was
poured to the space between the sample and mold to seal the
sample to avoid crossflow, and the epoxy resin was cured at 70
°C for 4 h. For each formulation, two samples were prepared,
and their gas permeability was measured from both sides of the
sample by increasing the inlet pressure from 0.3 to 2.5 bar. 10
individual measurements were taken for each inlet pressure.
After reaching constant pressure with the help of a vacuum
pump (−0.6 bar), nitrogen was passed through the sample, and
the pressure rise was recorded. The permeability coefficient K
was calculated, as described by Manley et al.39 Further details
are provided in Supporting Information (eq S1 and Figure S1).
Tortuosity and Flow Behavior of Poly-Pickering-HIPEs.

Tortuosity of poly-Pickering-HIPE monoliths was determined
based on the AC electrical conductivity of an electrolyte
solution in a non-conductive sample.40,41 The AC impedance
of electrolyte solution (0.01 M CuSO4)-filled poly-Pickering-
HIPEs was measured using a frequency response analyzer
(Reference 600 Gamry Instruments, C3 Prozess und
Analysentechnik GmbH, Munich, Germany) in a custom-
made measurement cell. 1.3 mm thick poly-Pickering-HIPEs
disks were soaked in electrolyte solution and positioned
between two copper electrodes in the measurement cell. The
measurement was performed by varying the AC signal
frequency from 1 Hz to 100 kHz applying 1 mV at 25 °C.
The resistance R of the electrolyte-filled poly-Pickering-HIPEs
was determined by Randles fitting to the Nyquist plots (see
Supporting Information, Figure S2). The conductivity κp of the
disks was calculated as follows41

κ =
·
l

R Ap (3)

where l is the length and A is the area of the poly-Pickering-
HIPEs. The tortuosity T of poly-Pickering-HIPEs was
calculated as follows

κ
= ·κ

T
P

p (4)

where P is the porosity of the poly-Pickering-HIPE and κ is the
conductivity of electrolyte solution.
Carman introduced the average flow velocity up through a

porous medium42

=
·

u
u T

Pp
s

(5)

where us is the superficial velocity of fluids injected into the
porous medium using a syringe pump (PHD Ultra, Harvard
Apparatus, UK), which made it possible to determine the Re
number for porous media (Rep) as follows

42,43

ρ
μ

=Re
u d

p
p p

(6)

where ρ is the fluid density, dp is the average pore diameter of
poly-Pickering-HIPEs, and μ is the kinetic viscosity of the fluid.

Micromixing Properties of Poly-Pickering-HIPEs.
Determination of the Residence Time Distribution. The
RTD of poly-Pickering-HIPE micromixers and a commercial
static mixer was determined using an inert tracer injected into
water flowing though the micromixer. The tracer concentration
in the exit stream was monitored by refractive index
measurements as a function of time using a differential
refractometer (DnDc, WGE Dr Bures, Dallgow-Doeberitz,
Germany). The measured refractive index is proportional to
the concentration of the non-reactive KCl tracer. Therefore,
the refractive index increment (dn/dc) was determined using
KCl solutions with concentrations of 2, 4, 6, 8, and 10 mg/mL
in order to determine the concentration of a solution with
unknown concentration from the measured refractive index. A
syringe pump (PHD Ultra, Harvard Apparatus, UK) was used
to feed demineralized water through one of the inlet tubes
continuously at rates of 0.6, 0.9, or 1.2 mL/min. 0.2 mL of
tracer (25 mg/mL KCl) was injected by hand through the
other inlet as the pulse input into the steady-state flow of
water. The outlet tube was connected to the sample inlet of the
refractometer, and the second inlet of the refractometer was
filled with demineralized water. The refractive index of mixing
fluids flowing through the micromixers was monitored over
time until the signal stabilized. The measured refractive index
was converted to concentration c(t) using the calibration curve
(see Supporting Information, Figure S3). The RTD function
E(t) was determined using36

∫
= ∞E t

c t

c t t
( )

( )

( )d
0 (7)

The mean residence time tm and average residence time τ
were calculated as follows36

∫=
∞

t tE t t( )dm
0 (8)

τ = PV
Q (9)

where t is the time of each measured c(t), P is the porosity, V is
the pore volume of the monolith, and Q is the volumetric flow
rate. The variance σ10,36 and coefficient of variance or spread
CoV10 were calculated using eqs 10 and 11, respectively, to
quantify the degree of mixing

∫σ = −
∞

t t E t t( ) ( )d2

0
m (10)

σ=
t

CoV
m (11)

These two values describe the deviation from ideal plug flow.
A spread (CoV) of a symmetric RTD is equal to zero and
indicates ideal plug flow. In the presence of axial flow, CoV is
larger than 0.10

The skewness s describes the extent to which a distribution
skewed in one direction from the mean and is defined as36

∫
σ

= −
∞

s t t E t t
1

( ) ( )d3
3/2 0

m
3

(12)

The axial dispersion number (Dax/uL) characterizes the
spreading rate of flow in the micromixer as a result of a laminar
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velocity profile, molecular diffusion, and so forth.44 In the axial
dispersion number, Dax is the dispersion coefficient, L is the
length of the investigated device, and u is the velocity of the
main flow. Levenspiel44 introduced an axial dispersion model
for a dispersion number larger than 0.01 using open−open
boundary conditions, representing a conventional and
commonly used experimental device. Dax/uL was determined
by fitting of eq 13 to the RTD curve
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Micromixing Efficiency of Poly-Pickering-HIPEs. The
micromixing efficiencies of both poly-Pickering-HIPE micro-
mixers and the commercial static mixer were investigated using
two competitive parallel reactions by monitoring the acetone
yield resulting from the decomposition of DMP. A syringe
pump equipped with double syringes (Masterflex Touch-
Screen Syringe Pumps, Cole-Parmer, Wertheim, Germany)
was used to continuously inject a 1:1 mixture of DMP (0.2
M)/NaOH (0.38 M) and HCl (0.36 M) at flow rates of 0.3 or
0.6 mL/min into the (micro)mixers. The outlet tube of the
flow cells was connected to a quartz flow cell (Hellma
Analytics, Müllheim, Germany) with an internal volume of
0.05 mL. The absorbance of acetone at 265 nm was monitored
every 0.5 s for 500 s using UV−vis spectrophotometry (Agilent
8453, Agilent Technologies Österreich GmbH, Vienna,
Austria) at room temperature. The concentration of acetone
in the effluent was calculated using the Lambert−Beer law

ε
[ ] =C

A
lacetone (14)

where A is the absorbance, l is the optical path length, and ε is
the molar extinction coefficient of acetone at 265 nm (13.718
L mol−1 cm−1) determined using a known concentration of
acetone in H2O (see Supporting Information, Figure S4).

■ RESULTS AND DISCUSSION
Macroporous poly(St-co-DVB) monoliths were produced by
polymerization of the continuous phase of Pickering-HIPEs
and subsequent removal of the templating phase resulting in an
interconnected porous structure (Figure 4). These poly-
Pickering-HIPEs were stable to thermal degradation in a
nitrogen atmosphere up to 350 °C (Figure S5). The thermal
conductivity of poly(St-co-DVB)HIPEs with a similar porosity
was reported to be 0.2 W/m K.45 Together, this indicates that
this material could be potentially used even for exothermic
reactions. All poly-Pickering-HIPEs (P5-20) had within error
the same average pore and pore throat diameters (Table 1)
despite the fact that the amount of the surfactant which was
added to the Pickering-HIPEs to induce pore throat formation
was increased from 5 to 20 vol %. However, it has to be noted
that DoI or openness of the poly-Pickering-HIPEs increased
significantly from DoI = 0.028 (P5) to 0.06 (P20) with
increasing surfactant amount added to the emulsion template
(Table 1) which indicates that the number of pore throats per
pore increased rather than the pore throat diameters. Zhu et
al.46 followed the generation of pore throats in poly-Pickering-
HIPEs during the polymerization of Pickering-HIPEs to which
the surfactant was added by laser scanning confocal
microscopy. The addition of the surfactant into a Pickering

emulsion causes the particles which stabilized the primary
emulsion to be displaced from the film region between
neighboring droplets, thus weakening the film.46 These weaker
films between neighboring droplets in the emulsion templates
ruptured during polymerization of the monomer phase,
resulting in pore throats, thus increasing the surfactant amount
added to the primary emulsion template resulted in the
formation of more pore throats per pore during the
polymerization, which consequently resulted in a higher DoI.
The reference poly-Pickering-HIPE, which was produced
without adding the surfactant, has a closed pore structure
(Figure S6). The fluids passing through poly-Pickering-HIPEs
pass pores and pore throats having a range of diameters and
directions (Figure 4). The tortuosity of the poly-Pickering-
HIPEs is larger than 1 (Table 1), but it decreased with
increasing DoI. The increased openness (DoI) and decreasing
tortuosity of the poly-Pickering-HIPEs resulted in an increased
gas permeability from 400 mD (P5) to 3.7 D (P20) (Table 1).
The skeletal density of all poly-Pickering-HIPEs was

identical (1.12 g/cm3) because they were all produced from
the same formulation (with the exception of the surfactant
added to the primary emulsion template, which does not take
part in the reaction), thus having the same composition. The
porosity of the poly-Pickering-HIPEs was higher than the
internal phase ratio of the emulsion templates, which was
caused by the loss of the surfactant acting as a porogen, and of
non-reacted monomers during the purification. The porosity of
the monoliths increased with increasing the surfactant amount
from 84.3 to 88.2% (Table 1).
The pore Reynolds number Rep of water passing through

poly-Pickering-HIPE monoliths at a flow rate of 0.6 mL/min
were between 1.8 and 4.5 (Table 1), thus indicating a laminar
flow regime. Rep decreased with increasing openness (affecting
the tortuosity) of the monoliths because fewer obstacles
affected the flowing fluid. Comiti et al.43 showed for packed
bed reactors that the limiting Rep for the laminar flow is 4.3 for
Newtonian fluids. Rep for water passing our poly-Pickering-
HIPEs was smaller than Re of tubular reactors (0.4 mm
diameter, Re = 80),10 commercial static mixers Statmix6 and
ST-mixer (Re = 20 and Re = 5 at Q = 0.5 mL/min,

Figure 4. Characteristic SEM images of poly-Pickering-HIPEs (P5,
P10, P15, and P20) prepared by polymerization of the continuous
phase of Pickering-HIPE templates to which increasing amounts of
the surfactant was added.
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respectively),47 and the (Kenics) static mixer, which was used
as reference (Re = 122, calculated for water at Q = 1.2 mL/min
using the hydraulic tube diameter). In those static mixers, the
mixing performance increased due to the creation of chaotic
flow at higher Re. However, poly-Pickering-HIPE micromixers
consist of multiple microchannels, which are interconnected
with each other by pore throats. Therefore, pore throats acted
not only as obstacles but also as splitting and recombination
channels. Such a design is also applied in commercial SAR
micromixers to improve their mixing performance.1 Our poly-
Pickering-HIPE micromixers exhibited very low back pressures
due to their highly interconnected pore structure. The back
pressure was determined to be 54.3 mbar using the hydrostatic
pressure of a water column for the micromixer with the lowest
DoI and permeability (P5) (see Supporting Information, eq
S3). The back pressure increased linearly with increasing flow
rate up to 4.8 mL/min (Figure S7). The RTD was determined
to analyze the mixing efficiency of our poly-Pickering-HIPE
micromixers using an inert tracer method. The relationship
between the RTD E(t) and time the tracer spend in the poly-
Pickering-HIPE micromixers is depicted in Figure 5; an
increasing flow rate resulted in sharpening of E(t) for all poly-
Pickering-HIPE micromixers. With an increasing flow rate, the
RTD became narrower, which indicated the enhanced liquid
dispersion in poly-Pickering-HIPE micromixers (Figure 5B).
Moreover, with increasing permeability of the poly-Pickering-
HIPE micromixers, RTD shifted to lower times at the same
flow rate (Figure 5 and Table 1). Please note that the small
peak at the beginning of the measurements was due to the
sudden increase in the volumetric flow rate caused by injecting
the entire tracer volume (0.2 mL) at once. The same behavior

was observed when injecting pure water instead of the KCl
tracer.
The RTD curves of all micromixers have asymmetric bell

shapes with tailing, which represents the deviation from an
ideal plug flow reactor (Figures 5 and6).10,44 The low fluid
velocities near the wall of the micromixer caused E(t) curves to
broaden and tailing. Such tailing was not only observed in

Table 1. Effect of Increasing Surfactant Amounts Added to the Primary Pickering-HIPE Templates on the Morphology
Descriptors of Poly-Pickering-HIPEs: Average Pore dp and Pore Throat Diameter dpt, Degree of Interconnectivity (or
Openness) DoI, Porosity P, Tortuosity T, Gas Permeability k, and Pore Reynolds Number Rep for Water Pumped through the
Poly-Pickering-HIPEs with Q = 0.6 mL/min

sample dp/μm dpt/μm DoI/10−2 P/% T/- k/D Rep/-

P0 89 ± 27 0 0 80.5 ± 0.5 0 0
P5 78 ± 38 12 ± 9 2.8 ± 0.6 84.3 ± 0.4 3.7 ± 0.4 0.4 ± 0.1 4.5 ± 0.2
P10 80 ± 29 20 ± 12 4.3 ± 0.2 86.7 ± 1.2 3.1 ± 0.5 1.5 ± 0.2 4 ± 0.3
P15 96 ± 33 17 ± 10 4.6 ± 0.7 87.2 ± 0.5 2.6 ± 0.4 3.2 ± 0.5 3 ± 0.3
P20 68 ± 30 13 ± 8 6 ± 0.8 88.2 ± 1.2 1.5 ± 0.2 3.7 ± 0.1 1.8 ± 0.2

Figure 5. RTD curves of P5, P10, P15, and P20 poly-Pickering-HIPE micromixers at Q = 0.6 mL/min (A) and Q = 1.2 mL/min (B).

Figure 6. RTD curves of P5 and P10 poly-Pickering-HIPE
micromixers with a diameter of 12 and 6 mm and the Kenics helical
static mixer at Q = 1.2 mL/min (A), and a photo of the Kenics helical
static mixer (B).
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open cell millireactors48 but also in commercial multichannel
chip reactors and static mixers.10,49 Even though E(t) of poly-
Pickering-HIPE micromixers showed tailing, they do not
contain any irregularities or non-uniform peaks, which would
indicate fluid maldistribution, such as recirculation, flow in
parallel channels, or bypassing of the micromixer.44,49 Meńdez-
Portillo et al.49 quantified the RTD of commercial SAR
micromixers, whose RTD curves showed irregularities as a
result of recirculation, when the velocity ratio between the
mainstream and tracer injection was ≤1. In order to compare
the RTD of our poly-Pickering-HIPE micromixers with the
SAR mixers characterized by Meńdez-Portillo et al.,49 we did
test them at a velocity ratio between the tracer and the
mainstream flow of <2 but did not observe any irregularities
(Figure S8). Because of the interconnected structure of poly-
Pickering-HIPEs, fluid can also interact with each other in the
radial direction, and thus, problems causing the maldistribution
of fluid were avoided.
Poly-Pickering-HIPEs with diameters of 6 and 12 mm

(Figure 6) were fabricated in order to investigate the radial
dispersion of our P5 and P10 micromixers. Micromixers with
diameter 6 mm had significantly shorter residence times than
the 12 mm diameter micromixers (Table 2) since the
dispersion of fluids in the radial direction was limited. Those
thinner micromixers also possessed an asymmetrical RTD with
tailing. The poly-Pickering-HIPEs consisted of multiple pores
and pore throats in radial and axial directions forming many

parallel but interconnected mixing channels, which could have
caused the tailing in the RTD. Furthermore, the RTD curves
were compared with that of a 3/8″ diameter 12 helix Kenics
static mixer. The static mixer could only be tested at a flow rate
of 1.2 mL/min. The peak of E(t) of the static mixer occurred
slightly earlier than that of the 6 mm poly-Pickering-HIPE
micromixers, which is due to its simpler single channel
structure (Figure 6).
To investigate the scalability, micromixers were also

fabricated from 25 mm diameter poly-Pickering-HIPEs. The
RTD could not be determined for 60 mm long micromixers
due to their high back pressure (too high for our syringe
pump), but it could be analyzed for 30 mm long micromixers.
The RTD curve was showing very high tailing and asymmetry
due to the high radial dispersion in larger diameter
micromixers (Figure S9). Therefore, we did not further
characterize these mixers.
From RTD of micromixers operated at different flow rates

(Figure 5) and two diameters (Figure 6), the mean residence
time (tm) of poly-Pickering-HIPE micromixers and the static
mixer was determined (Table 2). Increasing the flow rate and
decreasing the diameter of the micromixers resulted in
decreasing tm. However, the measured tm of the micromixers
was slightly lower than the calculated τ for a flow rate of 1.2
mL/min (τ = 240 ± 5 s). Since all poly-Pickering-HIPEs had
the same porosity and dimensions, τ was the same for all
micromixers. The deviation between τ and tm was higher for

Table 2. Mean Residence Time tm, Axial Dispersion Number Dax/uL, and the Coefficient of Determination R2 Obtained by
Fitting of the Axial Dispersion Model to the RTD of Poly-Pickering-HIPE Micromixers and the Kenics Static Mixer at Two
Different Volumetric Flow Rates

sample name

tm (s) Dax/uL (×10−2) R2

0.6 mL/min 1.2 mL/min 0.6 mL/min 1.2 mL/min 0.6 mL/min 1.2 mL/min

P5a 370 179 4 ± 0.5 3 ± 0.05 0.96 0.95
P10a 400 212 6 ± 0.2 2 ± 0.04 0.62 0.93
P15a 307 133 6 ± 0.1 3 ± 0.06 0.72 0.96
P20a 310 150 8 ± 0.2 4 ± 0.2 0.71 0.79
P5b 129 62 3 ± 0.01 3 ± 0.1 0.92 0.9
P10b 138 73 3 ± 0.03 4 ± 0.08 0.99 0.97
static mixer 40 8.8 ± 0.3 0.92

aMicromixers fabricated with 12 mm diameter monoliths. bMicromixers fabricated with 6 mm diameter monoliths.

Figure 7. Fits of the axial dispersion model to the RTD (E(t)) of P5 (A) and P20 (B) micromixers with diameters of 12 mm at Q = 1.2 mL/min.
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micromixers operated at a lower flow rate and increased with
increasing DoI of the poly-Pickering-HIPE micromixers. The
smaller tm was caused by the dead volumes around the inlet
and outlet tubes. The Kenics static mixer had a significantly
smaller mean residence time (40 s) than the P5 and P10
micromixers of similar diameters (62 and 73 s, respectively).
As a result of the single channel helical design of the static
mixer, the dispersion of the tracer was faster.
Levenspiel44 showed that the axial dispersion model (eq 13)

can be fitted to the RTD if the axial dispersion number Dax/uL
> 0.01. Dax describes the degree of back mixing during flow,
which is different from mixing in the radial direction occurring
due to molecular diffusion.44 Figure 7 shows the fitted axial
dispersion model to the RTD of P5 and P20 micromixers. The
dispersion model fitted for RTD of P5 micromixer reasonably
well. However, a larger deviation between the dispersion model
and the RTD was observed for the P20 micromixer. The large
DoI of the P20 monolith allowing for increased radial
dispersion was responsible for the observed deviation between
model and the measured RTD. The coefficient of determi-
nation R2 of the fitted models was lowest for P20 at a 1.2 mL/
min flow rate (Table 2). The reason for this behavior could be
the high DoI of P20, which allowed for mixing in the radial
direction. Therefore, the fluctuation increased as a result of the
difference in the flow velocities between the pore walls and the
center of pores within the micromixer, thus causing the higher
deviation from the dispersion model (Table 2).
Table 2 shows the axial dispersion number of micromixers at

different flow rates and tm, which were determined by fitting
the dispersion model to the RTD. Furthermore, at a flow rate
of 0.6 mL/min, we observed broadening of the E(t) curves for
all micromixers (Figure 5) and as a result, the axial dispersion
number increased as well (Table 2 and Figure S10). However,
for micromixer P5, we observed the lowest deviation at a flow
rate of 0.6 mL/min. This micromixer had the lowest DoI,
which limited the spread of the liquid in the radial direction.
Levenspiel44 stated that the axial dispersion model can be
employed only if Dax/uL < 1. The obtained average values for
Dax/uL were in the range of 0.02−0.08 for poly-Pickering-
HIPE micromixers (Table 2), indicating that the mixing
performance in the poly-Pickering-HIPE micromixers is
diffusion controlled under our experimental conditions. The

axial dispersion number (Dax/uL) increased with the
decreasing flow rate, resulting in the increased asymmetry
and tailing of the E(t) curves, which indicates decreasing
dispersion, which would result in an increasing reaction
control.
The P10 micromixers with diameters of 12 and 6 mm had

axial dispersion numbers of 4 × 10−2 and 2 × 10−2 at 1.2 mL/
min with R2 of 0.93 and 0.97, respectively (Figure 8A,B).
However, the axial dispersion number of the P10 micromixer
with a diameter of 12 mm increased with the decreasing flow
rate (Table 2) as a result of larger number of interacting flow
channels along the micromixer. Furthermore, we compared the
dispersion model of our P10 micromixers with that of the
commercial static mixer, for which the deviation from the
model is higher, especially in the tail part of the curve (Figures
8C and6). The axial dispersion number for the static mixer is
8.8 × 10−2, which is an indication of the increased spread of
the RTD caused by velocity differences in the radial direction
of the static mixer (Table 2). Gobert et al.10 used the
convection model to describe the RTD of the Kenics static
mixer, which however, does not produce a decent fit.
Therefore, we also choose to use the dispersion model to
describe the static mixer. This model describes the
experimental RTD with a lower deviation than the convection
model. Additionally, Gobert et al.10 used the axial dispersion
model to describe commercial SAR chip micromixers. They
report axial dispersion numbers that are approximately three
times lower than ours. The reason for the higher axial
dispersion numbers of poly-Pickering-HIPE micromixers is
that they have larger pore throat diameters, resulting in a
higher DoI between possible flow paths (Figure 2), which
results not only in increased radial dispersion but also
increased fluctuation between the pore walls and the pore
centers within the micromixers compared to SAR chip
micromixers, consisting of parallel microchannels. The
dispersion model of the rest of the poly-Pickering-HIPE
micromixers can be found in the Supporting Information
(Figure S10).
The dimensionless RTD, E(Θ), of 12 mm diameter poly-

Pickering-HIPE micromixers operated at a flow rate of 1.2 mL/
min are shown in Figure 9. An increasing DoI of the
monolithic poly-Pickering-HIPE micromixers resulted in a

Figure 8. Fits of the axial dispersion model to the RTD [E(t)] of micromixers with diameters of 12 mm (A) and 6 mm (B) micromixers fabricated
using P10 and of the Kenics static mixer (C).
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larger spread of the RTD (see also Figure 5). The flow
entering the micromixers with a high DoI can be easily divided
over several possible parallel paths compared to that in
micromixers with a lower DoI. Moreover, the radial dispersion
between those parallel flow paths through their pore throats
was higher in micromixers with a higher DoI, which resulted in
larger spread in the RTD. A large RTD spread was shown in
the literature for many SAR-type micromixers.10,49,50

When operating the micromixers at Q = 0.6 mL/min, we
observed that the RTD shifted to a shorter dimensionless time
(Figure S11) and an increased asymmetry of the curve
resulting in a higher skewness of the RTD (Figure 11). Even
lower volumetric flow rates result in a smaller difference in the
flow velocities between the pore walls and the pore center parts
in the micromixer but resulted in a higher asymmetry (i.e.
skewness), which was already shown in the literature.49−51

The dimensionless RTD, E(Θ), of P5 micromixers having
diameters of 6 and 12 mm and the Kenics static mixer are
shown in Figure 10. By decreasing the diameter of the
micromixers, E(Θ) shifted to shorter dimensionless times, even
though the skewness of the micromixer having a diameter of 6
mm was significantly smaller than that of 12 mm diameter
micromixers (Figure 11B). Regardless of the flowrate and,
hence Re, the CoV (CoV = 0.41) of the P5 micromixer with a
diameter of 6 mm diameter and P20 with 12 mm diameter is
larger than all of other poly-Pickering-HIPE micromixers (CoV
= 0.31), indicating less tailing and thus a flow behavior closer
to plug flow. However, all micromixers have a much smaller
spread and less tailing than the static (Kenics) mixer (Figure
10). The static mixer created vortices, which helped improve
the mixing performance when compared to an empty tube.10

However, it also causes flow velocity differences throughout
the mixer, which cause asymmetry and tailing. The
interconnected structure of poly-Pickering-HIPE micromixers
reduced the flow velocity differences, as compared with the
static mixer.
CoV of poly-Pickering-HIPE micromixers having diameters

of 6 and 12 mm as a function of Rep were compared with the

commercial static (Kenics) mixer (Figure 11A). The flow
through a P20 micromixer having the largest DoI and
consequently the lowest Rep possessed the largest deviation
from the dispersion model (Table 2). Micromixer P20 had the
highest CoV because of its high radial dispersion caused by the
high openness (DoI) of its pore structure (Figure 11A). A
decreasing DoI of the 12 mm diameter micromixers, reducing
the axial dispersion, resulted in an increased Rep, which caused
CoV to reduce. The commercial static mixer (Re = 122) has
the highest CoV (Figure 11A) because of the higher diffusion
distance in this mixer due to its simpler channel structure,
which reduced the contribution to radial mixing, thus
increasing the axial dispersion number Dax/uL (Table 2). We
determined the same CoV for this static mixer as reported in
the literature,10 showing the reliability of our measurement
technique. Moreover, analyzing the skewness is helpful to
estimate the differences between RTD. All curves had a
positive skewness, as seen in Figure 11B. The higher the
skewness, the greater the asymmetry and tailing of the RTD
(Figure 5). The skewness of the RTD of poly-Pickering-HIPE
micromixers decreased with increasing Rep, due to the smaller
radial dispersion of liquids along the micromixers (Figure
11B). The 6 mm diameter micromixers had the lowest
skewness because of the small distance between the central
part of the micromixers and their wall and thus a smaller flow
velocity difference across the mixers.
Figure 12 shows that the acid-catalyzed decomposition yield

of DMP is lower when the reaction mixture is passed through
poly-Pickering-HIPE micromixers (on average 2.5%) in
contrast to the spiral static mixer resulting in a decomposition
yield of 17%. This indicated that fluids mixed more efficiently
and more homogeneously within the pores of macroporous
polymers resulting in more consistent decomposition yields. As
discussed previously, the axial dispersion number and CoV of
the static mixer were highest compared with the poly-
Pickering-HIPE micromixers (Table 2 and Figure 11A).
Tebboth et al.13 compared the mixing performance for the
same competitive reaction for polyHIPE flow cells to a spiral
static mixer and found a yield of the acid-catalyzed DMP
decomposition of 22.2%. The reason for the higher yield
(compared to ours) was the lower total flow rate of the

Figure 9. Dimensionless RTD E(Θ) of the poly-Pickering-HIPE
micromixers having diameters of 12 mm and P5, P10, P15, and P20 at
a flow rate of 1.2 mL/min. Please note that the perturbation at the
beginning of the measurement was caused by the injection pulse of
the tracer.

Figure 10. Dimensionless RTD E(Θ) of the P5 micromixers having
diameters of 6 and 12 mm and the Kenics static mixer operated at Q =
1.2 mL/min.
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reaction mixture, which was 1 mL/min, and the time elapsed
between sample collection and HPLC analysis.
Tebboth et al.13 investigated the micromixing performance

of a poly-Pickering-HIPE flow cell, with a similar morphology
to P5. They reported a DMP decomposition yield of 23.1%
when operating the flow cell at a total flow rate of 1 mL/min.
The main reason for this difference in the decomposition yield
is the micromixer design. In their case, fluids were directly
pumped from the top of the monolith placed into a steel tube
and collected at the bottom end. We, however, placed inlet and
outlet tubes directly into the monolith which resulted in
improved mixing of the fluids, especially before exiting the
micromixer (Figure 3). Our design was the result of testing
these micromixers to create stable emulsions; when testing the
micromixers without an outlet tube, that is, collecting the

emulsion directly at the bottom end of the micromixer, we did
not obtain a stable emulsion. However, highly stable and
viscous emulsions were produced using the current design
(Figure 3). Details will be reported at the later stage.

■ CONCLUSIONS

Macroporous polymers with increasing DoI were produced by
polymerization of particle-stabilized emulsions to which
surfactants were added and characterized with respect to
their suitability as micromixers. The DoI increased with
increasing amount of surfactants, which were added to the
primary Pickering-HIPE prior to polymerization. With
increasing DoI, the tortuosity decreased, while gas permeability
of the poly-Pickering-HIPEs increased indicating less resist-
ance to fluid flow, which is also reflected in the decreasing Rep
for water pumped through the micromixer. We used these
poly-Pickering-HIPEs to produce micromixers whose mixing
performance was characterized by RTD and two competitive
parallel reactions. The axial dispersion numbers were
determined by fitting the appropriate Levenspiel axial
dispersion model to the RTD. The axial dispersion numbers
were in the order of Dax/uL = 0.03 to 0.08, depending on the
morphology and dimensions of the polyHIPE monoliths used
in the micromixer. An increasing openness of the polyHIPE
monoliths resulted in increased axial dispersion numbers. The
fluid flow through the most effective micromixer (P10-12 mm)
with the lowest CoV (0.27) and low axial dispersion number
(0.02) operated at a flowrate of 1.2 mL/min approached plug
flow. Increasing the openness of the polyHIPEs used in the
micromixers resulted in lower Rep and reduced mixing
performance because of increased radial mixing, which caused
tailing. Poly-Pickering-HIPE micromixers were compared with
a commercial 12 helix Kenics static mixer and had a better
mixing performance. The Kenics static mixer had a spread CoV
= 0.53 and axial dispersion number of 0.09, which was in
agreement with literature data. Moreover, their micromixing
performance was also tested using the 4th Bourne competitive
parallel reactions, and all polyHIPE micromixers had DMP
decomposition yields of about 2.5%, while the yield in the

Figure 11. Spread expressed as CoV (A) and skewness s (B) of poly-Pickering-HIPE micromixers as a function of Rep for micromixers with
diameters of 6 and 12 mm operated at Q = 0.6 and 1.2 mL/min compared with the Kenics static mixer (blue triangle) operated only at Q = 1.2
mL/min.

Figure 12. Acid-catalyzed decomposition yield of DMP as a result of
competitive parallel reactions occurring in poly-Pickering-HIPE
micromixers having various Rep, diameters of 6 and 12 mm operated
at flow rates of 0.6 and 1.2 mL/min, and the Kenics static mixer
operated at a flow rate of 1.2 mL/min as a function of the mean
residence time Rep.
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static Kenics mixer was 17%, again indicating a poorer mixing
performance.
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■ ABBREVIATIONS
C(t) tracer concentration (mol L−1)
D Darcy (1 D = 9.87 × 10−13 m2)
Dh hydraulic pipe diameter (m)
Dax axial dispersion coefficient (m2 s−1)
dp average pore diameter (μm)
dpt average pore throat diameter (μm)
E(t) exit age distribution function (s−1)
ki reaction rate constant (m3 kg−1 mol−1 s−1)
K permeability coefficient (m2 s−1)
k gas permeability (D)

P porosity (%)
Q flow rate (mL/min)
s skewness (s)
t time (s)
tm mean residence time (s)
u linear flow velocity (m s−1)
up average pore flow velocity (m s−1)
T tortuosity (-)
A absorbance (-)

■ GREEK LETTERS
μ dynamic viscosity (Pa·s)
ρ fluid density (g cm−3)
σ variance (s)
τ average residence time (s)
ε molar extinction coefficient (L mol−1 cm−1)
ρs skeletal density (g cm−3)
ρf foam density (g cm−3)
κp conductivity (S cm−1)
Θ normalized time
E(Θ) normalized exit age distribution function

■ DIMENSIONLESS GROUPS
Dax/uL axial dispersion number
Re Reynolds number
Rep pore Reynolds numbers

■ ACRONYMS
AIBN α,α′-azoisobutyronitrile
CoV covariance
DMP 2,2-dimethoxypropane
DoI degree of interconnectivity also called openness
DVB divinyl benzene
HDK H20 hydrophobic pyrogenic silica particles
HIPE high internal phase emulsion
polyHIPE polymerized high internal phase emulsion
RTD residence time distribution
SAR split-and-recombination micromixer
SEM scanning electron microscopy
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Gas permeability of poly-Pickering-HIPEs. The permeability coefficient  was calculated as 𝐾

described by Manley et al.:1
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𝐾 =
𝑄2𝑃2𝐿
𝛥𝑃𝐴 =

𝑉(𝑑𝑃2

𝑑𝑡 )𝐿

𝑃1𝐴 =
𝑘
µ𝑃𝑚 +

4
3𝐾0

8𝑅𝑇
𝜋𝑀 #(S1)

where,  is the volumetric flow rate downstream,  the downstream pressure,  the pressure 𝑄2 𝑃2 ∆𝑃

difference across the samples,  cross-sectional area of sample,  length of sample,  beginning 𝐴 𝐿 𝑃1

pressure,  fluid viscosity,  a known volume,  the slip coefficient,  the molecular weight of 𝜇 𝑉 𝐾0 𝑀

the transport species,  the gas constant,  the absolute temperature and the time. The viscous 𝑅 𝑇 𝑡 

permeability  was derived from the gradient of the linear plot of the permeability coefficient  𝑘 𝐾

vs.  (mean pressure) (Figure S1).𝑃𝑚
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Figure S1: Permeability coefficient K of poly-Pickering-HIPEs (P05-P20) as function of mean 

pressure Pm
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Impedance Spectroscopy. The impedance of poly-Pickering-HIPEs was determined using a 

custom-made measurement cell as described in previous work studied by our group.2 Briefly, the 

measured impedance response is modeled using the equivalent circuit by substituting constant 

phase elements (CPEs) with impedance and exponents : 𝛼 < 1

𝑍𝐶𝑃𝐸1 =
𝑄𝑖

(𝑖𝜔)𝛼1
 #(S2)

where  is related to the electrode capacitance,  is the angular frequency,  imaginary number.𝑄𝑖 𝜔 𝑖
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Figure S2. The impedance spectrum (1 Hz to 100 kHz) of poly-Pickering-HIPEs as well as the 

corresponding regression with an equivalent-circuit model and their Nyquist plot (on the corner of 

the image)

79



Determination of the RTD.

0 2 4 6 8 10
-7

-6

-5

-4

-3

-2

-1
Vg

 Linear fit of Vg

V
g 

(V
ol

ts
/g

ai
n)

CKCl (mg/mL)

Intercept -6.99232 ± 0.04418
Slope 0.60435 ± 0.00751
R-Square (COD) 0.99954

Figure S3: Refractive index increment (dn/dc) of KCl solutions with various concentrations 

obtained from the refractive index measurement ( )𝑉𝑔

Calibration curve of acetone by UV-Vis Spectroscopy
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Figure S4. Absorbance of known acetone concentrations in water

Thermal Gravimetric Analysis (TGA) of Poly-Pickering-HIPE monolith

Thermal gravimetric analysis (TGA) of poly-Pickering-HIPEs was performed from room 

temperature to 800°C using a TA instrument Discovery TGA (Discovery SA, TA Instrument, 

Eschborn, Germany) at a heating rate of 10°C/min in a nitrogen atmosphere.
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Figure S5. TGA of P10 monolith from 30°C to 800°C under N2 atmosphere 

The morphology of poly-Pickering-HIPE

Figure S6. A typical SEM image of poly-Pickering-HIPE produced by polymerization of 

Pickering-HIPE stabilized with 3 w% HDK H20
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Pressure drop measurement over poly-Pickering-HIPE micromixers

A titration burette filled with 60 mL water was connected to P5 poly-Pickering-HIPE micromixer 

to determine its backpressure and the outlet tube was open to atmospheric pressure. The valve of 

the burette was opened, and water flowed through the micromixer. Water flow stopped, when the 

hydrostatic pressure of the water column became equal to the backpressure of the micromixer. The 

hydrostatic pressure  applied to the micromixer was calculated as follows:𝑝

𝑝 = 𝜌 ∙ 𝑔 ∙ ℎ #(𝑆3)

where  is the density of water (997 kg/m3), g the acceleration due to gravity and h height of the 𝜌

remaining water column. The pressure drop was found as 54.3 mbar for the micromixer fabricated 

from poly-Pickering-HIPE having the lowest DoI and gas permeability.

The pressure drop of poly-Pickering-HIPE micromixers were determined by injecting water from 

0.6 to 4.8 mL/min using a HPLC pump (1290 Infinity HPLC, Agilent Technologies, Österreich 

GmbH, Vienna, Austria). The pressure drop p of P5 micromixer was derived from the gradient of 

the linear plot of the pressure p vs. flow rate (Figure S7).
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Figure S7. The pressure drop p of P5 micromixer from 0.6 to 4.8 mL/min water flow rate.

RTD of poly-Pickering-HIPE micromixers tested at various injection ratios
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Figure S8. RTD curves of P10 micromixer with a diameter of 12 mm at  = 1.2 mL/min 𝑄
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RTD of 25 mm diameter poly-Pickering-HIPE micromixer
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Figure S9. RTD curve of poly-Pickering-HIPE micromixer fabricated from P10 monolith having 

25 mm diameter and 30 mm length
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a b s t r a c t

Micromixers made from emulsion templated macroporous polymers (poly-Pickering-HIPEs) were used to
continuously produce polymerizable high internal phase emulsions (HIPE) by injecting a monomer con-
taining continuous phase and aqueous internal phase into micromixers. The interconnected and complex
flow path through poly-Pickering-HIPE micromixers resulted in effective mixing by creating local vortices
and shear. The emulsion phase volume fraction of the produced HIPE templates can be varied during the
process. PolyHIPEs with a porosity gradient ranging from 74% to 89% were produced by altering the phase
volume ratio during emulsification in poly-Pickering-HIPE micromixers. The average pore size of the pro-
duced polyHIPEs can be tailored by using poly-Pickering-HIPE micromixers with degrees of interconnec-
tivity ranging from 0.028 to 0.06. The lower the degree of interconnectivity of the micromixer the smaller
the droplet size of the produced HIPEs and thus the average pore size of the resulting polyHIPEs.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Polymerised High Internal Phase Emulsions (polyHIPEs) are
macroporous polymers produced by polymerisation of the
monomer-containing continuous phase of high internal phase

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2021.117296&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ces.2021.117296
http://creativecommons.org/licenses/by/4.0/
mailto:alexander.bismarck@univie.ac.at
https://doi.org/10.1016/j.ces.2021.117296
http://www.sciencedirect.com/science/journal/00092509
http://www.elsevier.com/locate/ces


H. Barkan-Öztürk, A. Menner and A. Bismarck Chemical Engineering Science 252 (2022) 117296
emulsions (HIPEs) and subsequent removal of the internal phase,
which exceeds 74% of the total volume of the emulsion. (Menner
et al., 2006; Cameron, 2005; Foudazi, 2021) Emulsions are used
as a template to produce macroporous polymers with tailored
mechanical and morphological properties. PolyHIPEs are useful
macroporous polymers, which are of interest for a wide range of
applications both in laboratories and industries, such as filters,
(Ikem et al., 2014) stationary phase in chromatography, (Desire
et al., 2017) separators in energy harvesters, (Jiang et al., 2017)
in flexible batteries, (Danninger et al., 2020) or as tissue engineer-
ing scaffolds, (Owen et al., 2016) or as adsorbent pats in diapers.
(Hubbard, 2014) Researchers also started to explore polyHIPEs as
a flow-through reactors or micromixers. (Tebboth et al., 2015;
Brown et al., 2005; Tebboth et al., 2015; Bolton et al., 2006;
Barkan-Öztürk et al., 2021) Tebboth et al. (Tebboth et al., 2015)
produced micromixers from polyHIPEs and showed its effective-
ness to extract caffeine from an aqueous solution with ethyl
acetate.

PolyHIPEs are permeable; When fluids pass through the pore
structure of polyHIPEs, the flow is split and recombined at pore
throats resulting in well-mixed fluids. (Barkan-Öztürk et al.,
2021) Usually micromixers consist of microscale channels, in
which the flow is laminar. Fluids to be mixed flow parallel to each
other and mixing occurs by molecular diffusion. The high surface-
to-volume ratio in microscale channels enhances the contact area
between fluids thus improving heat and mass transfer efficiency.
(Bayareh et al., 2020) Moreover, the contact area between mixing
species, thus the interface for molecular diffusion, can be increased
by designing the microchannel allowing to manipulate the flow
redirecting it so that small vortices occur along the channel. In gen-
eral, micromixers have many advantages over macroscale mixers,
including better control of physical reaction parameters, fast and
controllable mixing, lower energy consumption and, therefore,
reduced costs. (Capretto et al., 2011; Nimafar et al., 2012) These
advantages of micromixers made them attractive microreactors
for continuous production of pharmaceuticals and miniaturized
analytical systems for chemistry and biology. (Bayareh et al.,
2020; Capretto et al., 2011; Nguyen, 2012) Moreover, micromixers
and static mixers were used for laminar flow emulsification.
(Christopher and Anna, 2007; Elsing et al., 2017; Kiss et al., 2011)
The flow of the oil and water phases is controlled via complex
microscale geometries of micromixers, which enable the deforma-
tion of the dispersed phase and droplet breakup resulting in stable
emulsions. (Christopher and Anna, 2007) Most of these emulsifying
micromixers are microfluidic devices, in which droplet formation
occurs because the viscous shear forces exceed the interfacial ten-
sion force rather than by mixing the fluids. (Capretto et al., 2011;
Nimafar et al., 2012; Christopher and Anna, 2007) Droplets are cre-
ated in such devices by breaking up the dispersed phase using an
orifice or an obstacle by co- or cross-flowing streams or stretching
dominated flow. However, the production speed is very low (ml
h�1) due to the microscale single channel flow, (Christopher and
Anna, 2007; Stubenrauch et al., 2018) and furthermore the struc-
ture of the micromixer limits the average droplet size of the emul-
sions to 50 mm. (Elsing et al., 2017; Kiss et al., 2011) On the
contrary, static mixers consist of motionless mixer elements that
generate emulsions by dividing and re-uniting fluid flow, which
can be laminar or turbulent depending on the hydraulic diameter
of the device. (Kiss et al., 2011)

Emulsions have found many application areas, including food
products,(Muijlwijk et al., 2015) pharmaceutical and agrochemical
formulations, as well as paints (Tadros, 2010) or as templates to
produce macroporous polymers. (Menner et al., 2006) In order to
create a stable emulsion, an interface between the immiscible
phases needs to be created and stabilised. The interface is generally
produced by turbulent agitation methods both in industry and lab-
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oratory (Menner et al., 2006; Foudazi, 2021; Paul et al., 2004) and
stabilised using suitable emulsifiers, such as surfactants or parti-
cles. According to Kolmogorov (Kolmogorov, 1949) and Hinze,
(Hinze, 1955) large shear and pressure gradients lead to droplet
break-up of liquid–liquid dispersions in turbulent flow by generat-
ing eddies in the fluid usually by homogenizers, ultrasonicators or
mixing devices. Static mixers are also used to create emulsions
continuously in either laminar or turbulent regime. (Kiss et al.,
2011) However, according to the literature their application is
mainly limited to dilute systems with less than 35 vol%.
(Chabanon et al., 2017) HIPEs were produced using T-shape junc-
tion microfluidic devices using cross-flowing streams, (Montillet
et al., 2013) flow focusing devices, (Elsing et al., 2017; Costantini
et al., 2019) or co-flow geometries. (Lapierre et al., 2015;
Gokmen et al., 2009) However, the droplet size of those HIPEs
was strongly dependent on the orifice and channel diameters of
the microfluidic devices, their flow rates and also the rheological
properties of the phases. (Costantini et al., 2019; Gokmen et al.,
2009; Kim et al., 2014) Another bottleneck of microfluidic devices
is that the dispersed phase volume fraction of the produced emul-
sions cannot be tailored during emulsification. Thus in order to
produce HIPEs it is necessary for the emulsion droplets to sediment
at the end of the emulsification to achieve the desired volume frac-
tion followed by removal of excess continuous phase, which limits
the applicability of the process. (Elsing et al., 2017; Dabrowski
et al., 2020)

Alternatively, polyHIPE monoliths can be used as micromixers
because of their interconnected 3-dimentional porous structure
in which miscible fluids can be successfully mixed in laminar flow
regime. (Barkan-Öztürk et al., 2021; Tebboth et al., 2015) The inter-
connected structure of polyHIPEs redistributes fluids through the
pore throats in the radial direction, thereby creating eddies in
the fluid by the pressure drop between pores across pore throats.
Increased shear and pressure gradients can cause droplet break-
up, which leads to liquid–liquid dispersion and, therefore, emulsi-
fication. We quantified the micromixing performance of high
porosity, permeable poly-Pickering-HIPEs, which were produced
by polymerisation of Pickering-HIPE templates stabilised by
hydrophobized silica nanoparticles. (Barkan-Öztürk et al., 2021)

Herein we show that poly-Pickering-HIPE micromixers can be
used to produce HIPEs continuously. HIPEs were created faster
than most used flow-focusing microfluidic devices with an adjusta-
ble emulsion phase volume fraction. (Christopher and Anna, 2007;
Costantini et al., 2014) We analysed the effect of flow rate, immis-
cible fluid ratio and the morphology of poly-Pickering-HIPE
micromixers on the average droplet size, which was studied after
polymerisation of the produced HIPE templates. (Lissant, 1966)
Moreover, we will prove that the three-dimensional structure of
poly-Pickering-HIPE micromixers is well suited to create highly
viscous emulsions, which can be used directly as ink in printing
processes. We will also demonstrate that it is possible to produce
a continuous porosity gradient in macroporous polymers by chang-
ing the flow parameters during emulsification.
2. Experimental section

2.1. Materials

Styrene (St) � 99%, divinylbenzene (DVB) 80%, a,a0-azoisobutyr
onitrile (AIBN), calcium chloride dihydrate (CaCl2�2H2O) � 99%,
sorbitan monooleate (Span 80), ethylhexyl acrylate (EHA), ethylene
glycol dimethacrylate (EGDMA) were purchased from Sigma-
Aldrich. Hydrophobic pyrogenic silica particles HDK H20 were
kindly provided by Wacker Chemie AG (Germany), polyurethane
diacrylate (Ebecryl 8402, PUDA) by Cytec (Diegem, Belgium) and
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the surfactant Hypermer B246 by Croda (East Yorkshire, UK). 2-H
ydroxy-2-methyl-1-phenyl-propan-1-one (Darocur 1173) was
purchased from BASF (Kaisten, Germany). Araldite rapid adhesive
was purchased from Rapid Electronics Limited (Essex, UK) and Ara-
ldite 2020 from Farnell Element14 (Salzburg, Austria). The shrink
tube was supplied by Conrad Electronic GmbH (Vienna, Austria).
All materials were used as received.

2.2. Preparation of poly-Pickering HIPEs

The procedure for the preparation of poly-Pickering-HIPEs was
described in detail elsewhere. (Barkan-Öztürk et al., 2021) Briefly,
the continuous phase (CP) of Pickering-HIPEs was prepared by
homogenising styrene and DVB (1:1) and 3% (w/v) HDK H20 using
a dispenser (Kinematica POLYTRON PT 1600 E, Malterz, Switzer-
land) for 15 min at 15,000 rpm. Afterwards, the mixture was trans-
ferred into a reaction vessel and 1 mol% AIBN (with respect to the
double bonds of the monomers) was added. The aqueous internal
phase contained 40 g/L CaCl2 and was added slowly into the CP
under constant agitation at 400 rpm. After complete addition of
dispersed phase, the mixture was emulsified at 400 rpm for
3 min. To obtain interconnected poly-Pickering-HIPEs, (Ikem
et al., 2010) different amounts of surfactant (Span 80) (5, 10, 15
or 20 vol% with respect to the continuous phase amount) were
added to the Pickering-HIPEs and mixed for an additional 30 s to
disperse the surfactant. Afterwards, the emulsions were trans-
ferred from the reaction vessel into polypropylene centrifuge tubes
(Di = 12 mm) and polymerised at 70 �C in a convection oven for 4 h.
Afterwards, the monoliths were removed from the tubes and
washed with water and then with acetone to remove the elec-
trolyte and impurities, respectively. Monoliths were called P05,
P10, P15 and P20 based on the surfactant amount added to the
Pickering-HIPEs formulation.

2.3. Preparation of poly-Pickering-HIPE micromixers

The micromixers were designed heuristically by placing the
inlets and outlet tubes into various places in poly-Pickering-HIPE
monoliths as shown in Fig. 1 to access their emulsification perfor-
mance. Initially, two holes for inlet tubes were drilled to a depth of
5 mm in 3 different positions into the top of the monolith as indi-
2 3 41

V2

H2

V1

H1

O2

O1

Fig. 1. Schematic showing the fabrication process of poly-Pickering-HIPE
micromixers: 1) drilling inlet and outlet connector holes (V for vertical placing, H
for horizontal and O for outlet tube positions), 2) sealing the tubes into the drilled
holes with epoxy resin, 3) covering the outer surface of the monolith with epoxy
resin, 4) sealing with shrink tube and pouring epoxy resin on top of the flow cell.
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cated in Figure 1.1 (positioned vertical V and horizontal H). In
total, three different arrangements for the inlet tube positions were
tried; parallel to each other on top of the monolith (V1 and V1), or
perpendicular to each other (V1 and H2), of which one of the tubes
was on top, the other 5 mm below the top of the monolith as well
as opposite to each other 5 mm below the top of the monolith (H1
and H2). Two PTFE 1/1600 tubes were sealed into the holes with
highly viscous Araldite� Rapid two-phase epoxy resin. The same
procedure as described above was performed for the outlet tube
(position O1 and O2 were tested). The monolith surface was sealed
with highly viscous epoxy resin to create an impermeable barrier
(Figure 1.2). The sealed monolith was placed into a heat shrink
tube to provide extra protection (Figure 1.3). Finally, the feed
tubes were additionally sealed with Araldite� 2020 (Figure 1.4)
and the epoxy resin was cured in a convection oven at 70 �C for 4 h.

The micromixing performance of poly-Pickering-HIPE
micromixers was characterised in previous work. (Barkan-Öztürk
et al., 2021)
2.4. Experimental setup of emulsification with poly-Pickering-HIPE
micromixers

Continuous emulsification of an aqueous and organic (mono-
mer) phase using poly-Pickering-HIPE micromixers was performed
in the setup schematically shown in Fig. 2. The micromixer was
connected to two syringes placed into syringe pumps (PHD Ultra,
Harvard Apparatus, UK, and Masterflex� Touch-Screen Syringe
Pump, Cole-Parmer, Germany, respectively) via separate inlet
tubes. One syringe contained monomers, surfactant and initiator
and the other aqueous electrolyte (Table 1). The flow rates of the
aqueous internal phase (IP) and organic monomer phase (CP)
was varied between 0.1 and 3 mL/min. We confirmed that total
flow rate is the sum up of individual flow rates (Table S1-3). To
identify the optimal micromixer design for emulsification, P5 and
P10 micromixers fabricated using the designs shown in Figure 1.1
were tested using a PUDA-EHA mixture as CP and an aqueous IP
using flow rates of 0.2 and 0.6 mL/min, respectively. The most
effective micromixer design was found to be design 4 in Fig. 1,
where inlets were positioned vertical (V1-V2) at the top and outlet
horizontally into the bottom part of the micromixer (O2). HIPEs
were produced using three different CP formulations (Table 1) at
various flow rates and flow ratios between CP and IP (see ESI
Table S1-3). Emulsions were collected at the outlet tube after the
mean residence time tm of the liquids in the micromixers (Table 2)
and polymerised either by UV initiation using a UV pen (365 nm,
5% intensity, UV-Gröbel GmbH, Ettlingen, Germany) placed 2 cm
away or in an oven operated at 70 �C depending on the initiator
used in the formulation (Table 1). The pressure drop along the
poly-Pickering-HIPE micromixers was measured using a pressure
transducer (Tecsis GmBH, Offenbach am Main, Germany) fitted
between both CP and IP syringes and micromixer during emulsifi-
cations (Table S4-5). Between each set of experiments the
micromixers were rinsed with water. At the end of the emulsifica-
tion, micromixers were cleaned by injecting water followed by
ethanol. Each micromixer was used at least 10 times and re-
tested 3 months later after the first set of experiments.

The energy dissipation rate e (W/kg) per unit mass of fluid is
related to the pressure drop Dp across a micromixer and the flow
rate Q as follows: (Falk and Commenge, 2010)

e ¼ Q � Dp
q � V ð1Þ

where q is the average density of the emulsion, and V the fluid vol-
ume in the micromixer. The energy dissipation rate for HIPEs pro-



Fig. 2. Photo showing the experimental setup used for continuous HIPE production in a poly-Pickering-HIPE micromixer followed by subsequent UV polymerisation of the
HIPE template.

Table 1
Formulations of CP and IP used to produce HIPEs using poly-Pickering-HIPE micromixers.

Formulation name CP IP

monomer crosslinker surfactant initiator

name vol% name vol% name vol% name g/L CaCl2

PUDA-EHA EHA 60 PUDA 36 B246 3 Darocur 1173 10
EGDMA-EHA EHA 57.5 EGDMA 38.5 B246 3.5 Darocur 1173 40
St-DVB St 66.6 DVB 16.5 Span 80 16.5 AIBN 40

Table 2
Effect of increasing surfactant volumes added to primary Pickering-HIPE templates on the morphology descriptors (average pore dp and pore throat diameter dpt, degree of
interconnectivity (or openness) DoI, and porosity P) as well as gas permeability k and mean residence time tm of poly-Pickering-HIPE micromixers.

Sample dp dpt DoI P k tm
mm mm � 10�2 % � 10�12 m2 s

P05 78 ± 38 12 ± 9 2.8 ± 0.6 84.3 ± 0.4 0.4 ± 0.1 195 ± 14
P10 80 ± 29 20 ± 12 4.3 ± 0.2 86.7 ± 1.2 1.5 ± 0.2 233 ± 8
P15 96 ± 33 17 ± 10 4.6 ± 0.7 87.2 ± 0.5 3.2 ± 0.5 151 ± 6
P20 68 ± 30 13 ± 8 6 ± 0.8 88.2 ± 1.2 3.7 ± 0.1 197 ± 5
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duced using a conventional stirrer emulsification method is
described in ESI S1.

2.5. Characterisation of poly-Pickering-HIPEs and polyHIPEs

2.5.1. Determination of morphology of poly-Pickering-HIPE
micromixers and polyhipes

The morphology of the poly-Pickering-HIPE micromixers and
polyHIPEs produced by polymerisation of HIPEs produced using
the poly-Pickering-HIPE micromixers was investigated using scan-
ning electron microscopy (SEM, JCM-6000, JEOL GmbH, Eching,
Germany). Fractured sample surfaces were gold coated using JFC-
1200 (JEOL GmbH, Eching, Germany) to guarantee sufficient elec-
trical conductivity. SEM images were further analysed using an
image analysis software package (ImageJ�, https://imagej.nih.-
gov/ij/download.html) to determine the average pore (dp) and pore
throat (dpt) sizes of the samples. At least 100 pore and pore throat
diameters were measured. The average degree of interconnectivity
(DoI) of poly-Pickering-HIPEs was calculated as described by Pulko
and Krajnc: (Pulko and Krajnc, 2012)

DoI ¼ N � d2
pt

4 � d2
p

: ð2Þ
491
where N is the average number of pore throats per pore. The Sauter
mean pore diameter (d32) of polyHIPEs produced by polymerisation
of HIPEs generated with micromixers was calculated as follows:

d32 ¼
Pn

i¼1d
3
piPn

i¼1d
2
pi

: ð3Þ
2.5.2. Density of poly-Pickering-HIPEs and polyHIPEs
The skeletal density (qs) of poly-Pickering-HIPEs and polyHIPEs

was determined using helium pycnometry (Accupyc 1330, Micro-
metrics, Dunstable, UK) using ground (about 0.1 g) samples. The
foam density (qf ) of the poly(-Pickering-)HIPEs was analysed using
an envelope density analyser (Geopyc 1360, Micrometrics, Dunsta-
ble, UK). The porosity of the monoliths was calculated as follows:

P% ¼ 1� qf

qs

� �
� 100: ð4Þ

However, the porosities of the poly-(PUDA-EHA)H/MIPEs pre-
pared by polymerisation of M/HIPEs produced using our micromix-
ers could not be determined using the envelope density analyser
because of their high compressibility. (Jiang et al., 2017) Therefore,

https://imagej.nih.gov/ij/download.html
https://imagej.nih.gov/ij/download.html
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their foam densities were measured by cutting them into cuboids.
The specimens were weighed and their dimensions measured from
these values the foam density (qf ) was calculated:

qf ¼
m
V
: ð5Þ

where m is the sample weight and V the sample volume. Their
porosities were calculated using Eq. (4).
2.5.3. Viscosity of continuous emulsion phases and HIPE templates
The viscosity of the continuous HIPE phases (St-DVB, PUDA-

EHA and EGDMA-EHA) was measured using a rheometer (Discov-
ery Hybrid Rheometer HR-3, TA Instrument, Eschborn, Germany)
equipped with a cone-cup geometry at 25 �C. The gap between
rotor and cylinder was 0.52 mm. The dynamic viscosity of CPs
was measured using a shear rate sweep between 10�2 s�1 and
100 s�1. The rheology of HIPEs was measured using a shear rate
sweep between 10�1 and 1000 s�1 for St-DVB as CP and 10�2 and
100 s�1 for HIPEs with a CP containing PUDA-EHA (Fig. S2-3).
3. Results and discussion

3.1. The morphology of poly-Pickering HIPEs

Macroporous polymers produced from Pickering-HIPEs sta-
bilised by nanoparticles to which surfactant was added possess
an interconnected structure (Fig. 3 and Figure S1). Having the
same dispersed phase volume fraction and formulations (except
the surfactant volume) resulted in poly-Pickering-HIPEs with the
same porosities and average pore and pore throat diameters within
error (Table 2). Varying the surfactant volume, which was added to
the Pickering-HIPE template after emulsification, allowed to vary
the DoI (or openness) of the poly-Pickering-HIPEs; an increasing
DoI resulted in an increased gas permeability (Manley et al.,
2020) of the monoliths (Table 2). Emulsions were produced contin-
uously using our poly-Pickering-HIPE micromixers, whose
micromixing performance was quantified in our previous work.
(Barkan-Öztürk et al., 2021) We determined that an increasing
DoI of poly-Pickering-HIPEs enhanced the radial dispersion of
micromixers resulting in a higher tailing and asymmetry in their
residence time distribution curve, which led to a larger deviation
from the axial dispersion model. (Barkan-Öztürk et al., 2021)
Fig. 3. Characteristic SEM image of poly-Pickering-HIPE (P5) prepared by poly-
merisation of the continuous phase of Pickering-HIPE templates to which 5 vol%
surfactant had been added.
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3.2. Effect of micromixer design

Poly-Pickering-HIPE micromixers were fabricated by placing an
outlet tube into the bottom part of the monolith parallel to the
inlet tubes (Figure 1.1, O1). Unfortunately, having the inlet tubes
and outlet tube in the same direction resulted in fewer obstacles
to redirect the flow, thus effective mixing could not be achieved.
However, highly viscous HIPEs were obtained by placing the outlet
tube in the side wall of the monolith 5 mm above its base (Fig-
ure 1.1, O2). In this case, the outlet tube is not facing the flow
direction. Hence, the produced emulsion is redirected perpendicu-
lar to the flow causing additional mixing in the bottom part of the
micromixer, resulting in a continuous stable emulsion stream.

3.3. Producing HIPEs using poly-Pickering-HIPE micromixers

The injected aqueous IP and monomer CP were effectively
emulsified in a poly-Pickering-HIPE micromixer after the mean
residence time (Table 2) as can be seen in the measured pressure
drop across the micromixer (Figure S2). Figure S2 shows the pres-
sure drop across a P20 micromixer during formation of a stable
water-in-St-DVB HIPE with an internal phase volume ratio of
83.3% (Fig. 4a-b); Please note that the initial pressure increase is
due to the formation of water droplets in the monomer phase
while the subsequent pressure drop is due to the shear thinning
behaviour of the formed HIPE (Fig. S3-4). Also noticeable are pres-
sure fluctuations which were caused by partial pore (throat) block-
ing by larger droplets prior to droplet breakup. (Cobos et al., 2009;
Romero, 2009) Doubling the total flow rate caused a slight increase
of the steady-state pressure drop across the micromixer from
0.56 bar to 0.63 bar (Figure S2; Table S4). The viscosity of the pro-
duced HIPE increased when doubling the total flow rate (from
1.2 mL/min to 2.4 mL/min) resulting in a higher shear rate
(Table S4-5) causing droplet breakup and thus a higher resistance
against flow (Fig. 4a showing a creamy HIPE and highly viscous
mayonnaise-like HIPE in Fig. 4b). Moreover, the HIPE did not
spread on a glass plate because of its high viscosity (Fig. 4b), which
can be helpful to produce 3-dimensional objects when polymeris-
ing its CP subsequently. The increased flow rate and thus increased
shear (Table S4-5) caused the breakup of larger droplets resulting
in a narrower droplet size distribution (as discussed below). Even
though the energy dissipation rate during emulsification increased
from 1.85 W/kg to 4.16 W/kg, the Sauter diameter d32 of the pro-
duced HIPEs remained identical within error. The increased flow
(and thus shear) rate resulted in a reduction of the number of large
droplets with size around 50 mm (Fig. 4c-d). Cobos et al. (Cobos
et al., 2009) and Romero (Romero, 2009) already showed that
emulsions can be produced in capillaries with decreasing diameter
and in porous media, respectively, where droplet breakup was
caused by partial pore blocking phenomena occurring when forc-
ing immiscible fluids through flow constrictions. When a fluid vol-
ume (of a multiphase fluid) is forced though the pore throats of
poly-Pickering-HIPE micromixers, acting as orifice in a tube, both
in the axial and radial flow direction, pore blockage did occur
resulting in an increased pressure drop across the micromixer (Fig-
ure S2) and thus in droplet elongation and breakup and, hence, the
formation of emulsions. Further discussions on possible droplet
breakupmechanisms can be found in ESI S3 (and associated Tables
S4-5).

After polymerisation of these HIPEs in a centrifuge tube and
subsequent purification and drying, interconnected polyHIPEs
were obtained (Fig. 4c-d), which had a porosity of 86% slightly
higher than their nominal phase volume ratio (flow rate ratio
which is determined by the flow ratio of CP:IP, in this case 1:5)
because the surfactant used was removed during the purification.
Methacrylate-based (Dabrowski et al., 2020) and St-DVB based



Fig. 4. Photographs of water-in-St-DVB HIPEs generated using a P20micromixer at a) a flow rate ratio of CP/IP of 0.2/1 mL/min and b) of 0.4/2 mL/min. The inserts show HIPEs
applied onto a glass substrate. Videos (ESI Video S1 and S2) showing the production of HIPEs shown in a) and b) are included in the ESI. Characteristic SEM micrographs c)
and d) of poly(St-co-DVB)HIPEs produced by polymerisation of the HIPEs shown in a) and b). e) and f) show the pore size distribution of produced polyHIPEs, templated by
HIPE droplets and thus reflecting the original droplet size distribution in the emulsion template.
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(Quell et al., 2015) emulsions were produced using a flow-focusing
microfluidic device by injecting a 1:1 ratio of IP and CP. However,
prior to polymerisation of the emulsion templates the droplets
were required to sediment to produce polyHIPEs with a porosity
of 74%. The use of flow-focusing microfluidic devices does not
allow to alter the internal phase volume ratio and, thus, porosity
gradients cannot be produced. (Dabrowski et al., 2020; Quell
et al., 2015)

The average pore diameters of our polyHIPEs (Fig. 4c-d), were
templated by droplets with indentical Sauter mean dimeters (Eq.
(3)) (23.4 ± 1.7 mm and 22.3 ± 0.7 mm) and did not depend on flow
rate. Even though the increased flow rate did not have any effect on
the average droplet diameter (which were determined after poly-
merisation of the HIPEs from the pore diameters following Lissant’s
suggestion (Lissant, 1966), the HIPEs produced with a lower total
volume flow rate (1.2 mL/min) possessed a broader droplet diam-
eter distribution (Fig. 4e-f) as can be seen in the low magnification
SEM micrographs of the polyHIPE produced (Fig. 4c-d).

Fig. 5 shows the average pore sizes of poly(St-co-DVB)HIPEs
produced by polymerisation of w/St-DVB HIPEs made using P5
(Fig. 5A) and P20 (Fig. 5B) micromixers. It is apparent that HIPEs
produced using P5 micromixers possessed a smaller average dro-
plet diameter as compared to those produced using P20. Increasing
693
the DoI (or openness) of poly-Pickering-HIPE micromixers from
0.03 to 0.06 (P20 and P5, respectively) results in higher radial mix-
ing but also lower shear rates resulting in less droplet breakup by
forcing the fluids between pores through larger and more pore
throats in a P20 micromixer. Nevertheless, dp of poly(St-co-DVB)
HIPEs produced by polymerisation of HIPEs made using poly-
Pickering-HIPE micromixers remained similar when increasing
the total flow rate (Fig. 5, Figure S5 and Table S1); only a slight
decrease of the average dp with increasing total flow rate can be
seen when using P10 and P20 as microemulsification device. When
using a P5 micromixer the total flow rate could not be increased
above 1.4 mL/min because of its low DoI, which resulted in a signif-
icant backpressure. However, w/St-DVB HIPEs could be produced
up to total flow rate of 2.4 mL/min using P20 micromixers having
the highest DoI without significant backpressure on the syringe
pumps. Literature reports the production of emulsions with differ-
ent droplet diameters by altering the orifice and channel dimen-
sions of microfluidic emulsification devices, which can only be
minimized up to hundreds of micrometres because of limitations
of their production techniques. (Elsing et al., 2017; Kim et al.,
2014; Costantini et al., 2014) The orifice diameter of those
micromixers affect the average droplet size and as far as we know,
HIPEs with the same formulation, after polymerisation polyHIPEs,
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Fig. 5. Average pore diameter dp of poly(St-co-DVB)HIPEs synthesised by polymerisation of emulsions produced using various total flow rates using P05 (A) and P20 (B)
micromixers.
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having dp of less than 60 mm diameter were not reported. (Elsing
et al., 2017) However, using poly-Pickering-HIPE microemulsifica-
tion devices enabled the direct production of HIPE (without the
need for droplet sedimentation) with much smaller average dro-
plet diameters, which after polymerisation resulted in poly(St-co-
DVB)HIPEs with an average dp in the range of 5 to 22 mm (Fig. 5).
Moreover, P10 and P15 micromixers were used to produce w/St-
DVB HIPEs confirming that the average dp of the poly(St-co-DVB)
HIPEs produced by polymerisation of emulsion templates
decreased with decreasing DoI of poly-Pickering-HIPE monoliths
employed as micromixers (Figure S6).

Acrylate-based HIPE templates can be UV polymerised and thus
printing of HIPE templates can be used to create net-shaped poly-
HIPEs. (Jiang et al., 2017) Emulsification of an aqueous electrolyte
in PUDA-EHAwas tested to create 3D shapes by photopolymerising
the continuous emulsion phase (ESI Video S3). It was possible to
print a cage pattern when fitting the microemulsification device
into the movable head of a CNC machine (Stepcraft 420 Construc-
tion Kit, Iserlohn, Germany) allowing for the continuous produc-
tion of a w/PUDA-EHA HIPE with a phase volume ratio of 75% at
a total flow rate of 0.8 mL/min, which was printed and immedi-
ately UV polymerised (see upper corner of Fig. 6a). With increasing
total flow rate, we observed again an increase of the HIPE viscosity.
The high viscosity of the w/PUDA-EHA HIPEs enabled us to print
complex 3D shapes, which could be photopolymerised into poly
(PUDA-co-EHA)HIPEs (Fig. 6b).

As discussed above, also in case of the microemulsification of w/
PUDA-EHA the morphology of the micromixers (Table 2) affected
the drop breakup. w/PUDA-EHA HIPEs were produced using poly-
Pickering-HIPE micromixers at various flow rates and flow ratios
(ESI Table S2). The average droplet sizes, and thus dp of the result-
ing polyHIPEs increased from 5 mm to 14 mm with increasing DoI of
the poly-Pickering-HIPE micromixers at the same flow rates (Figs. 7
and 8 and Figure S7). Methacrylate-based HIPEs were generated
using a flow focusing microfluidic device. (Dabrowski et al.,
2020) After polymerisation of these HIPEs the resulting polyHIPEs
possessed average dp ranging from 70 mm to 120 mm, which is
much larger than dp of polyHIPEs that we produced from
794
acrylate-based HIPEs using poly-Pickering-HIPE micromixers. In
general, during droplet breakup, droplets are stretched and
thinned, which causes them to breakup, which depend on the crit-
ical capillary number and viscosity ratio between the IP and CP, as
well as physical parameters of the micromixer. (Grace, 1982) The
orifice of their flow-focusing microfluidic device was 100 mm,
(Dabrowski et al., 2020) while the pore throats of our poly-
Pickering-HIPE micromixers were approximately 15 mm, which
results in increased shear on the droplets leading to smaller dro-
plets when compared to flow-focusing micromixers. We also com-
pared d32 of our polyHIPEs with those produced by polymerisation
of HIPEs made using our standard emulsification procedure (i.e.
with an overhead stirrer) using the same formulation at different
agitation rates (400 rpm, 1000 rpm and 2000 rpm) resulting in
increased energy dissipation (Fig. 8; Eq. (1) and Eq. S1). Poly
(PUDA-co-EHA)HIPEs produced by polymerisation of HIPEs made
using an agitation rate of 400 rpm had a Sauter pore diameter of
10 mm, which was comparable to that of polyHIPEs prepared from
HIPEs made using the P15 micromixer operated at a total flow rate
of 1.2 mL/min, or when using P10 at 0.8 mL/min and P15 at 1.5 mL/
min (Figure S7). PolyHIPEs made from HIPEs created using the P5
micromixer operated at total flow rate of 1.5 mL/min had d32 of
6 mm, which was similar to d32 of polyHIPEs produced from HIPEs
emulsified at 1000 rpm (Fig. 8). The increase in the flow rate
resulted in a higher energy dissipation rate along the micromixer,
causing d32 of HIPEs (and thus polyHIPEs) to decrease. The critical
capillary number Cacrit (Table S5) and the viscosity ratio between
IP and CP (k ¼ gIP=gCP) determine the droplet breakup by shear
forces in laminar flow. (Grace, 1982) However, Cacrit was between
0.0013 and 0.0028 for the emulsification of water-in-PUDA-EHA
with poly-Pickering-HIPE micromixers (Table S4-5), which was
significantly lower compared to Grace’s droplet breakup model in
laminar flow . (Grace, 1982) Therefore, elongational forces need
to be considered for the droplet breakup in poly-Pickering-HIPE
micromixer (ESI S3). d32 of water droplets in St-DVB HIPEs (deter-
mined after polymerisation from SEM images) was not affected by
doubling of the total flow rate during the emulsification. However,
d32 of w/PUDA-EHA HIPEs decreased significantly with increasing



Fig. 6. Photographs of a) a water-in-PUDA-EHA HIPE produced continuously using a P10 micromixer fitted into the CNC tabletop machine (insert). This HIPE could be printed
into a cage pattern and was simultaneously polymerised using a UV-pen, b) a HIPE flowing out of the P10 micromixer and photopolymerised simultaneously into complex
shapes.

Fig. 7. Characteristic SEM images of poly(PUDA-co-EHA)HIPEs produced by polymerisation of w/PUDA-EHA HIPEs made using the P5 (a) and P20 (b) micromixer operated at
a total flow rate of 1.2 mL/min and a CP:IP flow rate ratio of 1:3 corresponding to an emulsion phase volume ratio of 75%.
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energy dissipation rate (Fig. 8). The reason might be k of the emul-
sions, which is for w/St-DVB 0.37 and for PUDA-EHA 0.023.

We demonstrated that it is possible to control the emulsion
phase volume ratio of HIPEs and, therefore, the porosity of poly-
HIPEs produced therefrom, by adjusting the flow rate ratio of inter-
nal and continuous emulsion phases (Fig. 9 and Table S2) during
microemulsification. The flow rate ratio of IP and CP did not affect
the Sauter mean diameter of polyHIPEs at same total flow rate,
however d32 decreased with increasing total flow rate (Figure S8).
Since the shear force applied to breakup droplets mainly depended
on the total flow rate for the same micromixer.

The exceptions from this, were polyHIPEs produced from HIPEs
produced using P5 and P10 micromixers operated at a total flow
rate of 1.5 mL/min. The porosities of those polyHIPEs were lower
(67% made with P5) or higher (87% made with P10) caused by inef-
ficient mixing of the HIPEs at high flow rates, due to limiting radial
fluid dispersion through the smaller pore throats of the monoliths
having the lowest DoI (Figure S8). P05 and P10 micromixers could
emulsify the immiscible phases only up to total flow rates of
0.55 mL/min, whereas stable HIPEs could not be produced using
P15 and P20 micromixers with the highest DoI at a total flow rate
lower than 0.95 mL/min (Table S2, 4). Effective mixing through the
micromixers was achieved by generating chaotic advection and
local vortices in the flow path of poly-Pickering-HIPEs owing to
their complex pore structure.
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The P20 micromixer was also used to produce w/EGDMA-EHA
HIPEs at various flow ratios and rates. The resulting HIPEs were
subsequently UV polymerised after emulsification (Fig. 10 and
Table S2). In this case, total flow rates up to 3.5 mL/min could be
tested during emulsification for emulsion phase volume ratios as
high as 83.3% and 85.7%, which was possible because of the rela-
tively low viscosity (4 mPa�s at 25 �C) of EGDMA-EHA used as CP
when compared to PUDA-EHA (43 mPa�s at 25 �C). The low viscos-
ity of the crosslinker resulted in low viscosity HIPEs, which spread
further on a glass substrate resulting in thinner polyHIPEs
(Fig. 10B) after polymerisation as compared to poly(PUDA-co-
EHA)HIPEs (Fig. 6). Again, we observed that the viscosity of HIPEs
increased with increasing total flow rates. The porosity of poly
(EGDMA-co-EHA)HIPEs can be controlled by controlling the flow
rate ratios (CP:IP), which determines the emulsion phase volume
ratio, during the emulsification using a P20 micromixer
(Fig. 11B). Chanonon et al. (Chabanon et al., 2017) reported that
the dispersed phase volume fraction of oil-in-water emulsions
made using a SMX + commercial static mixer can be controlled
in the range from 5 to 60 vol.%. However, phase inversion occurred
in their experiments when the phase volume fraction exceeded
Fig. 10. Photographs of a) polyHIPE made by UV polymerisation of w/EGDMA-EHA HIPEs
ratios, b) cross-section of polyHIPE and c) a characteristic SEM image showing the pore

996
60%. We, on the other hand, managed to produce stable HIPEs with
phase volume fractions of up to 85.7% (Fig. 11). In case of our emul-
sification devices it is possible to control the dispersed phase vol-
ume fraction, which controls the porosity of the produced
polyHIPEs, continuously simply by changing the CP:IP flow rate
ratio (Fig. 9 and Fig. 11B). Poly(EGDMA-co-EHA)HIPEs had similar
average dp to poly(PUDA-co-EHA)HIPEs made by polymerisation
of HIPEs produced at a total flow rate of 1.5 mL/min (Fig. 8 and
Fig. 11A). Even though the very high viscosity of PUDA resulted
in highly viscous HIPEs, it was possible to operate the P20 micro-
mixer at the same total flow rate, which resulted in similar shear
forces on the droplets during emulsification. This indicated that
the viscosity of the CP did not play an important role on the aver-
age droplet diameters but allows to increase the total flow rate
during the emulsification when using lower viscosity emulsion
phases to produce HIPEs.

Another advantage of being able to change the phase volume
fraction during emulsification, which allows to tailor the porosity
of the polyHIPEs produced by polymerisation of the HIPE template,
is that macroporous polymers with graded morphology/porosity
can be produced. We produced both w/St-DVB (Figure S9) and
prepared using P20 micromixers operated at various flow rates and CP:IP flow rate
structure of a poly(EGDMA-co-EHA)HIPE.
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w/PUDA-EHA HIPEs altering the dispersed phase volume fraction
during emulsification and polymerised these templates. No separa-
tion between regions with different porosities in the polyHIPEs
could be observed, after slicing them perpendicular to the gradient
or during bending and breaking. Moreover, the targeted porosities
(determined by the flow rate ratio) were achieved on both sides of
the transition zone (Figure 12 and S9). The continuous emulsifica-
tion and smooth transition between the layers resulted in mono-
lithic macroporous polymers with a porosity by no pore size
gradient containing no separation layers, while other methods
used to produce graded macroporous polymers result in interpen-
etrating layers, which negatively affect the mechanical properties
of the material. (Naebe and Shirvanimoghaddam, 2016) However,
the relatively high mean residence time in the poly-Pickering-
HIPE micromixers (tm = 150–212 s for 1.2 mL/min total flow rate)
(Barkan-Öztürk et al., 2021) results in a broad transition zone
across the gradient. During the production of w/PUDA-EHA HIPEs
the flow rate of the IP was changed from 1.2 to 1.8 mL/min while
Fig. 12. Photograph of a poly(PUDA-co-EHA)HIPE with a porosity gradient made by polym
ratios increasing from 0.3/1.2 mL/min to 0.3/1.8 mL/min (CP/IP) and characteristic SEM im
min, b) transition area and c) 0.3/1.8 mL/min (CP/IP)).
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keeping the CP flow rate constant (0.3 mL/min) (ESI Video S4),
which resulted in a porosity gradient of the macroporous polymer
produced from this HIPE template (Fig. 12). A video record of
increasing QCP from 0.3 to 0.4 mL/min and increasing QIP from
1.5 to 2 mL/min is shown in the ESI (Video S5).

SEM micrographs of all micromixers were taken after using
them repeatedly at least 17 times to produce a range of HIPEs,
with approximately one month break between the various exper-
iments. As can be seen in Figure S10 (exemplary shown for P5)
no morphological changes as result of exposure to the chemicals
and shear force during the emulsifications were observed. More-
over, poly-Pickering-HIPEs were stable against the continuous
phase formulation (i.e. no swelling was observed after immersion
into St-DVB and PUDA-EHA over a period of 2 h) owing to their
heavily crosslinked nature. Moreover, the mechanical perfor-
mance of poly-Pickering-HIPEs used as micromixers were com-
pared with pristine monoliths and no change was observed
(Figure S11).
erisation of a HIPE with was produced using a P20 micromixer operated at flow rate
ages taken from the corresponding places shown in the photograph (a) 0.3/1.2 mL/



H. Barkan-Öztürk, A. Menner and A. Bismarck Chemical Engineering Science 252 (2022) 117296
4. Conclusions

Macroporous polymers were produced by polymerising the
monomer-containing continuous phase of HIPEs generated using
poly-Pickering-HIPE micromixers, which were operated continu-
ously. Water-in-PUDA-EHA, w/EGDMA-EHA and w/St-DVB HIPEs
could be successfully generated using macroporous micromixers
and polymerised into polyHIPEs. The phase volume fraction of the
HIPEs could be adjusted during the emulsification process, which
provides ameans to tailor the porosity of the resulting polyM/HIPEs.
This is in contrast to literature reports in which the porosity had to
be adjusted by sedimentation of the emulsion droplets prior to poly-
merisation. (Elsinget al., 2017;Costantini et al., 2014) Consequently,
we produced macroporous polymers with porosities ranging from
70% to 88%,which could be altered continuously, resulting inmacro-
porous polymers with graded porosity. Furthermore, the average
pore sizes of the produced polyHIPEs can be controlled by using
poly-Pickering-HIPE micromixers with various degrees of intercon-
nectivity (DoI). Using micromixers with a higher DoI resulted in lar-
ger average pore sizes of the resulting polyHIPEs, due to decreased
shear force on the droplets during the emulsification. Increasing
the total flow rate used for emulsification resulted in a slight
decreaseof the averagepore size. Additionally, the viscosity of emul-
sions producedusingmicroemulsification increasedwith increasing
total flow rate. HIPEswith a high viscosity can be used directly as ink
in 3D printing processes and can be UV-polymerised in-situ.
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S2 Mean energy dissipation rate during emulsification using an overhead stirrer. The energy 

dissipation rate 𝜀 during the preparation of HIPEs using an overhead stirrer was calculated as 

follows:2  

𝜀  =  
𝑊

𝜌𝑉𝑇

(𝐸𝑞. 𝑆1) 

where 𝜌 (= 𝜙𝐼𝑃 ∙ 𝜌𝐼𝑃 + 𝜙𝐶𝑃 ∙ 𝜌𝐶𝑃) is the apparent density of the agitated fluid, 𝑉𝑇 the total fluid 

volume and 𝑊 the power input, which was calculated as follows: 

𝑊 =  𝑊0𝜌𝑁3𝐷5 (𝐸𝑞. 𝑆2) 

where 𝑊0 is power number dependent on impeller type (0.22),3 N the impeller speed, D the

impeller diameter. 
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SEM images of poly-Pickering-HIPEs 

Figure S1. Characteristic SEM images of poly-Pickering-HIPEs (P5 (a), P10 (b), P15 (c) and P20 

(d)) prepared by polymerization of the continuous phase of Pickering-HIPE templates to which 

increasing amounts of surfactant was added. 
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S1 Gas permeability of poly-Pickering-HIPEs. The permeability coefficient 𝐾 was calculated 

as described by Manley et al.:1 

𝐾 =
𝑄2𝑃2𝐿

𝛥𝑃𝐴
=

𝑉 (
𝑑𝑃2

𝑑𝑡
) 𝐿

𝑃1𝐴
=

𝑘

µ
𝑃𝑚 +  

4

3
𝐾0√

8𝑅𝑇

𝜋𝑀
(Eq. S3) 

where, 𝑄2 is the volumetric flow rate downstream, 𝑃2 the downstream pressure, ∆𝑃 the pressure 

difference across the samples, 𝐴 cross-sectional area of sample, 𝐿 length of sample, 𝑃1 beginning 

pressure, 𝜇 fluid viscosity, 𝑉 a known volume, 𝐾0 the slip coefficient, 𝑀 the molecular weight of 

the transport species, 𝑅 the gas constant, 𝑇 the absolute temperature and 𝑡 the time.  
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Figure S2: The inlet pressure as function of flow rate. Evolution of inlet pressure with varying 

flow rate for water-in-St-DVB emulsification in a P20 micromixer. Flow rate range: 𝑄𝑇 = 1.2 

mL/min and 2.4 mL/min at a fixed IP:CP ratio of 5 
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Figure S3: Dynamic viscosity of water-in-St-DVB HIPE (75 vol% IP, emulsified at 1000 rpm) as 

function of shear rate. 
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Figure S4: Dynamic viscosity of water-in-PUDA-EHA HIPE (75 vol% IP, emulsified at 1000 

rpm) as a function of shear rate.  
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Table S1: CP flow rate (QCP), IP flow rate (QIP) and total flow rate (QT) of water-in-St-DVB HIPEs 

generated with P5, P10, P15 and P20 micromixers. 

QCP QIP QT CP : IP Micromixer name 

(mL/min) (mL/min) (mL/min) ratio P5 P10 P15 P20 

0.1 0.4 0.5 1:4 - + - - 

0.15 0.4 0.55 1.5:4 - + - - 

0.15 0.5 0.65 1.5:5 - + - - 

0.15 0.60 0.75 1:4 + + - - 

0.20 0.50 0.70 1:2.5 + - - - 

0.20 0.60 0.80 1:3 + + + - 

0.30 0.60 0.90 1:2 - - + - 

0.20 0.75 0.95 1:3.5 - + + - 

0.30 0.75 1.05 1:2.5 - - + - 

0.15 0.75 0.90 1:5 - - - + 

0.30 0.80 1.10 1:2.5 + - - - 

0.20 0.90 1.10 1:4.5 + + - + 

0.30 0.90 1.20 1:3 + - + -

0.20 1.00 1.20 1:5 - - - + 

0.20 1.20 1.40 1:6 + - - - 

0.30 1.20 1.50 1:3 - - - + 

0.40 1.20 1.60 1:4 - - + + 

0.30 1.50 1.80 1:5 - - + + 

0.40 1.50 1.90 1:4.2 - - + - 

0.40 1.60 2.00 1:4 - - - + 

0.40 2.00 2.40 1:5 - - - +
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Table S2: CP flow rate (QCP), IP flow rate (QIP) and total flow rate (QT) of water-in-PUDA-EHA 

HIPEs generated with P5, P10, P15 and P20 micromixers. 

QCP QIP QT CP : IP Micromixer 

(mL/min) (mL/min) (mL/min) ratio P5 P10 P15 P20 

0.13 0.40 0.53 1:3.5 + + - - 

0.15 0.40 0.55 1:3.3 - + - - 

0.15 0.50 0.65 1:3.7 - + - - 

0.15 0.60 0.75 1:4 + + - - 

0.18 0.60 0.78 1:3.5 + - - - 

0.20 0.60 0.80 1:3 + + - - 

0.20 0.75 0.95 1:3.5 - - + + 

0.30 0.75 1.05 1:2.5 - - + + 

0.15 0.90 1.05 1:6 - + - +

0.20 0.90 1.10 1:4.5 - + + -

0.23 0.90 1.13 1:4.5 + - - -

0.27 0.90 1.17 1:3.3 + + - - 

0.30 0.90 1.20 1:3 + + + + 

0.15 1.00 1.15 1:6.2 - - - + 

0.20 1.00 1.20 1:5 - - - + 

0.34 1.20 1.54 1:3.5 + + - - 

0.40 1.20 1.60 1:3 - + + + 

0.30 1.50 1.80 1:5 - - - + 

0.40 1.50 1.90 1:4.2 - - - + 

0.30 1.80 2.10 1:6 - - - +
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Table S3: CP flow rate (QCP), IP flow rate (QIP) and total flow rate (QT) of water-in-EGDMA-EHA 

HIPEs generated with P20 micromixer. 

QCP QIP QT CP : IP 

Micromixer 

(mL/min) (mL/min) (mL/min) ratio 

0.30 1.20 1.50 1:4 

P20 

0.30 1.80 2.10 1:6 

0.40 2.00 2.40 1:5 

0.40 2.40 2.80 1:6 

0.50 2.40 2.90 1:5 

0.50 3.00 3.50 1:6 
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S3 Shear stress and Critical Capillary Number during emulsification in Poly-Pickering-

HIPE micromixers. Assuming a simple flow-in-tube model, the wall shear stress 𝜏𝑤 along a pipe, 

can be determined from the pressure drop ∆𝑝 measured during emulsification as follows: 

𝜏𝑤  =  
∆𝑝 ∙ 𝐷 ∙ 𝑃

4 ∙ 𝑙 ∙ 𝜏
, (𝐸𝑞. 𝑆4) 

where 𝐷 is micromixer diameter and 𝑃 its porosity, 𝑙 is the length of the poly-Pickering-HIPE 

micromixer and 𝜏 its tortuosity4. Over the length of the micromixer a HIPE forms. However, HIPEs 

are heavily shear thinning fluids (Figure S2 and S3) but the wall shear stress corresponds to a 

dynamic viscosity 𝜂, from which the mean wall shear rate �̇�𝑤 can be calculated as follows:5 

�̇�𝑤  =  (
𝜀𝜌

2𝜂
)

1
2⁄

(𝐸𝑞. 𝑆5) 

where 𝜀 is energy dissipation calculated using Eq. 1. In laminar pipe flow, droplet generation is 

promoted by shear forces opposed by capillary forces, thus their ratio can control continuous 

emulsification.6 The calculated �̇�𝑤 corresponds well (< factor 1.5) the shear rate applied to the 

HIPEs during rheology measurements. The critical capillary number Cacrit determines the critical 

value for droplet breakup in laminar flow and calculated: 

𝐶𝑎𝑐𝑟𝑖𝑡  =  
𝑑𝑚 ∙ 𝜂𝑐 ∙ �̇�

𝜎
(𝐸𝑞. 𝑆6) 

where 𝑑𝑚 is the maximum stable drop diameter, which in our case cannot exceed the pore diameter 

𝑑𝑝 of the used poly-Pickering-HIPE micromixers, 𝜂𝑐 the viscosity of the CP, and 𝜎 (= 24 ± 0.1 

mN/m for St-DVB as CP and 26.1 ± 0.5 mN/m for PUDA-EHA as CP, respectively) interfacial 

tension between the aqueous IP and organic CP, which was measured using a tensiometer (K11, 

Krüss GmbH, Hamburg, Germany) using the Wilhelmy-plate method.  
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Table S4: Effect of flow rate and CP to IP ratio on the measured pressure drop ∆𝑝 across poly-

Pickering-HIPE micromixers during emulsification of water-in-St-DVB, from which wall shear 

stress 𝜏𝑤, energy dissipation 𝜀, wall shear rate �̇�, and critical capillary number were calculated. 

Micromixer 
QCP 

mL/min 

QIP 

mL/min 

QT 

mL/min 
∆𝒑 

bar 
𝝉𝒘
Pa 

𝜺 
W/kg 

�̇� 
s-1

Cacrit Weh 

P05 

0.2 0.6 0.8 1.75 20.8 1.73 70.2 6.32·10-4 1.28·10-4 

0.3 0.9 1.2 1.87 24.2 3.01 111.3 10.02·10-4 4.33·10-4 

0.3 1.2 1.5 1.95 26.4 4.11 124.9 11.24·10-4 8.46·10-4 

P10 

0.2 0.6 0.8 1.65 18.1 1.48 70.2 6.32·10-4 1.25·10-4 

0.3 0.9 1.2 1.86 23.9 2.94 99.2 8.93·10-4 4.23·10-4 

0.4 1.2 1.6 1.96 26.7 4.37 140.1 12.61·10-4 1.00·10-3 

P15 

0.2 0.6 0.8 1.46 12.8 1.04 55.8 5.02·10-4 1.22·10-4 

0.3 0.9 1.2 1.64 17.8 2.16 88.4 7.96·10-4 4.13·10-4 

0.3 1.5 1.8 1.64 17.8 3.24 111.3 10.02·10-4 1.40·10-3 

0.4 1.2 1.6 1.6 16.7 2.70 99.2 8.93·10-4 9.80·10-4 

P20 

0.3 0.9 1.2 1.65 18.1 2.15 88.4 7.96·10-4 3.95·10-4 

0.2 1 1.2 1.56 15.6 1.85 78.8 7.09·10-4 3.95·10-4 

0.4 2 2.4 1.63 17.5 4.16 140.1 12.61·10-4 3.16·10-3 
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Table S5: Effect of flow rate and CP to IP ratio on the measured pressure drop ∆𝑝 across poly-

Pickering-HIPE micromixers during emulsification of water-in-PUDA-EHA, from which wall 

shear stress 𝜏𝑤, energy dissipation 𝜀, wall shear rate �̇�, and critical capillary number were 

calculated. 

Micromixer 
QCP QIP QT ∆𝒑 𝝉𝒘 𝜺 �̇� Cacrit Weh 

mL/min mL/min mL/min bar Pa W/kg 1/s - 

P05 

0.2 0.6 0.8 0.73 20.3 1.64 9.7 12.8·10-4 1.22·10-4 

0.3 0.9 1.2 0.85 23.6 2.86 15.3 20.2·10-4 4.10·10-4 

0.4 1.2 1.6 0.98 27.2 4.39 21.5 28.4·10-4 9.73·10-4 

0.4 1.5 1.9 0.99 27.5 5.27 24.2 31.8·10-4 1.63·10-3 

P10 

0.2 0.6 0.8 0.75 20.8 1.66 9.7 12.8·10-4 1.19·10-4 

0.3 0.9 1.2 0.75 20.8 2.49 13.7 18.0·10-4 4.01·10-4 

0.4 1.2 1.6 1.1 30.6 4.87 21.5 28.4·10-4 9.50·10-4 

P15 

0.2 0.6 0.8 0.97 26.9 2.12 12.2 16.1·10-4 1.16·10-4 

0.3 0.9 1.2 0.91 25.3 2.99 15.3 20.2·10-4 3.91·10-4 

0.3 1.2 1.5 0.93 25.8 3.82 19.2 25.4·10-4 7.65·10-4 

0.4 1.2 1.6 0.92 25.6 4.03 21.5 28.4·10-4 9.28·10-4 

P20 

0.2 0.6 0.8 0.71 19.7 1.52 9.7 12.8·10-4 1.11·10-4 

0.3 0.9 1.2 0.75 20.8 2.41 13.7 18.1·10-4 3.74·10-4 

0.3 1.2 1.5 0.88 24.4 3.53 17.2 22.7·10-4 7.30·10-4 

0.4 1.2 1.6 0.93 25.8 3.98 19.2 25.4·10-4 8.86·10-4 

S4 Droplet breakup in poly-Pickering-HIPE micromixers: Grace7 did show that the droplet 

breakup in a simple shear flow that droplet breakup occurs above a Cacrit for a given viscosity ratio 

of IP to CP (𝜆 =  𝜂𝐼𝑃 𝜂𝐶𝑃⁄ ). In our case the viscosity ratios for w: St-DVB and w:PUDA-EHA

were 𝜆 = 0.37 and 𝜆 = 0.023, respectively. According to Grace showed that the lowest Cacrit 

required for droplet breakup are 0.5 and 3, respectively. This would indicate that droplet breakup 

should not occur in simple shear flow. However, in our poly-Pickering-HIPE micromixers, Cacrit 

was significantly lower compared to those predicted by Grace. This apparent disagreement was 

already discussed by Stegeman et al.8 As mentioned above, in our case, the maximum stable 
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droplet diameter 𝑑𝑚 cannot exceed the pore diameter 𝑑𝑝 in the poly-Pickering-HIPE micromixers 

thus the Grace model does not apply to our type of micromixers.  

However, emulsification in porous media,6 such as our micromixers, is possible and can be 

explained by the hydraulic Weber number 𝑊𝑒ℎ, which is the ratio of inertial forces to the surface 

tension forces. 𝑊𝑒ℎ is defined as follows:9,10

𝑊𝑒ℎ  =  
𝜌𝐶𝑃 ∙ 𝑢𝑠

2 ∙ 𝑑𝑝

𝜎
(𝐸𝑞. 𝑆7) 

where 𝜌𝐶𝑃 is the density of the continuous emulsion phase, 𝑢𝑠 the superficial velocity (𝑢𝑠  =

𝑄𝑇 𝜋 ∙ 𝑃 ∙ 𝑟2⁄ , where P is the micromixer porosity and r its radius), 𝑑𝑝 again the average pore size

of our poly-Pickering-HIPE micromixer, assumed to be an average tube diameter. The lowest 𝑊𝑒ℎ 

was 0.00011 for P20 but it increased with increasing fluid flow rate. However, also in this case 

𝑊𝑒ℎ is too low for a given 𝜆 to explain droplet breakup. 

Cobos et al.11 and Romero12 already showed that emulsions can be produced by partial pore 

blocking phenomena occurring when forcing immiscible fluids through porous media. When a 

fluid volume (of a multiphase fluid) is forced though the pore throats of poly-Pickering-HIPE 

micromixers, acting as orifice in a tube, both in the axial and radial flow direction, pore blockage 

does occur resulting in a backpressure increase (Figure S4) and thus in droplet elongation and 

breakup and, hence, the formation of emulsions.  
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Figure S5: The SEM images of poly-(St-DVB)HIPEs produced by polymerizing the HIPEs made 

in a P20 micromixer at c) 0.2/1 mL/min, d) 0.4/2 mL/min (CP/IP) flow rates. 
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Figure S6: 𝑑𝑝 of poly(St-co-DVB)HIPEs produced from polymerisation of HIPEs generated with 

P10 (A) and P15 (B) micromixers at various 𝑄𝑇 and ratios. 
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Figure S7: Sauter mean pore diameter 𝑑32 of poly-(PUDA-EHA)HIPEs produced by 

polymerisation of HIPEs generated in P5, P10, P15 and P20 micromixers at various 𝑄𝑇 and flow 

ratios. 
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Figure S8: Porosities of poly-(PUDA-EHA)HIPEs produced by polymerisation of HIPEs 

generated in poly-Pickering-HIPE micromixers at various 𝑄𝑇 and ratios.
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Figure S9: Photograph of a poly(St-co-DVB)HIPE with graded porosity made by polymerization 

of a HIPE with varying internal volume fraction produced in P20 micromixer operated at flow rate 

ratios of 0.2/0.6 and 0.15/0.6 (CP/IP) and SEM images taken from the corresponding places shown 

in the photograph (a: 𝑄 = 0.2/0.6 mL/min, b: transition area, and c: 𝑄 = 0.15/0.6 mL/min (CP/IP). 

Figure S10: SEM images of a P05 micromixer taken after using it several times for emulsification 

at a) low magnification, and b) high magnification. 
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ABSTRACT 

Porous polymers offer desirable properties for heterogeneous catalysis, such as excellent stability, 

high active site density, and reusability. However, their synthesis is often complicated, requiring 

expensive reagents and laborious synthetic processes. We produce organophosphorus 

functionalized polyHIPEs by the polymerization of particle and surfactant stabilized water-in-

styrene/divinylbenzene high internal phase emulsion templates, followed by post-functionalization 

using low-cost hypercrosslinking strategies. Three hypercrosslinking approaches were 

investigated, including knitting with an external crosslinker, solvent stitching and Scholl coupling 

reaction. Each approach’s ability to simultaneously create micro/mesoporosity and incorporate 

organophosphorus moieties into the polyHIPE structure as catalyst anchor sites were assessed, 
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introducing surface areas of up to 410 m2/g and phosphorus concentrations of up to 7.4 wt.%. After 

Pd-loading, the polyHIPEs displayed outstanding catalytic performance in a Suzuki-Miyaura 

coupling reaction, reaching turnover frequencies of 2440 h-1. The coarse powder form of the 

polyHIPEs allowed for simple catalyst recovery from the reaction mixture for reuse. 

INTRODUCTION 

Hypercrosslinked polymers (HCPs), among porous organic polymers, are of significant interest 

due to their high porosity, broad monomer pool, excellent stability, and low cost.1,2 These features 

allow for their use in a diverse array of applications including gas separation/storage,3 as stationary 

phase in liquid chromatography separation,4 light-harvesting,5,6 and as heterogeneous catalyst 

supports.7 HCPs have been prepared by a variety of bottom-up strategies to crosslink arene 

monomers, such as ‘knitting’ using external crosslinkers,8–10 the solvent stitching method,11,12 and 

the Scholl coupling reaction.13 In the knitting strategy, rigid arene monomers are hypercrosslinked 

using external crosslinkers, such as dimethoxymethane (DMM), via simple Friedel-Crafts 

reactions in the presence of a Lewis acid catalyst.9 Using this approach, a diverse number of 

micro/mesoporous HCPs with surface areas up to 2300 m2 g-1 have been reported.14 In the solvent 

stitching approach, the reaction medium (typically dichloromethane, (DCM)) acts also as external 

crosslinker, creating bridges between aromatic rings in the presence of a Lewis acid catalyst.11 The 

Scholl reaction forms aryl-aryl bonds between aromatic rings by elimination of two aryl-bound 

hydrogens.13 Many HCPs were employed as heterogeneous catalyst supports because of their 

desirable textural and chemical properties.7,13,15 However, these HCPs are often as fine powder, 

requiring extra isolation steps for catalyst recycling.7,16 
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Polymerized high internal phase emulsions (polyHIPEs) are emulsion-templated macroporous 

polymers17,18 employed for a wide variety of applications, ranging from filters19 to tissue 

engineering scaffolds,20 spring/separation units21 and micromixers.18,22–24 Prior to polymerization, 

HIPE templates consist of a continuous phase of monomer(s) and an aqueous internal phase, 

comprising ≥74% of the total emulsion volume. Surfactant-stabilized HIPEs yield emulsion-

templated interconnected macroporous structures upon polymerization and drying.17,22 Particle- 

stabilized HIPE templates (known as Pickering-HIPEs),  typically yield closed pore structure upon 

adsorption, so called  poly-Pickering-HIPEs, caused by irreversible adsorption of particles at the 

w/o interface. Interconnected poly-Pickering-HIPEs can be produced by the addition of small 

amounts of surfactant after emulsification, yielding permeable structures upon polymerization, 

with improved mechanical performance when compared with common polyHIPEs.23–25 High 

porosity macroporous polyHIPEs have relatively low surface areas (< 20 m2 g-1),26 hindering their 

usefulness as heterogeneous catalyst supports.16 Besides their low surface area, the lack of electron 

donors able to act as catalyst-complexing ligands result in decreased catalytic activity and stability 

on traditional polyHIPEs.27,28 The introduction of hierarchical porosity and chemical functionality 

into such structures may offer desirable properties, such as rapid mass transport permitted by 

interconnected macroporous structures and high catalyst loadings due to high surface areas derived 

from micro/mesopores.4,16,26 

The production of high surface area polyHIPEs was reported by hypercrosslinking of the polymer 

to impart micro/mesoporosity.16,26,29 Poly(styrene-co-divinylbenzene)HIPEs can be further 

crosslinked by post-modification using external crosslinkers and a Lewis acid catalyst to induce 

extensive Friedel-Craft alkylation reactions, yielding interconnected polyHIPEs with high surface 

areas (up to 921 m2/g).26,29 Such materials are attractive for many applications, such as oil spill 
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clean-up29 or heterogeneous catalysis.16 Typically, hypercrosslinking is performed on small 

polyHIPE pieces (approximately 0.5 cm3)26,29,30 or even powdered materials,16 using DMM as 

external crosslinker and an FeCl3 catalyst. However, the isolation of such small polyHIPE pieces 

at the end of the reaction can be difficult, particularly when employing external crosslinkers also 

capable of self-condensation. Perhaps more crucially, the lack of monolithic hypercrosslinked 

porous polymers limits their applicability in applications, such as monolithic chromatography 

columns or in flow cells. Tan et al. recently reported the hypercrosslinking of pyridine-containing 

polyHIPEs, which were subsequently loaded with gold for use as heterogeneous catalysts.31 

Therein, they provide evidence that both hierarchical porosity and functionality are required for 

good catalytic activity. To test this hypothesis, we apply various crosslinking strategies to the same 

macroporous scaffold aiming to tailor micro/mesopore content while introducing suitable moieties 

to anchor catalyst particles functionality. 

Using polyHIPE scaffolds, we synthesize catalyst supports containing hierarchical porosity and 

suitable binding sites by simultaneous hypercrosslinking and functionalization of macroporous 

poly(styrene-co-divinylbenzene). The hypercrosslinking strategies include knitting with an 

external crosslinker,4,26 solvent stitching11 and Scholl coupling reactions.13 Various 

hypercrosslinking approaches are employed to vary polyHIPE surface areas while retaining their 

emulsion-templated macroporous structures, enabling simultaneous incorporation of aromatic 

organophosphorus moieties, to be loaded with Pd catalyst. The performance of these Pd-loaded 

hypercrosslinked polyHIPEs as heterogeneous catalysts is assessed using a model Suzuki-Miyaura 

coupling reaction. The use of coarse polyHIPE pieces enables easy recovery of the catalysts from 

the reaction medium for reuse. 

EXPERIMENTAL 
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Materials. Styrene (St) (≥99%), divinylbenzene (DVB) (80%), sorbitan monooleate (Span 80), 

α,α′-azoisobutyronitrile (AIBN), calcium chloride dihydrate (CaCl2·2H2O) (≥99%), 1,2-

dichloroethane (DCE), dimethoxymethane (DMM), chloroform-d, anhydrous ferric chloride 

(FeCl3), anhydrous aluminum chloride (AlCl3), palladium acetate (Pd(OAc)2), bromobenzene, 

phenylboronic acid, anhydrous potassium persulfate (K3PO4) and triphenylphosphine (PPh3) were 

purchased from Sigma-Aldrich (Vienna, Austria). Hydrophobic pyrogenic silica particles (HDK 

H20) were kindly provided by Wacker Chemie AG (Germany). Dichloromethane (DCM), 

chloroform (CHCl3), ethyl acetate, hydrochloric acid (37 wt.%) and methanol were purchased from 

Fisher Chemicals (Vienna, Austria). All materials were used as received. 

Preparation of polyHIPEs. PolyHIPE monoliths were prepared by polymerization of the 

continuous phase of HIPEs consisting of St and DVB in an 8:2 ratio (v/v). H20 silica particles (3 

wt.%) were dispersed in the continuous phase in a centrifuge tube (Falcon®) using a dispenser 

(Kinematica, POLYTRON PT 1600 E, Malters, Switzerland) for 15 min at 15000 rpm. The 

continuous phase was then transferred into a glass vessel and 1 mol% AIBN (relative to the 

monomer’s polymerizable double bonds) was added. The aqueous internal phase containing 40 

g/L CaCl2 was added dropwise, while stirring at 400 rpm using an overhead stirrer fitted with an 

anchor stirrer. The final internal phase volume fraction was 80%. After addition, stirring continued 

for 3 min before 10 vol% Span 80 (relative to the continuous phase) was added and mixed for a 

further 30 s. The resulting emulsion templates were transferred into centrifuge tubes for 

polymerization in an oven at 70 °C for 4 h. Thereafter, the monoliths were removed and washed 

with water. The polyHIPEs were then purified via Soxhlet extraction using acetone for 16 h to 

remove surfactant and unreacted monomer. Finally, the polymers were dried in an oven at 70 °C 

for 24 h. 
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Hypercrosslinking of PolyHIPE monoliths 

Knitting of macroporous polymers using an external crosslinker. Cylindrical polyHIPE 

monoliths (12 mm in diameter and 60 mm in length) were swollen for 24 h in DCE (swelling 

ratio32 Q = 1.38 ± 0.04, See ESI S1). After swelling, DMM external crosslinker (2.9 g per 1 g 

monolith) and FeCl3 catalyst (7 g per 1 g monolith) were added to reaction mixture. For 

functionalization with triphenylphosphine (PPh3), the compound was also added to the mixture 

(3.7 g per 1 g monolith). Reactions were carried out at 80 °C for 24 h under reflux. After cooling 

to ambient temperature, the reaction was stopped by addition of methanol and the resulting 

materials were first washed using a solution of HCl in H2O (v/v = 1:1 with HCl 37 w/w%) and 

then using methanol. The monoliths were further purified via Soxhlet extraction using methanol 

for 24 h. Hypercrosslinked polymers were oven dried at 70 °C for 24 h. We refer to the resulting 

materials K-P.  

Solvent-stitching of macroporous polymers. Monoliths were first swollen in DCM (swelling 

ratio Q = 1.44 ± 0.03, See ESI S1) or DCE for 24 h. Afterwards, AlCl3 (7.35 g per 1 g monolith) 

was added as hypercrosslinking catalyst under constant stirring while purging the reaction mixture 

with N2. For organophosphorus functionalization, PPh3 (3.7 g per 1 g monolith) was also added to 

the reaction mixture. The reaction was carried out under N2 at 25 °C for 16 h, followed by 40 °C 

for 24 h and then 80 °C for a further 24 h. After cooling to room temperature, a HCl-H2O solution 

(v/v = 1:1 with HCl 37 w/w%) was used to quench the reaction. The same washing, purification 

and drying procedure as described above was followed. Solvent stitched samples are denoted as 

STM-P when using DCM as solvent or STE-P when using DCE. The M and E in their 

nomenclature refer to the anticipated methyl- and ethyl-bridges to be formed during solvent 

stitching when using DCM and DCE, respectively. 
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Scholl coupling reaction of macroporous polymers. Monoliths were first swollen in CHCl3 

(swelling ratio Q = 1.41 ± 0.02, See ESI S1) for 24 h. AlCl3 (7.35 g per 1 g monolith) was added 

as hypercrosslinking catalyst. For organophosphorus functionalization, PPh3 (3.7 g per 1 g 

monolith) was also added to the solvent. After purging with N2, the reaction was carried out at 

60 °C for 48 h under reflux. Again, the washing and drying procedure remained unchanged. Scholl 

coupled polyHIPEs are denoted SH-P. 

Preparation of Pd loaded polyHIPE catalyst supports 

Pd catalyst was immobilized onto the hypercrosslinked (functionalized) polyHIPEs (0.1 g) by first 

soaking the pieces in DCM (10 mL) containing Pd(OAc)2 (0.058 g, 0.26 mmol) followed by reflux 

for 2 h over stirring. Control experiments with non-functionalized hypercrosslinked scaffolds 

revealed that Pd is not successfully attached (see ESI Figure S2.1). Catalyst-loaded supports were 

collected using tweezers, dried in a fume hood and washed with acetone to remove residual non-

bound PdII and afterwards were dried at 70 °C in an oven. The Pd-loaded supports are indicated 

by Pd@, for example Pd@K-P. 

Suzuki-Miyaura coupling reaction using Pd@HCP-polyHIPEs catalysts 

The catalytic properties of Pd-loaded hypercrosslinked polyHIPEs were tested using the Suzuki-

Miyaura coupling reaction of bromobenzene with phenylboronic acid (Figure 1).33 Bromobenzene 

(1 mmol), phenylboronic acid (1.1 mmol) and anhydrous K3PO4 (3 mmol) were added to 4 mL 

H2O-EtOH (v/v = 1:1) solution. After the K3PO4 dissolved, a single piece of Pd@catalyst support 

(4  0.4 mg) was added to the mixture. The reaction was allowed to proceed for 30 min at 80 °C 

while stirring. Afterwards, the Pd-loaded support was removed from the reaction mixture with 

tweezers and washed with ethanol, water, and ethyl acetate. The catalyst was then pat-dried with 
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tissue before reuse. Each sample was used six times to investigate catalyst recycling. To extract 

reaction products and unreacted educts from the reaction mixture, ethyl acetate was used. The 

organic ethyl acetate phase was dried over MgSO4, filtered and the solvent removed using a rotary 

evaporator. The recovered solid residue was characterized by 1H NMR and biphenyl yields were 

calculated by the ratio of the biphenyl spectral signal to the total signal including aryl halide. The 

reaction was repeated three times with fresh Pd-loaded supports and each repeat was recycled six 

times.  

Figure 1. Suzuki-Miyaura coupling reaction of bromobenzene with phenylboronic acid at 80 °C 

using Pd-loaded catalyst support. 

Characterization methods 

High magnification images of fractured (hypercrosslinked) polyHIPEs (taken from three different 

locations) were recorded using scanning electron microscopy (JEOL SEM, JCM-6000) operated 

in high vacuum mode with an acceleration voltage of 15 kV. The samples were attached to a 

sample holder and sputtered with gold for 50 s, prior to imaging (JEOL JFC-1200). SEM images 

were further analyzed using an image analysis software package (ImageJ©, 

https://imagej.nih.gov/ij/download.html) to determine pore (𝑑𝑝) and pore throat (𝑑𝑝𝑡) diameters. 

At least 100 pore and pore throat diameters were characterized for each sample and their mean 

value was used. The skeletal density (𝜌𝑠) was measured using He displacement pycnometry 

(AccuPyc, 1330, Micromeritics Ltd.) after grinding (repeated three times with fresh samples). The 
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foam density (𝜌𝑓) was analyzed using a foam density analyzer (GeoPyc 1360, Micromeritics Ltd.) 

using the volume displacement method (repeated five times with fresh samples). The porosity (P) 

was calculated: 

𝑃% =  (1 −  
𝜌𝑓

𝜌𝑠
) ∙ 100% (Eq. 1) 

N2 adsorption isotherms of (hypercrosslinked) polyHIPEs (repeated three times with fresh 

samples) were measured using a porosity analyzer (Tristar, Micromeritics Ltd.) at 77 K. Prior to 

analysis, samples were degassed under N2 flow at 393 K overnight. Surface areas were calculated 

using the Brunauer-Emmett-Teller (BET) method.34  

FT-IR spectra were recorded three times with new samples in the range of 4000-400 cm-1 (Bruker 

Tensor II fitted with an A225/Q Platinum ATR unit). The sample was pressed using a clamp onto 

ATR unit to achieve good contact. Solid-state 13C cross polarization (CP) and 31P high power 

decoupling (HPDEC) magic angle spinning (MAS) NMR spectra were collected (Bruker Biospin 

AV III 600 MHz NMR spectrometer) and integration was performed using OriginLab software 

using a Gaussian fit. The elemental composition of samples was analyzed by high resolution X-

ray photoelectron spectroscopy (HR-XPS) (Nexsa, Thermo Fisher Scientific) using Al Kα radiation 

and the spectra analyzed (Avantage v5.9925 with Smart background, Simplex fitting and Gauss-

Lorentz product). Reference values for functional group binding energies were sourced from the 

NIST Standard Reference Database.35 Weight% of the detected atom (𝑤𝑡.𝑖%) was calculated from

its atomic% (𝑎𝑡.𝑖%) determined from the area under the XPS curve, which was given by the 

software: 
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𝑤𝑡𝑖% =  
𝑀𝑊𝑖

∙ 𝑎𝑡𝑖%

∑ (𝑀𝑊𝑗
∙ 𝑎𝑡𝑗%)𝑘

𝑗=1

𝑥100 (𝐸𝑞. 2) 

Total Pd-loading was determined using total X-ray reflection fluorescence spectrometry (TXRF) 

(Bruker S2 PicoFox TXRF). The Pd-P complex was destroyed by dispersing powdered samples 

(~0.1 g) in HNO3 for 48 h in air atmosphere. 1H NMR spectra (Bruker BioSpin AV III HD 700) 

were collected in chloroform-d and product yields were calculated by peak integration. Elemental 

analysis (Eurovector EA 3000 CHNS-O Elemental Analyser) were performed using 0.75 and 3.0 

mg of sample, weighed into tin vials (4×6 mm). Samples were run at least in duplicate. The 

operating temperatures for combustion and reduction were 1000 °C (1480 °C for O analysis) and 

750 °C, respectively, using He (99.999+) as carrier gas. 

RESULTS AND DISCUSSION 

Morphology and mechanical performance of polyHIPEs 

PolyHIPEs possessed interconnected pore structures (Figure 2) with average pore diameters dp = 

80.2 ± 29.1 µm and average pore throat diameters dpt = 20 ± 12 µm. The structures had skeletal 

densities s = 1.12 g/cm3 and possesses a porosity of 86%. The polyHIPEs prepared from an 

emulsion template stabilized using both particles and surfactant had improved mechanical 

properties (E = 48 MPa, 𝜎𝑐 = 2 MPa) compared with their equivalents prepared by polymerization

of solely surfactant-stabilized HIPEs (E = 18 MPa, 𝜎𝑐 = 1 MPa) (See ESI S3). Although 

conventional poly(St-co-DVB)HIPEs are chemically stable and can be hypercrosslinked,26,29 their 

structures are very brittle and friable, which did result in structural erosion during post-

modification and use (See ESI Figure S4.1). In contrast, polyHIPEs derived from particle and 

surfactant-stabilized HIPEs, having the same chemical composition, were much more robust 
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during both hypercrosslinking and use as heterogeneous catalyst supports (ESI Video S1). Thus, 

we will only further consider the latter polyHIPEs and data for the conventional polyHIPE 

equivalents can be found in the ESI S4.  

Figure 2. Characteristic SEM image of a polyHIPE prepared by polymerization of a HIPE 

simultaneously stabilized by H20 silica particles and Span 80. 

Chemical and structural properties of hypercrosslinked and functionalized polyHIPEs 

We produced polyHIPEs with functionalized hierarchical pore structures, i.e. possessing macro-, 

meso- and micropores, using three hypercrosslinking methods, in order to simultaneously increase 

their surface areas and incorporate triphenylphosphine moieties into their structures. Phosphines 

are known to form stable transition metal complexes, which can help stabilize catalyst 

performance, and improve leaching resistance and catalytic activity.13,15,36 Triphenylphosphine 

was selected due to its aromaticity, enabling linkage to the polyHIPE and immobilizing 

organophosphorus functional group on the porous structure. After knitting with a DMM external 

crosslinker, K-P retained the monolith structure and turned from white to orange-brown (Figure 

S5.1). After solvent stitching (STM-P or STE-P) and the Scholl coupling reaction (SH-P), all 

structures again had an orange-brown color, however the polyHIPE monoliths were cracked and/or 
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broken. This cracking may be due to rapid vapor release during the quenching of AlCl3 within the 

rigid structures. However, the remaining pieces retained structural integrity and were not friable, 

which enabled their use as heterogeneous catalyst support in batch reactions. Moreover, 

hypercrosslinking approaches did not affect the emulsion-templated morphology (Figure S5.2). 

As a result of hypercrosslinking, the skeletal density of all networks increased (Table 1). 
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Figure 3. A) 13C cross-polarization magic-angle spinning (CP/MAS) NMR spectra and B) 31P 

(HPDEC/MAS) NMR of hypercrosslinked and functionalized polyHIPEs. (Asterisks denote 

spinning sidebands) 

The successful simultaneous hypercrosslinking and functionalization of polyHIPE scaffolds was 

confirmed by 13C CP/MAS NMR (Figure 3A – the spectra of only hypercrosslinked polyHIPEs 

are in ESI S6). Peaks at ~144 ppm and ~127 ppm were assigned to substituted (Car-C) and non-

substituted (Car-H) aromatic carbons, respectively.37 The peak area ratio between Car-H and Car-C 

decreased from 3.4 for pristine polyHIPEs to 1.1 in K-P and 2.0 in STM-P (for peak deconvolution 

see ESI S7). This change is indicative of an increase in substituted aromatic carbons, confirming 

successful crosslink formation.38 The peak ratio was 1.0 and 1.7 for STE-P and SH-P, 
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respectively. Unfortunately, newly formed methylene/ethylene bridges are not easily identified 

due to peak overlap with the poly(St-co-DVB) backbone at ca. 40 ppm, only the emergence of a 

peak shoulder at ca. 35 ppm was observed.  

We confirmed the simultaneous incorporation of phosphorus species using 31P HPDEC/MAS 

NMR. In K-P and STM-P, a resonance peak at 26 ppm was observed, indicative of an oxidized 

triphenylphosphine (PO(Ph)3) (Figure 3B).39 A weak signal in the 31P NMR spectrum of K-P 

shows significantly lower P incorporation, as confirmed by EA and XPS (Table 1). 31P NMR 

spectra of STE-P and SH-P contained resonance peaks at both 27 ppm and -3.5 ppm, which were 

assigned to O=P(Ph)3 and PPh3, respectively. Peak area ratios of O=P(Ph)3 and PPh3were 0.6 for 

STE-P and 0.5 for SH-P (Figure S8.1). Unfortunately, the literature is ambiguous regarding the 

state of the organophosphorus species in hypercrosslinked networks prior to Pd-binding.13,28,40 

Either 31P NMR of their supports are not reported or peaks are not specifically assigned. Therefore, 

we investigate further the organophosphorus species of our materials using XPS. HR-XPS spectra 

confirmed the presence of P in all functionalized hypercrosslinked polyHIPEs (Figure S8.4 and 

Table 1). The P 2p spectra of STM-P, STE-P and SH-P all showed the linkage of P-CAr at binding 

energies of 130.4 eV and the presence of significant P=O at a binding energy of 132.5 eV (Figure 

S8.4). The oxidized triphenylphosphine species is also apparent in the O 1s spectra, where peaks 

at a binding energy of 531.1 eV are indicative of O=P bonds (Figure S8.5). K-P did not contain 

enough P to deduce reliable information. 

Table 1. Morphological and structural properties of functionalized hypercrosslinked polyHIPEs, 

including skeletal density (𝜌𝑠), foam density (𝜌𝑓), porosity (P), specific surface area (AS), and P 

content. 

132



Sample name 
𝜌𝑠

(g/cm3) 

𝜌𝑓

(g/cm3) 

P 

(%) 

AS 

(m2/g) 

Pi 

(wt.% ) 

Pii 

(wt.% ) 

Pd-loadingiii 

(wt.%) 

polyHIPE 1.12 ± 0.02 0.11 ± 0.01 86 ± 2 7 ± 1 0 0 - 

K-P 1.17 ± 0.04 0.11 ± 0.01 92 ± 4 370 ± 3 0.6 0.4 10.2 

STM-P 1.30 ± 0.01 0.17 ± 0.01 86 ± 0.8 410 ± 30 3.2 2.6 3.4 

STE-P 1.13 ± 0.01 0.23 ± 0.01 80 ± 1.3 9 ± 2 6.3 4.3 2.8 

SH-P 1.28 ± 0.03 0.23 ± 0.03 82 ± 2.2 240 ± 7 7.4 5.6 2.1 

i P content was determined using XPS. 
ii P content was determined using Elemental Analysis. 
iii Pd content was determined using TXRF. 

FTIR spectra of all hypercrosslinked and functionalized polyHIPEs (Figure S8.6) contain a group 

of bands in the region 3000-2800 cm-1, corresponding to aliphatic C-H stretching as well as bands 

at 3100-3000 cm-1, attributed to aromatic C-H stretching. After crosslinking, aliphatic C-H bands 

increased in intensity compared to aromatic C-H due to the introduction of m/ethylene crosslinks. 

Bands in the region 1600-1400 cm-1 were assigned to substituted aromatic ring skeleton vibrations, 

which became broader after hypercrosslinking (Figure 3B). The intensity of the sharp band at 700 

cm-1 decreased due to substitution of the aromatic ring in the para position. P-CAr stretching is

observed as a sharp band at 1090 cm-1 in the FTIR spectrum of pure PPh3,
41 however, the 

identification of P-CAr in hypercrosslinked and functionalized polyHIPEs is difficult due to overlap 

with the broad band at around 1100 cm-1 attributed to silica (Figure S8.6). Moreover, a broad band 

at around 600 cm-1 was observed in SH-P, which we assign to C-Cl stretching due to the 

incorporation of CHCl3 (Figure 3B). It is often hypothesized in the literature that the Scholl 

coupling reaction for the formation of HCPs involves the elimination of two aryl-bound H atoms 

to form a direct bond between aryl groups.13 However, HR-XP Cl 2p spectrum of SH-P showed 
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both metal-chloride bonds, evidence of residual AlCl3 catalyst, and C-Cl bonds, indicative of 

possible solvent stitching of CHCl3 to aromatic rings (Figure S8.7). This result suggests that 

methylene linkers as well as direct aryl-aryl bonds are formed in the Scholl coupling reaction in 

CHCl3. Furthermore, Rozyyev et al.42 showed recently that alky bridging reactions are more 

feasible than the aryl couplings when using CHCl3 as solvent. 

We probed the thermal stability of all hypercrosslinked and functionalized polyHIPEs using 

thermogravimetric analysis (TGA) in nitrogen. The TGA of STM-P and STE-P showed 

approximately 57% and 61% weight loss, respectively, of the polymers occurs at ~400 °C. K-P 

and SH-P displayed a weight loss of approximately 64% and 51%, respectively, at the same 

temperature, while non-crosslinked polyHIPE lost ~ 90% (See ESI S9), demonstrating improved 

thermal stability imparted by hypercrosslinking. 
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Figure 4: N2 sorption isotherms at 77 K of hypercrosslinked and functionalized polyHIPEs. 

The micro/mesoporosity of all hypercrosslinked (Figure S6.2) and functionalized polyHIPEs was 

analyzed using N2 adsorption analysis (Figure 4). The adsorption isotherms of native polyHIPEs 
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show no significant N2 uptake, suggesting low micro/mesoporosity (AS = 7 m2/g). With the 

exception of STE-P, all other hypercrosslinked (Figure S6.2) and functionalized polyHIPEs 

showed steep N2 uptake at low relative pressures, indicative of significant microporosity. The 

presence of hysteresis upon desorption is also indicative of capillary condensation in mesopores.43 

K-P and STM-P showed the largest AS increases, reaching 370 m2/g and 410 m2/g, respectively

(Table 1). To the best of our knowledge, neither solvent stitching nor Scholl coupling has thus far 

been reported for the formation of hierarchically porous networks with such broad pore size 

distributions. STE-P showed no AS increase after solvent stitching (AS = 9 m2/g), due to the 

formation of more flexible networks when crosslinking with ethylene bridges, allowing more 

efficient packing (Table 1). Additionally, some incomplete crosslink formation in STE-P was 

observed by XPS, as both metal-Cl (from AlCl3) and C-Cl bonds were detected in the Cl 2p 

spectrum (3.25 wt.% Cl) (Figure S8.7A). Wang et al.11 also observed a reduced AS when stitching 

biphenyl using DCE (AS = 536 m2/g) as compared to DCM (AS = 1475 m2/g). Finally, the Scholl 

coupling/CHCl3 solvent stitching and functionalization of polyHIPEs led to AS of 240 m2/g in SH-

P.  

Catalytic performance of hypercrosslinked and functionalized polyHIPEs 

The simultaneous hypercrosslinking and introduction of organophosphorus moieties into 

polyHIPEs produced stable heterogeneous catalyst supports, which were Pd-loaded by soaking the 

samples in Pd(OAc)2 solutions. Upon Pd-loading, the P peaks of Pd@STE-P and Pd@SH-P in 

31P HPDEC/MAS NMR consolidated into a single peak at 28.7 and 30 ppm, respectively (Figure 

S10.1). This is in-line with previous reports and indicative of the successful coordination of PdII 

to organophosphorus moieties.13,28,40 Denmark et al.44 demonstrated that triphenylphosphine oxide 

can in fact act as an efficient ligand for Pd in catalytic species. Therefore, we hypothesise that 
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although our hypercrosslinked and functionalized polyHIPEs mainly contain O=P(Ph)3 species, 

they are still able to act as efficient ligands for Pd. High resolution P 2p XPS showed that the peak 

shifted from 132.4 eV to 133 eV upon Pd-loading in our polymers, confirming the formation of 

Pd complexes (Figure S8.5).39 Furthermore, the Pd 3d HR-XP spectra revealed that Pd0 and PdII 

species were present in Pd@STM-P, Pd@STE-P, and Pd@SH-P at binding energies of 335.9 

eV and 337.6 eV in the Pd 3d5/2 level and 341.3 eV and 343.4 eV in the Pd 3d3/2 level, respectively 

(Figure 5).  
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Figure 5: High resolution Pd 3d XP spectra of A) Pd@STM-P, B) Pd@STE-P and C) Pd@SH-

P. Spectra of the Pd-loaded polymers after 6 reaction cycles are included (denoted with -U) (green 

line represents fitting and black line is the original data). 
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Pd-loaded hypercrosslinked and functionalized polyHIPEs (Figure S10.4A) were used as 

heterogeneous catalysts for Suzuki-Miyaura cross-coupling reactions of bromobenzene (

Figure 1). Homogeneous catalysis using Pd(PPh3)4 reached substrate conversions of just 15% after 

30 min. Hypercrosslinked and functionalized polyHIPEs prior to Pd loading showed no catalytic 

activity. All Pd-loaded polyHIPEs, irrespectively of P content, resulted in yields of 98% in the first 

Suzuki-Miyaura coupling reaction cycle (Table 2). Pd-loaded non-organophosphorus 

functionalized hypercrosslinked polyHIPEs showed significant reductions in catalytic activity 

after the first reaction cycle due to a lack of Pd complexes resulting in catalyst leaching, as 

evidenced by the formation of a Pd black slurry. Although Pd@K-P contained the highest amount 

of Pd, as determined using TXRF (Table 1), the catalytic activity of Pd@K-P reduced 

dramatically after the first reaction cycle and was completely inactive after the third (Table 2). As 

Pd@K-P contained only 0.6 wt.% P, catalyst leaching occurred, which was again confirmed by 

the formation of a Pd black slurry (Figure S10.4C). Furthermore, 75% catalyst loss after the first 

reaction cycle was observed by XPS. High initial Pd concentrations may be due to the combined 

effect of the high AS and swelling degree of K-P in DCM (See ESI Video S2 and Figure S10.5). 

XPS showed that both fresh Pd@K-P and the same sample after three reaction cycles had binding 

energies of Pd 3d5/2 at 335.5 eV and 336.4 eV (Figure S10.8), indicative of Pd0 and the formation 

of PdO, respectively.  
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Table 2. Suzuki-Miyaura coupling reaction yields obtained using Pd-loaded hypercrosslinked and 

functionalized polyHIPE catalysts. 

Pd@K-P Pd@STM-P Pd@STE-P Pd@SH-P 

# yield (%) yield (%) yield (%) yield (%) 

1 96 ± 1 98 ± 3 98 ± 1 98 ± 1 

2 18 ± 3 83 ± 3 95 ± 2 96 ± 2 

3 9 ± 2 83 ± 3 94 ± 2 97 ± 1 

4 0 82 ± 4 94 ± 2 97 ± 1 

5 - 81 ± 3 93 ± 1 96 ± 1 

6 - 82 ± 4 92 ± 1 91 ± 6 

In contrast to Pd@K-P, polyHIPE catalyst Pd@STM-P retained good catalytic activity upon 

reuse, decreasing slightly to 83% yield after reaction cycle one and then retaining its activity across 

five additional cycles. The initial drop in activity is attributed to oxidation and reducing of Pd 

during the reaction, which was observed by a shift in PdII binding energy from 337.6 eV to 336.5 

eV and 335.3 eV in the Pd 3d5/2 level, respectively (Figure 5). On the other hand, polyHIPE 

catalysts Pd@STE-P and Pd@SH-P showed almost no activity loss upon reuse over six cycles 

(Table 2 and ESI S11). After a reaction time of 30 min, a turnover frequency (TOF)45 of 1880 h-1 

and 2440 h-1 was calculated for Pd@STE-P and Pd@SH-P, respectively (See ESI S12). 

Moreover, the XPS binding energies of Pd 3d5/2 and 3d3/2 levels in Pd@STE-P and Pd@SH-P 

remained unchanged after re/use. Lei et al.36 produced P-functionalized porous organic polymers 

in fine powder form as Pd catalyst supports for Suzuki-Miyaura coupling reactions. Their Pd 3d 

XP spectra revealed the presence of both Pd0 and PdII states after the first reaction cycle which 

remained unchanged following further cycles. Our catalysts, containing both Pd0 and PdII states, 

were also able to repeatedly perform Suzuki-Miyaura reactions to high conversion yields. 
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Although our hypercrosslinked and functionalized polyHIPEs possess lower AS than many 

hypercrosslinked polymers produced from discreet aromatics, they nevertheless showed good 

catalytic performance in the Suzuki-Miyaura coupling reaction of bromobenzene with 

phenylboronic acid as compared to Pd-immobilized microporous organic polymers. Li et al.28 

reached a TOF of 162 h-1 using 0.7 wt.% Pd-loaded knitted aryl network synthesized by knitting 

benzene and triphenylphosphine with DMM external crosslinker. A microporous polymer 

produced via Scholl coupling of triphenylbenzene and PPh3 contained 1.2 wt.% of Pd after loading 

and achieved an impressive TOF of 59400 h-1.13 Microporous copolymers of benzene and N-

heterocyclic carbene knitted using DMM contained 5.1 wt.% Pd and resulted in TOFs of 990 h-1.46 

Using similar copolymers, Xu et al. reached TOFs of 8684 h-1, even with Pd loadings <0.06 

mmol/g.27 However, in both cases, N-heterocyclic carbene monomer needed to first be 

synthesized, somewhat complicating catalyst production. In all of these examples, the catalyst 

supports are produced in a fine powder form, which require laborious filtration steps. To try to 

eliminate this, Desforges et al.47 functionalized polyHIPEs with various amino groups for use as 

Pd catalyst support, reporting yields of 60% for the Suzuki coupling of iodobenzene and 

phenylboronic acid after 23 h. Mrόvka et al.48 incorporated Pd into polyHIPEs modified with silica 

for hydrogenation reactions. However, their polyHIPEs disintegrated during stirring due to poor 

mechanical properties. Because of this, they crushed the materials into fine powder for use, 

negating the advantages of the emulsion-templated network and again requiring filtration. In 

addition to good catalyst activity, our coarse powder supports were easily recovered using 

tweezers, post-catalytic conversion (See ESI Video S1), and avoiding filtration. High 

organophosphorus concentrations permitted high Pd-loadings, irrespective of support surface area, 
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and emulsion templated macroporosity improved mass transport to active sites. Furthermore, we 

observed no decrease in catalytic activity after supports were exposed to air. 

CONCLUSION 

Inspired by encouraging reports in the literature, we attempted to discern the role of surface area 

and catalyst support functionality on the effectiveness of Pd-loaded heterogeneous catalyst 

supports. We report the simultaneous hypercrosslinking and functionalization of two polyHIPE 

supports using three different hypercrosslinking approaches. We successfully introduced 

micro/mesoporosity into macroporous polymers to produce hierarchical pore structures. We 

showed that incorporation of organophosphorus moieties was dependent upon hypercrosslinking 

approach. With the exception of K-P, which was knitted using DMM external crosslinker, high 

organophosphorus content was achieved in all simultaneously hypercrosslinked and functionalized 

polyHIPEs, increasing the stability of loaded Pd. By comparing the catalytic activity of Pd@STE-

P (TOF = 1884, AS = 9 m2/g) with Pd@STM-P (TOF= 1544, AS = 410 m2/g) and Pd@SH-P (TOF 

= 2440, AS = 240 m2/g), it is clear that the presence of micro/mesoporosity, and hence high surface 

areas, is not crucial in the design of catalyst supports for Suzuki-Miyaura cross-coupling reactions. 

Solvent stitching with DCE followed by Pd-loading produced excellent macroporous polyHIPE 

catalysts without the introduction of micro/mesoporosity. Our hypercrosslinked and functionalized 

polyHIPEs had excellent catalytic activities in mild conditions and aqueous media and could be 

successfully reused multiple times without significant performance reduction. Moreover, owing to 

their coarse powder form, they were easily and quickly separated from the reaction for reuse 

without filtration. This low-cost strategy to functionalized polyHIPEs provides a practical route to 

designable supports for various precious metals. 
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phase emulsion; HPDEC, high power decoupling; NMR, nuclear magnetic resonance; polyHIPE, 

polymerized high internal phase emulsion; SEM, scanning electron microscopy; Span 80, sodium 

monosorbitol; TGA, thermal gravimetric analysis; TOF, turnover frequency; TON, turnover 

number; TXRF, total X-ray reflection fluorescence; XPS, X-ray photoelectron spectroscopy. 
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S1 Swelling experiments of polyHIPEs 

Swelling tests were performed on polyHIPEs to evaluate the resistance against dichloroethane 

(DCE), dichloromethane (DCM) and chloroform (CF). PolyHIPE monoliths were cut into shorter 

cylindrical shape (diameter = ~4.5 mm and height = ~13 mm) with 5 samples were prepared for 

each solvent. After measuring their dry weight and dimensions, the samples were placed in vials 

and 4 mL of solvent was added. Weight and dimensions of swollen polyHIPEs were recorded after 

24 h. Afterwards, the samples were dried in a conventional oven for 24 h at 70 °C and their weight 
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and dimensions were measured again to determine possible material loss. Swelling ratios Q were 

calculated from the ratio of volume of the swollen 𝑉𝑆𝑀 to initial dry polyHIPEs: 

𝑄 =
𝑉𝑆𝑀

𝑉0

(Eq. S1) 

Figure S1.1. Photograph of dry polyHIPEs and after swelling them in appropriate solvent for 24 

h. 

Table S1.1. Swelling ratios (Q) of polyHIPEs in DCE, DCM and CF. 

𝑄𝐷𝐶𝐸 𝑄𝐷𝐶𝑀 𝑄𝐶𝐹 

PPH 1.38 ± 0.04 1.44 ± 0.03 1.41 ± 0.02 
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S2 Suzuki-Miyaura cross-coupling reaction with Pd-loaded hypercrosslinked polyHIPE 

catalyst 

Figure S2.1. Suzuki-Miyaura cross-coupling reaction using Pd-loaded hypercrosslinked 

polyHIPE catalyst. Due to the Pd-leaching reaction mixture turned to black color. 

S3 Mechanical testing of conventional polyHIPEs and polyHIPEs 

Compression tests were carried out at room temperature using an Instron series 5584 testing 

machine (Instron Ltd., Norwoord, U.K.) equipped with a 1 kN load cell.  The specimens had a 

diameter of 12 mm and height of 10 mm. Samples were compressed at an extension rate of 

1 mm/min until the height was reduced by 30% of its original value. Elastic modulus was 

determined from the slope of the initial linear elastic region in the stress/strain plot. The crush 
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strength was determined from the maximum compressive strength of the sample at the end of the 

initial linear elastic region, normalized with respect to the cross-sectional area. 
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Figure S3.1. The stress-strain curves of conventional (c-)polyHIPEs and polyHIPEs monoliths 

during the compression test. 

Table S3.1. Young’s modulus (E) and crush strength (𝜎𝑐), of c-polyHIPEs and polyHIPEs. 

Sample 
E 

(MPa) 
𝜎𝑐 

(MPa) 

c-polyHIPEs 19 ± 2 1 ± 0.2 

polyHIPEs 48 ± 8 1.6 ± 0.2 
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S4 chemical and structural properties of hypercrosslinked and/or functionalized 

conventional polyHIPEs 

Figure S4.1. The photograph of hypercrosslinked and functionalized c-polyHIPE produced from 

solely surfactant-stabilized HIPEs eroded during the post-modification with Pd(OAc)2 in DCM. 
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Figure S4.2. Characteristic SEM images of hypercrosslinked (K-c-polyHIPE, SH-c-polyHIPE 

and STM-c-polyHIPE) and/or functionalized (STE-P-c-polyHIPE) conventional polyHIPEs. 

Table S4.1. Morphological characteristics, skeletal density (𝜌𝑠) and foam density (𝜌𝑓), porosity 

(P) and structural properties, specific surface area (As), and phosphorus content of

hypercrosslinked and functionalized conventional (c-) polyHIPEs. 

Sample name 
𝜌𝑠 

(g/cm3) 

𝜌𝑓 

(g/cm3) 

P 

(%) 

AS 

(m2/g) 

Pi 

(wt.% ) 

Pii 

(wt.% ) 

c-polyHIPE 1.10 ± 0.02 0.16 ± 0.02 86 ± 2 10 ± 2 0 0 

K-c-polyHIPE 1.09 ± 0.02 0.11 ± 0.01 90 ± 1 496 ± 15 0 0 

STM-c-polyHIPE 1.2 ± 0.07 0.11 ± 0.01 90 ± 0.6 448 ± 15 0 0 

SH-c-polyHIPE 1.21 ± 0.04 0.13 ± 0.02 91 ± 4 163 ± 1 0 0 

STM-P-c-polyHIPE 1.27 ± 0.02 0.15 ± 0.02 88 ± 1.7 399 ± 45 1.7 0.7 

STE-P-c-polyHIPE 1.11 ± 0.01 0.16 ± 0.01 88 ± 6.4 23 ± 1 2.7 1.9 
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i P content was determined using XPS. 
ii P content was determined using Elemental Analysis. 
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Figure S4.3. 13C cross-polarization magic-angle spinning (CP/MAS) NMR of c-polyHIPE and 

hypercrosslinked and/or functionalized c-polyHIPEs. Asterisks denote spinning sidebands. 
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Figure S4.4. 31P HPDEC/MAS NMR of knitted and functionalized A) STM-P-c-polyHIPE and 

B) STE-P-c-polyHIPE (Asterisks denote spinning sidebands).
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Figure S4.5. The FT-IR spectra of polyHIPE and hypercrosslinked and/or functionalized c-

polyHIPEs. The right spectra represent zoomed area in the main FT-IR spectra indicated in the 

grey box to show the details of the C=C stretching vibrations of the benzene ring. 
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Figure S4.6. N2 sorption isotherms of c-polyHIPE and hypercrosslinked and/or functionalized c-

polyHIPEs. 
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S5 Pictures and high magnification SEM images of hypercrosslinked and functionalized 

polyHIPEs 

Figure S5.1. Photographs of A) polyHIPE, B) K, C) K-P, D) STE-P, E) STM, F) STM-P, G) 

SH, H) SH-P. 
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Figure S5.2. Characteristic SEM images of K-P, STM-P, STE-P and SH-P. 
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S6 Chemical and structural properties of hypercrosslinked polyHIPEs 

Table S6.1. Morphological and structural properties of hypercrosslinked polyHIPEs, including 

skeletal density (𝜌𝑠), foam density (𝜌𝑓), porosity (P), specific surface area (AS), and P content. 

Sample name 
𝜌𝑠

(g/cm3) 

𝜌𝑓

(g/cm3) 

P 

(%) 

AS 

(m2/g) 

Piii 

(wt.% ) 

Piv 

(wt.% ) 

DMM-PPH 1.15 ± 0.03 0.13 ± 0.01 89 ± 0.7 536 ± 51 0 0 

STM-PPH 1.24 ± 0.06 0.16 ± 0.01 87 ± 1 391 ± 32 0 0 

SH-PPH 1.21 ± 0.01 0.21 ± 0.01 86 ± 7 150 ± 45 0 0 

iii P content was determined using XPS. 
iv P content was determined using Elemental Analysis. 
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Figure S6.1. A) 13C cross-polarization magic-angle spinning (CP/MAS) NMR spectra (Asterisks 

denote spinning sidebands) and B) FT-IR spectra of polyHIPE and hypercrosslinked polyHIPEs. 
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Figure S6.2. N2 sorption isotherms at 77 K of hypercrosslinked polyHIPEs. 

160



S7 Deconvolution of 13C CP/MAS NMR spectra of P(P)Hs and HCP- P(P)Hs 
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Figure S7.1. Deconvoluted 13C CP/MAS NMR spectrum of SH-PPH (blue line represents 

deconvolution, red line represents CAr-H peak at 127 ppm, and green line represents CAr-C peak at 

144 ppm). In the table, the ratio of area of CAr-H (A127) to area of CAr-C (A144) is given for the 

corresponding samples. 
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S8 Chemical properties of hypercrosslinked and functionalized polyHIPEs 
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Figure S8.1 Deconvoluted 31P CP/MAS NMR spectrum of SH-P and STE-P (green line represents 

the fitting, while black line is the original data). 
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Figure S8.2. XP survey spectra of hypercrosslinked and functionalized polyHIPEs. 
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Figure S8.3. High resolution C 1s and O 1s XP spectra K-P (green line represents the fitting and 

black line is the original data). 
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S9 Thermal gravimetric analysis of (hypercrosslinked) poly-Pickering-HIPEs 

Thermal gravimetric analysis (TGA) of poly-Pickering-HIPEs was performed across the range of 

50 °C to 800 °C using a TA instrument Discovery TGA (Discovery SA, TA Instrument, Eschborn, 

Germany) with a heating rate of 10 °C/min under a nitrogen atmosphere. 

0 100 200 300 400 500 600 700 800
0

10

20

30

40

50

60

70

80

90

100

110

W
e

ig
h

t 
(%

)

Temperature (°C)

 STM

Sample name 

Weight 

loss 

wt.% 

polyHIPE 90 

K 74 

STM 55 

SH 70 

K-P 64 

STM-P 57 

STE-P 61 

SH-P 51 

Figure S9.15. TGA plot of SK-PPH from 50 °C to 800 °C under N2 atmosphere, and in the table 

the weight loss at 800 °C of polyHIPE, and hypercrosslinked and/or functionalized polyHIPEs. 
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S10 Catalyst performance of hypercrosslinked and functionalized polyHIPEs 
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Figure S10.2. XPS survey spectra of Pd-loaded hypercrosslinked and functionalized polyHIPEs. 
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Figure S10.3. HR C 1s and O 1s XP spectra of Pd-loaded hypercrosslinked and functionalized 

polyHIPEs. 
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Figure S10.4. Photograph of A) Pd loaded STE-P piece, B) Suzuki-Miyaura reaction using 

Pd@SH-P as catalyst and C) Suzuki-Miyaura reaction using Pd@K-P as catalyst and black slurry 

as a result of leaching of Pd. 

00:03 

(-) 

03:40 

(-) 

STM-P-1 1.178 1.09 

STM-P-2 1.128 1.233 

K-P-3 1.434 1.473 

K-P-4 1.124 1.201 

K-P-5 1.438 1.521 

Figure S10.5. Photographs of K-P and STM-P taken from the time-lapse video (x30) (ESI Video 

S2) at 00:03 and 03:40 (mm:ss) to determine their swelling ratios in DCM solvent, of which 

corresponding lengths are displayed in the table. The diameter of the metal ball to determine 

swelling. 
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Figure S10.6. XPS survey spectra of Pd-loaded hypercrosslinked and functionalized polyHIPEs 

after six Suzuki-Miyaura cross-coupling reactions. 
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Figure S10.7. HR C 1s and O 1s XP spectra of Pd-loaded hypercrosslinked and functionalized 

polyHIPEs after six Suzuki-Miyaura cross-coupling reactions. 
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Figure S10.8. XPS spectra for Pd 3d of A) Pd@K-P and B) Pd@K-P after 3 reaction cycles 

(green line represents the fitting, while black line is the original data). 
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S11 1H NMR of Suzuki-Miyaura cross-coupling reaction of bromobenzene using 

Pd@hypercrosslinked and functionalized polyHIPEs 

Figure S11.1. 1H NMR spectra of Suzuki-Miyaura coupling reaction of bromobenzene with 

phenylboronic acid using Pd@SH-Pd for the 1st time as catalyst support. 
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Figure S11.2. 1H NMR spectra of Suzuki-Miyaura coupling reaction of bromobenzene with 

phenylboronic acid using Pd@SH-P for the 6th time as catalyst support. 
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S12 Turnover frequency (TOF) of Pd@HCP-polyHIPEs 

TOF quantifies how many catalytic reaction cycles proceed per site and per unit of time, or per 

gram of catalyst. The number of cycles that a catalyst can run through before it deactivates is 

determined by the turnover number (TON). It quantifies the number of A molecules transformed 

into B molecules using one molecule of catalyst. TOF can be determined by dividing TON to 

reaction time: 

𝑇𝑂𝑁 (−) =  
%𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ∙ # 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

# 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
(𝐸𝑞. 𝑆2) 

𝑇𝑂𝐹 (ℎ−1) =  
𝑇𝑂𝑁

𝑡
(𝐸𝑞. 𝑆3) 

Table S12.1. Pd-loading of hypercrosslinked and functionalized poly-Pickering-HIPEs 

determined using TXRF and their turnover frequency (TOF) in the Suzuki-Miyaura coupling 

reaction. 

Supports Pd (w%) TON (-) TOF (h-1) 

DMM-Pd 10.2 1200 510 

STM-Pd 3.4 3088 1544 

STE-Pd 2.8 3768 1884 

SH-Pd 2.1 4880 2440 
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Liquid-liquid extraction using combined hydrophilic-

hydrophobic emulsion templated macroporous polymer 

micromixer-settlers 
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Abstract 

Continuous liquid-liquid extraction and separation of 4-aminoacetophenone, a product of the 

hydrogenation of 4-nitroacetophenone, was performed within emulsion templated macroporous 

polymer (polyHIPE) extraction units using a miniaturized gravity-based settler. PolyHIPEs with 

interconnected and tailorable macroporous structures are effective micromixers allowing to mix 

fluids in both axial and radial directions. We fabricated extraction units by combining hydrophilic 

and hydrophobic polyHIPEs, which improved the extraction efficiency by inverting the 

liquid/liquid dispersion type from oil/water to water/oil (or vice versa) during the extraction, which  

Publication IV

176



is governed by the wettability of the porous medium. The extraction efficiency of our combined 

polyHIPE micromixer reached 98%, while that of control experiments performed using a blank 

tube or commercial Kenics® static mixer was 78%. The overall volumetric mass transfer 

coefficient kLa in polyHIPE micromixer-settlers was significantly higher 0.011 s-1 reaching 

interfacial areas a of 17900 m2/m3, much larger compared to a blank tube (kLa = 0.0035 s-1 and a 

= 5700 m2/m3) and static mixer (kLa = 0.0041 s-1 and a = 6800 m2/m3). PolyHIPE micromixer-

settlers could be potentially useful to intensify continuous L-L extractions. 

Keywords: L-L extraction, polyHIPEs, volumetric mass transfer coefficient, extraction efficiency. 

1 Introduction 

Process intensification is a set of innovative principles used to develop sustainable and cost-

effective chemical process systems,1 which can be summed up in the “mnemonic safer, cleaner, 

and smaller”.2 One aim of process intensification is to downsize plants to microreactors to 

overcome bottlenecks in heat and mass transfer by utilising the advantages of micromixers. 

Micromixers mix fluids in microscale channels, where mass transport occurs by molecular 

diffusion and chaotic advection. Micromixers and -reactors play a significant role to reduce the 

dimensions of chemical reactors because of their well-defined flow patterns, better temperature 

control resulting in a uniform process environment, which leads to lower energy consumption, less 

raw material usage and thus less waste generation.2 Micromixers provide many benefits over 

conventional processes, e.g. high mass transport rates, rapid mixing and high selectivity and 

conversion.3–5 Because of those advantages, micromixers can be used in various chemical process 

units, e.g., mixers,6,7 microreactors with embedded catalyst8–10 or liquid-liquid extractors.11,12 
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Liquid-liquid extraction plays an important role both in laboratories and industry to separate 

compounds which cannot be separated directly or when direct separation, such as crystallization 

or distillation, is too costly.13 Based on the partial miscibility of liquids, dissolved compounds can 

be separated by liquid-liquid extraction from a process solvent to a second solvent by mass 

transfer.13,14 However, macroscale L-L extraction has drawbacks, including necessity for large 

amount of solvents with its associated risks especially when using volatile solvents and it is labor 

intensive.15,16 Besides employing L-L extraction in laboratories to purify synthesized compounds, 

or to be able to characterize compounds in a suitable solvent,17,18 it is curial process step in 

industries, including recovery of metals, extraction of organic compounds, refining radioactive 

isotopes, oil recovery, etc.14 In extraction unit designs, immiscible liquids are dispersed by energy 

input to increase the contact (interfacial) area to enhance mass transfer efficiency. Liquid-liquid 

extraction operations are usually performed using countercurrent columns, centrifugal extractors 

and mixer-settlers.13 However, large liquid volumes require high energy input for efficient mixing 

and volatile liquids result in increased pressures in the extraction unit. In contrast, micromixers 

allow for advanced process control and high contact area to volume ratio resulting in enhanced 

mass transfer between two immiscible phases.19 

Various micromixer designs have been disclosed. The simplest micromixers use Y or T connector 

of empty tubes, while more elaborate designs use etching of metal or silicon substrates, molding 

or CNC milling of polymer substrates.3 However, in order to achieve effective mixing in small 

dimensions, vortices have to be generated in microchannels, which is possible by adding split-and-

recombination channels or obstacles. Design and dimensions of such complex channel structures 

are limited by machine accuracy.20 We already demonstrated that micromixers can be fabricated 

from emulsion templated macroporous polymers, called polymerized high internal phase 
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emulsions (polyHIPEs).21–24 Their interconnected pore structures can be tailored to create parallel 

mixing paths along the micromixer, which allows for effective micromixing in a co-flow 

arrangement.6 

PolyHIPEs are produced by polymerization of HIPEs comprising a monomer containing 

continuous phase and an aqueous internal phase (>74 vol.% of the total emulsion), which after 

removal of the templating phase results in macroporous polymers.25–27 The pore structure of 

polyHIPEs can be tailored by choice of emulsifier,28,29 the emulsion phase volume ratio,21,30 and 

the energy input during emulsification.30,31 Their interconnected pore structure allows for fluid 

transport through their monolithic structure rendering them useful as stationary phase in column 

chromatography,32–34 as filters,35–37 or microreactors.21,23,38 During liquid-liquid extraction, 

effective mixing results in increased interfacial area between immiscible liquids, which is 

necessary to increase the mass transfer rates and thus extraction performance of desired 

compounds. 

Herein, we introduce a design of a co-flow contactor liquid-liquid micromixer-settler separation 

unit comprising both hydrophilic and hydrophobic polyHIPEs. In order to improve the mass 

transfer between raffinate and extract phase, we will alter droplet form during L-L extraction by 

changing the wettability of polyHIPE extraction unit from oil to water-wet. Therefore, the effect 

of polyHIPE wettability on the droplet formation is investigated by generating emulsions via 

injecting surfactant containing aqueous and oil solutions to polyHIPE extraction units. The 

continuous L-L extraction of 4-aminoacetophenone, which is a typical product of the 

hydrogenation of 4-nitroacetophenone, is performed using the polyHIPE micromixer-settler. We 

investigated the effect of the location of hydrophilic and hydrophobic polyHIPEs in the extraction 

unit at two different flow rates. The extraction efficiency and overall volumetric mass transfer of 
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polyHIPE micromixer-settlers are calculated by determination the 4-AAP concentration in the exit 

raffinate and extract phases and will be compared with a blank tube and commercial static mixer.  

2 Experimental Part 

2.1 Materials 

Styrene (St) ≥99%, divinylbenzene (DVB) 80%, α,α′-azoisobutyronitrile (AIBN), calcium 

chloride dihydrate (CaCl2·2H2O) ≥99%, sorbitan monooleate (Span 80), trifluoroethyl 

methacrylate (TFEMA), 2-hydroxyethyl methacrylate (HEMA), N,N’-methylene bisacrylamide 

(MBAA), ammonium persulfate (APS), the surfactant poly-(ethylenglycole)-block-poly-

(propyleneglycole)-block-poly-(ethyleneglycole) (Kolliphor® P 188 (P188)), cyclohexane, 

N,N,N′,N′-tetramethylethylenediamine (TEMED), hexadecane, surfactant polysorbate 80 (Tween 

80), 4-nitroacetophenone (4-NAP), 4-aminoacetophenone (4-AAP), ammonium formate (AF) and 

caffeine were purchased from Sigma-Aldrich (Vienna, Austria). Ethanol, ethyl acetate and 

isopropanol were purchased from Fischer Chemicals (Vienna, Austria), Araldite Rapid adhesive® 

from Rapid Electronics Limited (Essex, UK), Araldite 2020 from Farnell Element14 (Salzburg, 

Austria), shrink tubing from Conrad Electronic GmbH (Vienna, Austria), 3/8" Kenics static mixer 

(12 helix) from Cole-Parmer (Germany), and 1/16” PTFE tubes from VWR (Vienna, Austria). All 

materials were used as received.  

2.2 Preparation of polyHIPEs 

2.2.1 Hydrophilic polyHIPEs 

Hydrophilic polyHIPEs were produced adapting the procedure published by Kovačič et al.39 

Briefly, the continuous phase (CP) of o/w HIPEs was prepared by dissolving HEMA (1.7 g, 0.013  
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mol) in H2O (5.2 g) in a glass mixing vessel equipped with an anchor paddle attached to an 

overhead stirrer (Phoenix Instruments RSO-20D, Garbsen, Germany). The crosslinker MBAA (0.8 

g, 0.0052 mol), surfactant P188 (1 or 1.5 g) and initiator APS (1 mol%, with respect to total amount 

of double bonds of the monomers) were dissolved in the HEMA solution. Cyclohexane (17.34 g) 

as internal phase (IP) was added slowly into the CP under constant agitation at 400 rpm. Thereafter, 

HIPEs were agitated further for 30 min at 400 rpm, producing a stable emulsion. The reducing 

agent (TEMED, 0.0465 g, 0.52 mmol) was added to the emulsion and further mixed for 30 s. O/w 

HIPEs were transferred into polypropylene centrifuge tubes (Falcon®, Di = 12 mm) and 

polymerised at room temperature in a fume hood for 24 h. Afterwards, the monoliths were removed 

from the tubes and immersed into isopropanol for 16 h, and further purified by Soxhlet extraction 

with isopropanol for 16 h. PolyHIPEs were dried first in the fume hood overnight, then in a 

convection oven at 70 °C for 24 h. The hydrophilic polyHIPE monoliths are called HM10 and 

HM15, were the number indicates the surfactant amount used to stabilise the HIPE templates. 

2.2.2 Hydrophobic polyHIPEs 

Hydrophobic polyHIPEs were prepared by polymerisation of the continuous monomer phase of 

w/o HIPEs prepared by mixing St (8 mL, 0.07 mol), DVB (2 mL, 0.014 mol), TFEMA (0, or 2 

mL, 0.014 mol) and Span 80 (2 mL) in a reaction vessel while adding AIBN (0.16 g or 0.2 g, 1 

mol% with respect to the double bonds of the monomers). The aqueous IP consisted of 40 g/L 

CaCl2 and was added dropwise into the CP under constant agitation at 400 rpm. After complete 

addition of dispersed phase (77 vol.%), it was further stirred at 400 rpm for 3 min. Then the 

emulsion templates were transferred into centrifuge tubes and polymerised at 70 °C in an oven for 

4 h. Afterwards, the monoliths were removed and washed with water and acetone to remove the 

electrolyte and impurities (surfactant and unreacted monomers), respectively. PolyHIPEs were 
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dried in an oven at 70 °C for 16 h. The hydrophobic poly(St-co-DVB) and poly(St-co-TFEMA-

co-DVB) monoliths were called S and SF, respectively. 

2.3 Fabrication of micromixer-settler units 

Micromixer units with a total length of 40 mm were fabricated using either a hydrophilic or 

hydrophobic polyHIPEs, or a combination of both polyHIPEs (Stage 1 in Figure 1A). After cutting 

the polyHIPEs to either 20 mm or 40 mm, two inlet holes with diameters of 2 mm were drilled 5 

mm deep into the top of the monolith (Stage 2 in Figure 1A). An outlet hole of the same diameter 

and depth was drilled into the bottom of the monolith. PTFE tubes (outer diameter 1/16”, VWR, 

Vienna, Austria) were sealed into the holes using Araldite® Rapid adhesive, which cured in 30 min 

at room temperature (Stage 3 in Figure 1A). The adhesive was also used to coat the surface of the 

monolith to avoid fluid bypassing the polyHIPEs (Stage 3 in Figure 1A). Afterwards, the 

monoliths were sealed to provide extra protection with a high temperature shrink tube using a heat 

gun (Stage 4 in Figure 1A). The top and the bottom parts of the extraction unit were sealed using 

epoxy resin (Araldite® 2020), which also provided stability to the in- and outlet tubes (Stage 4 in 

Figure 1A). The device was placed into a convection oven at 70 °C for 4 h to cure the epoxy resin. 

Extraction units were named by adding “E” to their name. 
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Figure 1. A) Schematic showing the fabrication of polyHIPE extraction units; stage 1: hydrophilic 

and hydrophobic polyHIPEs, stage 2: drilling inlets and outlet, and coating outside of polyHIPEs 

with Rapid adhesive, stage 3: sealing inlet and outlet tubes, stage 4: covering outside with a shrink 

tube and applying epoxy resin to upper and bottom parts. B) Schematic of the continuous 

micromixer-settler unit for extraction of 4-AAP from a simulated aqueous reaction medium with 

ethyl acetate.  

The settler unit, shown in Figure 1B, was fabricated using a 12 mm centrifuge tube. Two holes 

were drilled into the bottom part of the centrifuge tube and flexible tubes (outer diameter 1/8”, 

VWR, Vienna, Austria) were inserted and sealed using Araldite® Rapid adhesive. One of the tubes 

was placed 5 mm into the centrifuge tube as siphon to the collect the denser aqueous phase and the 

other one 40 mm above the bottom to collect the oil phase. Both phases were collected 

continuously. 
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2.4 Characterization methods 

2.4.1 Characterization of hydrophilic and hydrophobic polyHIPEs 

The morphology of polyHIPEs was investigated using scanning electron microscopy (SEM, JCM-

6000, JEOL GmbH, Eching, Germany). Fractured sample surfaces were gold coated (JFC-1200, 

JEOL GmbH, Eching, Germany) to guarantee sufficient electrical conductivity. SEM images were 

further analysed using the image analysis software package (ImageJ©, 

https://imagej.nih.gov/ij/download.html). To determine the average pore (𝑑𝑝) and pore throat (𝑑𝑝𝑡) 

diameters of the samples at least 100 pore and pore throat diameters were measured. The skeletal 

density (𝜌𝑠) of polyHIPEs was determined using helium pycnometry (Accupyc 1330, 

Micrometrics, Dunstable, UK) using ground (about 0.1 g) samples. The foam density (𝜌𝑓) of the 

polyHIPEs was analysed using an envelope density analyser (Geopyc 1360, Micrometrics, 

Dunstable, UK). The porosity of the monoliths was calculated as follows: 

𝑃 % =  (1 −  
𝜌𝑓

𝜌𝑠
) ∙ 100 (Eq. 1) 

All other methods used for polyHIPE characterisation are detailed in the Supplementary 

Information; swelling ratio (ESI S1), mechanical properties (ESI S2), fluorine content (ESI S3) 

and contact angle measurements (ESI S4). 

2.4.2 4-Aminoacetophenone partition and mass transfer coefficients 

The method to determine the partition coefficient 𝑃𝐶 of 4-AAP between an aqueous and ethyl 

acetate phase and mass transfer coefficients was adapted from our previous work.22 𝑃𝐶 is the ratio

of the equilibrium concentration of 4-AAP in extract 𝐶𝑖𝑒𝑞,𝐸 and in raffinate phase 𝐶𝑖𝑒𝑞,𝑅:  
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𝑃𝐶  =  
𝐶𝑖𝑒𝑞,𝐸

𝐶𝑖𝑒𝑞,𝑅

(𝐸𝑞. 2) 

The equilibrium concentration of 4-AAP in both phases was determined using UV-vis 

spectroscopy (Agilent 8453, Agilent Technologies Österreich GmbH, Vienna, Austria). 10 mL of 

simulated reaction mixture (4-AAP (0.05 M in EtOH), 4-NAP (0.05 M in EtOH) and AF (0.06 M 

in H2O) in a 1:1:2 volume ratio) was agitated with 10 mL ethyl acetate using a vortex mixer. 

Afterwards we waited for phase separation to occur prior to taking samples of both phases. The 

solute concentration 𝐶𝑖 in the effluent was calculated using the Lambert-Beer law: 

[𝐶𝑖] =
𝐴

𝜀𝑖𝑙
(Eq. 3) 

where 𝐴 is the absorbance, 𝑙 the optical path length, and 𝜀𝑖 the molar extinction coefficient of 4-

AAP at 310 nm (22634 𝐿 ∙ 𝑚𝑜𝑙−1 ∙ 𝑐𝑚−1) determined using a known concentration of substances

in H2O and 𝜀𝑖 = 28220 𝐿 ∙ 𝑚𝑜𝑙−1 ∙ 𝑐𝑚−1 in ethyl acetate (Figure S5-1).

The mass transfer coefficient of 4-AAP (𝑘𝐿) was calculated from the 4-AAP concentration in ethyl 

acetate phase after extraction of a 20 mL simulated reaction mixture with 80 mL ethyl acetate in a 

cylindrical vessel agitated with a sawtooth impeller at 300 rpm. During the extraction, 100 µL 

samples were taken at certain time intervals using a micropipette. [4-AAP] in ethyl acetate (extract) 

phase 𝐶𝐸 was calculated from the absorbance measured using UV-vis spectroscopy. The overall 

mass transfer coefficient (𝑘𝐿𝑎) could then be calculated:22

𝐶𝐸 =  (
1

1 + 𝛼
) 𝑃𝐶𝐶𝑖𝑖𝑛,𝑅(1 − exp(−(1 + 𝛼)𝑘𝐿𝑎 ∙ 𝑡)) (𝐸𝑞. 4) 

with 

185



𝛼 =  
𝑉𝑜𝑟𝑔𝑃𝐶

𝑉𝑎𝑞

(𝐸𝑞. 5) 

where 𝐶𝑖𝑖𝑛,𝑅 is the initial [4-AAP] in the aqueous raffinate phase, 𝑎 interfacial area per unit volume,

t the extraction time, 𝑉𝑜𝑟𝑔 and 𝑉𝑎𝑞 the volumes of organic and aqueous phases, respectively. The 

interfacial area per volume 𝑎 was calculated from the Sauter mean droplet diameter �̅�32, which 

was determined using the correlation for a sawtooth impeller reported by El-Hamouz et al.:40 

𝑎 =  
6𝜃

�̅�32

(𝐸𝑞. 6) 

�̅�32

𝐷
= 0.187𝑊𝑒−0.6 = 0.187 (

𝜌𝑐𝑁2𝐷3

𝜎
)

−0.6

(𝐸𝑞. 7) 

where 𝜃 is the dispersed phase volume fraction, D the impeller diameter, We the Weber number, 

𝜌𝑐 the density of the continuous phase, N the rate of impeller rotation and 𝜎 the interfacial tension 

(𝜎𝑜𝑤 = 7.37 𝑚𝑁/𝑚).41

The overall mass transfer coefficient (𝑘𝐿𝑎) for the extraction using a sawtooth impeller was 

calculated from the gradient of the natural logarithm of 𝐶𝐸 as a function of time (Figure S6-1). 

The mass transfer coefficient for this solution (𝑘𝐿) was found by dividing 𝑘𝐿𝑎 by 𝑎 obtained using 

Eq. 6. The interfacial area per volume created within the polyHIPEs was estimated using the 

known mass transfer coefficient 𝑘𝐿 assuming similar film transfer coefficients between the agitated 

vessel and the polyHIPE micromixer.22 

2.5 Emulsification using polyHIPE extraction units 

To test the hypothesis that the wettability of the porous medium determines dispersed liquid phase 

type – either w/o or o/w we used polyHIPE extraction units fabricated using either only hydrophilic 
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or both hydrophilic and hydrophobic polyHIPEs to create emulsions. The effect of wettability of 

the polyHIPE on the droplet formation was characterized by emulsification of an aqueous and oil 

phase. Water containing 2 wt.% Tween 80 and hexadecane containing 2 wt.% Span 80 were 

injected into the polyHIPE extraction units using a double syringe pump (Masterflex® Touch-

Screen Syringe Pump, Cole-Parmer, Germany) at a flow rate of 0.3 mL/min. Emulsions were 

collected in water dyed with red food color and/or in sunflower seed oil to determine the produced 

emulsion type: w/o or o/w, respectively. Videos of the experiments are available in the 

Supplementary Information (Video S1-S3). 

2.6 L-L Extraction using polyHIPE micromixer-settler units 

Liquid-liquid extraction using polyHIPE micromixer-settlers was performed with two different 

solutions. In the first extraction experiment, caffeine was extracted from an aqueous solution (1 

g/L caffeine) with ethyl acetate. Solutions were saturated with the other solvent prior to extraction 

to avoid volume changes, since they have some degree of mutual solubility. The two phases were 

injected into the extraction unit using a double syringe pump at a flow rate of 0.3 mL/min. The 

effluent was separated continuously using our settler and collected in vials. After extraction the 

water phase was characterized using UV-Vis spectroscopy to determine the caffeine concentration. 

In a second extraction experiment, 4-AAP was extracted from a simulated process fluid of a 4-

NAP hydrogenation reaction containing 4-AAP (0.05 M in EtOH), 4-NAP (0.05 M in EtOH) and 

AF (0.06 M in H2O) in a 1:1:2 volume ratio into ethyl acetate using the polyHIPE micromixer-

settler. The aqueous mixture and ethyl acetate were injected at the same flow rate simultaneously 

using a double syringe pump at a flow rate of 0.2 and 0.3 mL/min (total flow rate 0.4 or 0.6 

mL/min, respectively). Control experiments were performed using a commercial Kenics mixer and 

187



an empty tube (di = 1.5 mm, L = 2.1 m, i.e. having the same volume as the pore volume of the 

polyHIPE micromixer) at the same extraction conditions. The effluent was separated continuously 

using our homemade settler (Video S4) and the 4-AAP concentration in the aqueous phase was 

determined as before. 

The extraction efficiency E was determined by the [4-AAP] concentration in extract phase using 

the following equation:42 

𝐸 =  
𝐶𝑖𝑜𝑢𝑡,𝐸 −  𝐶𝑖𝑖𝑛,𝐸

𝐶𝑖𝑒𝑞 ,𝐸 − 𝐶𝑖𝑖𝑛,𝐸

(𝐸𝑞. 8) 

where 𝐶𝑖𝑜𝑢𝑡,𝐸 is the [4-AAP] concentration in the extract phase collected at the outlet, 𝐶𝑖𝑖𝑛,𝐸 the [4-

AAP] concentration in the extraction solvent (ethyl acetate). Moreover, the mass transfer 

performance of droplets generated in the extraction units were estimated from the overall 

volumetric mass transfer coefficient 𝑘𝐿𝑎 of the polyHIPE micromixer-settlers, the blank tube and 

the Kenics mixer. The overall volumetric mass transfer coefficient 𝑘𝐿𝑎 is expressed as follows:42,43

𝑘𝐿𝑎 =  
1

𝜏
ln (

𝐶𝑖𝑒𝑞,𝑅 −  𝐶𝑖𝑖𝑛,𝑅

𝐶𝑖𝑒𝑞,𝑅 −  𝐶𝑖𝑜𝑢𝑡,𝑅
) (𝐸𝑞. 9) 

where 𝜏 is the extraction time determined by the ratio of extraction unit volume and volumetric 

flow rate, 𝐶𝑖𝑖𝑛,𝑅 the [4-AAP] concentration in the inlet of the raffinate phase and 𝐶𝑖𝑜𝑢𝑡,𝑅 the

[4- AAP] concentration in the exit stream of the raffinate phase. 

Energy dissipation rate 𝜀 of polyHIPE extraction units, the blank tube and Kenics mixer were 

calculated from pressure drop measurements (∆𝑃): 

𝜀 =  
∆𝑃𝑄𝑡𝑜𝑡

𝜌𝑐𝑉𝑅

(𝐸𝑞. 10) 
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where 𝑄𝑡𝑜𝑡 is the total volumetric flow rate during L-L extraction, 𝜌𝑐 density of CP of the extracted 

system and 𝑉𝑅 the extractor volume. The Reynolds number of the polyHIPE extraction units was 

calculated as follows: 

𝑅𝑒 =  
𝜌𝑐𝑑𝑝𝑢𝑡𝑜𝑡

µ𝑐

(𝐸𝑞. 11) 

where 𝑑𝑝 is average pore size of polyHIPEs used in the extraction unit, 𝑢𝑡𝑜𝑡 total superficial 

velocity and µ𝑐 dynamic viscosity of CP. 

3 Results and Discussion 

Morphology and mechanical properties of hydrophilic polyHIPEs 

Macroporous poly(HEMA-co-MBAA)HIPE monoliths were produced by polymerization of 

continuous phase, which was stabilized either 10 or 15 vol.% surfactant (with respect to the CP 

volume) and subsequent removal of the templating oil phase resulting in an interconnected 

macroporous structure (Figure 2). As a result of increasing surfactant amount used to stabilise the 

HIPE template, the average pore diameter dp of the polyHIPEs decreased from 16 µm (HM10) to 

8 µm (HM15) (Table 1), which are extremely significantly different according to Student’s t-test. 

Their skeletal densities were identical within the error since they were produced using the same 

monomer to crosslinker ratio. The porosity of the monoliths increased with increasing surfactant 

amount from 86.5% to 89.3% (Table 1). We adapted the formulation of o/w HIPE templates from 

the literature,39 however, monomer to crosslinker ratio was decreased from 6.5 to 2.5 in order to 

increase the chemical stability and the mechanical properties of these polyHIPEs. The increased 
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crosslinker concentration caused a slight increase of the pore diameter of the polyHIPEs; from 5.5 

µm in the literature to 8 µm for our polyHIPEs (HM15) (Table 1). 

Figure 2. Characteristic SEM images of hydrophilic polyHIPEs produced by polymerization of 

o/w HIPEs. 

Water spread on and imbibed immediately into hydrophilic polyHIPEs. Swelling ratios Q of 

polyHIPEs determined by immersion of dry polyHIPEs into water for 24 h were 1.4 ± 0.2 and 1.3 

± 0.2 for HM10 and HM15, respectively. Their water uptake was 8.7 ± 0.5 and 7.1 ± 0.7 g of water 

per gram of polyHIPEs for HM10 and HM15, respectively, which was lower compared to literature 

data (Q = 1.5 and water uptake = 10.95 g/g) because of much lower monomer to crosslinker ratio;39 

the higher degree of crosslinking restricts swelling. The Young’s moduli of HM10 and HM15 were 

12 MPa to 9 MPa and crush strengths 0.45 MPa and 0.31 MPa, respectively (Table 1) (stress strain 

curves are shown Figure S2-1). 

Table 1. Morphological characteristics, average pore (𝑑𝑝) and pore throat (𝑑𝑝𝑡) diameter, skeletal 

density (s), foam density (f), porosity (P), Young’s moduli (E), and crush strength (𝜎𝑐), of 

polyHIPEs used for micromixer fabrication. 
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Samples 
𝑑𝑝 

(µm) 

𝑑𝑝𝑡 

(µm) 

𝜌𝑠

(g/cm3) 

𝜌𝑓

(g/cm3) 

P 

(%) 

E 

(MPa) 

𝜎𝑐

(MPa) 

HM10 16 ± 7 3 ± 1 1.32 ± 0.03 0.18 ± 0.01 86 ± 1 12 ± 6 0.45 ± 0.1 

HM15 8 ± 3 2 ± 1 1.35 ± 0.02 0.16 ± 0.01 89 ± 1 9 ± 2 0.31 ± 0.1 

S 11 ± 3 3 ± 1 1.12 ± 0.02 0.16 ± 0.01 83 ± 2 19 ± 2 1.3 ± 0.1 

SF 10 ± 5 1.3 ± 1 1.19 ± 0.01 0.23 ± 0.01 80 ± 1 52 ± 4 1.8 ± 0.2 

Morphology and mechanical properties of hydrophobic polyHIPEs 

Figure 3. Characteristic SEM images of hydrophobic polyHIPEs produced A) by polymerization 

of St-DVB (S) and B) of St-DVB-TFEMA based HIPEs (SF). 

Macroporous hydrophobic polymers also possess the typical interconnected macroporous structure 

of polyHIPEs (Figure 3). To increase the hydrophobic nature of crosslinked polystyrene fluorine 

containing monomer (TFEMA) was added to the St-DVB mixture. Even though the average pore 

diameters of the hydrophobic polyHIPEs S and SF were same within the error (Table 1), they were 

still significantly different according to Student’s t-test. The successful incorporation of TFEMA 

into the polyHIPE was determined using FTIR (ESI S3). In the FTIR spectra (Figure S3-1), a 

carbonyl band appeared at 1750 cm-1, whilst C-O-C stretching was observed at 1280 cm-1 and C-

F stretching at 1163 cm-1, which indicated the presence of TFEMA in the polymer network. The 

fluorine content of SF was determined by elemental analysis to be 3.6 wt.%, and 1.2 wt.% using  
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X-ray photoelectron spectroscopy (XPS) (Table S3-1). As result of TFEMA, thus fluorine, 

incorporation the hydrophobicity of the resultant polyHIPEs increased as determined by contact 

angle measurement. Figure S4-1 shows an increase of the water contact angle on the polyHIPE 

surface from 117° to 135°. Please note, because of the porous nature of polyHIPEs the wetting 

regime is Cassie-Baxter as air is entrapped below water droplets. 

The incorporation of TFEMA into the poly(St-co-DVB) resulted in a slight increase of 𝜌𝑠 due to 

the higher density of TFEMA (1.18 g/cm3) compared to styrene (0.91 g/cm3) and DVB (0.91 

g/cm3). However, both polyHIPEs (S and SF) had similar porosities (Table 1). Furthermore, the 

incorporation of TFEMA into poly(St-co-DVB) resulted in significantly better mechanical 

properties of the polyHIPEs (Table 1 and Figure S2-2). 

Effect of polyHIPE wettability on micromixing performance 

The micromixing efficiency of polyHIPE extraction units was first tested by determining the 

residence time distribution (ESI S7). Since those extraction units were fabricated by combining 

hydrophilic and hydrophobic polyHIPEs, their mixing performance differed slightly from that of 

micromixers fabricated using only a single polyHIPE type (Figure S7-2). Because of their high 

surface area to volume ratio of microfluidic systems, the interfacial tension between microchannels 

and liquid determines the type of liquid-liquid dispersion that forms; either o/w or w/o.44 By 

changing the polyHIPE wettability from water to oil-wet (or vice versa) we assumed to increase 

the mass transfer effectiveness during L-L extraction. To test the influence of polyHIPE wettability 

on the type of droplet dispersion we investigated emulsion formation in the extraction units. Using 

a micromixer fabricated using a single unit hydrophilic polyHIPE resulted in the formation of 

hexadecane-in-water emulsion (Video S1, showing that emulsion droplets did not spread on 

sunflower seed oil but sediment). In case of using an extraction unit fabricated by combination of  
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both hydrophilic and hydrophobic polyHIPEs, the emulsion type was dependent on the wettability 

of the polyHIPE at the bottom of the extraction unit (Video S2 (E-SF/HM15, hydrophilic 

polyHIPE at the bottom) and Video S3 (E-HM15/SF, hydrophobic polyHIPE at the bottom)); 

Emulsion created by forcing the same oil and water solutions through E-SF/HM15 remained stable 

in sunflower seed oil indicating the formation of an o/w emulsion (Video S2), whilst a w/o 

emulsion was produced when using E-HM15/SF with the hydrophobic part at the bottom (Video 

S3). Those findings support that the polyHIPE wettability influences the droplet dispersion type.  

Continuous liquid-liquid extraction using polyHIPE micromixer-settlers 

Previously we extracted caffeine with an efficiency of 86% from an aqueous solution into ethyl 

acetate using poly(St-co-DVB)HIPE micromixers having a permeability of 7.6 mD (0.0076 ∙ 10-

12 m2).22 These extractors were fabricated by placing epoxy resin coated polyHIPEs into a stainless 

steel tube (Di = 7.5 mm, L = 70 mm). During L-L extraction using those polyHIPE micromixers, 

fluids were injected through the open end of the tube with pipe connections, and effluent was 

collected directly from the other open end of the tube. However, more recently we did show that 

placing inlet and outlet tubes into the micromixer significantly increased their micromixing 

performance, even when using polyHIPEs with higher permeability.6 We tested our poly(St-co-

DVB) micromixers E-S to extract caffeine from an aqueous solution using ethyl acetate to compare 

the extraction performance with previous work. Using E-S having a liquid permeability of 190 mD 

an 85% extraction efficiency was achieved: the same efficiency but using a shorter micromixer 

with a higher permeability.  

We studied the L-L extraction of 4-AAP from a simulated hydrogenation reaction of 4-NAP 

medium (Figure S9-1), which included the unreacted 4-NAP, salt from the hydrogen source and 

reaction product (4-AAP). We achieved an 88% extraction efficiency using E-S operated at a total  
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flow rate of 0.6 mL/min, which was significantly higher compared with the blank tube having the 

same mixing volume as the polyHIPE extraction units and a Kenics mixer (Table 2). Fluids split 

and recombine through the polyHIPE pore throats in the extraction unit, thus the mixing 

performance improved considerably compared to the blank tube, in which fluids mixed in a 

combination of slug and parallel flow. In the static mixer, fluid was re-oriented through the 

channel, which resulted a slight increase in the extraction efficiency compared with the blank tube 

(Table 2). 

Table 2. L-L extraction performance of polyHIPE micromixer-settlers, a blank tube and static 

mixer operated at total flow rates of 0.4 and 0.6 mL/min for extraction of 4-AAP from an aqueous 

medium into ethyl acetate; extraction efficiency, overall volumetric mass transfer coefficient kLa, 

interfacial area a, and permeability k. Please note the colour code next to the sample name, which 

is used in the graphs. 

Extraction unit 

Extraction 

efficiency (%) 
kLa (s-1 x 10-3) a (m2/m3 x 104) k (mD) (∙ 10-12 m2) 

0.4 

mL/min 

0.6 

mL/min 

0.4 

mL/min 

0.6 

mL/min 
0.4 mL/min 

0.6 

mL/min 

0.4 

mL/min 

0.6 

mL/min 

E-HM10 * 85 ± 4 96 ± 2 3.5 ± 0.2 9.1 ± 0.2 0.59 ± 0.04 1.51 ± 0.4 59 ± 2 76 ± 4 

E-HM15 * 79 ± 4 96 ± 2 2.8 ± 0.3 8.6 ± 0.2 0.46 ± 0.9 1.42 ± 0.4 39 ± 3 35 ± 3 

E-S * 78 ± 6 88 ± 4 2.2 ± 0.4 4.5 ± 0.3 0.37 ± 0.8 0.75 ± 0.7 145 ± 3 192 ± 2 

E-SF * 88 ± 3 90 ± 2 3.4 ± 0.3 5.7 ± 0.2 0.57 ± 0.7 0.95 ± 0.5 122 ± 2 109 ± 5 

E-SF/HM10 * 91 ± 5 95 ± 3 4.1 ± 0.2 8.1 ± 0.2 0.68 ± 0.4 1.34 ± 0.4 112 ± 1 106 ± 3 

E-HM10/SF * 84 ± 2 98 ± 4 3.2 ± 0.2 11 ± 0.2 0.53 ± 0.4 1.79 ± 0.4 78 ± 2 74 ± 4 

E-SF/HM15 * 87 ± 3 97 ± 4 3.4 ± 0.3 9.1 ± 0.4 0.57 ± 0.9 1.51 ± 0.8 51 ± 1 78 ± 2 

E-HM15/SF * 90 ± 3 96 ± 3 4.0 ± 0.3 8.4 ± 0.3 0.66 ± 0.9 1.39 ± 0.9 47 ± 5 49 ± 1 

Blank tube * 76 ± 2 78 ± 2 2.2 ± 0.1 3.5 ± 0.1 0.36 ± 0.1 0.57 ± 0.1 660 ± 10 112 ± 10 

Static mixer * 76 ± 2 80 ± 1 2.4 ± 0.1 4.1 ± 0.1 0.40 ± 0.1 0.68 ± 0.1 1.3 ± 0.1 0.2 ± 0.1 
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Figure 4. L-L extraction efficiency of 4-AAP from its simulated reaction medium into ethyl 

acetate as function of Re-number using various polyHIPE micromixer-settlers, a blank tube and 

static mixer at two different total volumetric flow rates A) 0.4 mL/min and B) 0.6 L/min. 

The extraction efficiency of all polyHIPE micromixer-settlers increased when increasing the total 

flow rate from 0.4 mL/min to 0.6 mL/min (Table 2). The increased flow rate resulted in increased 

shear rates on the droplets which formed in the polyHIPE resulting in droplet break-up24 and thus 

in increased interfacial area a between the two phases (Table 2). The Capillary number (3.4 ∙ 10-6 

at 0.6 mL/min flow rate) indicated that the viscous forces are much smaller than the interfacial 

forces in polyHIPE extraction units, thus droplet flow was generated by droplet elongation and 

break-up in the pore throats of polyHIPEs. In this work, we could not investigate the droplet 

diameters in the extraction unit since the mixture phase separated immediately after leaving the 

extraction unit. However, in previous work we showed that droplet diameters decreased with 

increasing flow rate during emulsifying of immiscible phases using polyHIPE micromixers, due 

to increased shear forces acting on the droplets.24 When using extraction units fabricated from 

hydrophilic polyHIPEs with a permeability of 76 mD for E-HM10 and 35 mD for E-HM15, the 

extraction efficiency increased to 96% at the same flow rate. The lower permeability of E-HM15 
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was due to the significantly smaller average pore and pore throat diameters of HM15 compared to 

HM10 (Table 2 and Table 1). Even though pore throat diameters of hydrophilic polyHIPEs were 

significantly larger than the pore throat diameters of hydrophobic polyHIPEs, they possessed a 

much lower permeability but improved extraction efficiency (Table 2). One of the reasons for the 

improved extraction efficiency was likely that the extract (ethyl acetate) phase formed the 

dispersed/droplet phase in the hydrophilic polyHIPE extraction units, which is often the case in 

other microfluidic micromixers used for L-L extraction.11,12,42 The reason for the lower 

permeability of hydrophilic polyHIPEs when compared with hydrophobic polymers is that they 

swell significantly in contact with an aqueous phase, which results in decreased pore and pore 

throat diameters during extraction. The hydrophilic polyHIPEs remained intact, which was 

checked after using these extraction units several times over five-month period; no morphological 

changes could be observed (Figure S10-1). However, the low permeability of the hydrophilic 

extraction units might be a drawback when using them in-line with a microreactor.  

To address the permeability limitations of hydrophilic polyHIPEs, we shortened them and 

combined hydrophilic with hydrophobic polyHIPE sections. This hydrophilic-hydrophobic 

polyHIPE extraction units had a higher permeability compared to single hydrophilic extraction 

unit while retaining the high extraction efficiency. Placing the hydrophilic polyHIPE in the inlet 

part and the hydrophobic portion in the outlet part of the extraction unit results in a lower 

permeability as compared to extractor which was assembled vice versa. However, irrespectively 

of the assembly their extraction efficiencies remained same within the error (Table 2). 
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Figure 5. Overall volumetric mass transfer coefficient kLa as function of Re-number of the L-L 

extraction of 4-AAP using polyHIPE micromixer-settlers, a blank tube and commercial static 

mixer at total flow rates of A) 0.4 mL/min and B) 0.6 mL/min. 

The overall volumetric mass transfer coefficient for each extraction unit is plotted as a function of 

the Re number in Figure 5; kLa more than doubled when increasing the flow rate, which was 

caused by increased shear forces acting on the droplets resulting in droplet break-up and hence 

increased interfacial areas enhancing mass transfer.  

Literature reports that the volumetric mass transfer of L-L extractions in T- and Y-shaped 

micromixers improve when flow transitions from parallel flow to slug flow, which improve the 

internal recirculation within slugs,2,12 and increases further droplet formation occurs in the micro-

channel. However, in this case the average energy dissipation rate increases by 100 times but the 

interfacial area only doubles.11 Our control, the blank tube with a Y-junction, had the lowest kLa 

since mass transfer occurred through the interfacial area in parallel flow and/or slug flow. kLa and 

interfacial area a within the blank tube and the static mixer were comparable with our previous 

results for the extraction of caffeine.22 PolyHIPE extraction units possessing an interconnected 
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macroporous structure resulted in higher mass transfer coefficients because mixing of the fluids 

occurs both in axial and in radial directions. Extraction units fabricated using combined 

hydrophobic and hydrophilic polyHIPEs had higher kLa than single polyHIPE extraction units 

when operated at a total flow rate of 0.6 mL/min (Table 2). 
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Figure 6. Interfacial area of polyHIPE micromixer-settler, a blank tube and static mixer as a 

function of energy dissipation rate during the extraction of 4-AAP from its simulated reaction 

mixture into ethyl acetate. 

When using a hydrophilic-hydrophobic polyHIPE extraction unit the overall mass transfer 

coefficient increased up to 11 ∙ 10-3 s-1, almost a sixfold increase over our previous work22 (1.92 ∙ 

10-3 s-1) using a hydrophobic polyHIPE extraction unit with a permeability of only 7.6 mD but the

same morphological properties as our E-S micromixer. Nevertheless, despite having lowest kLa 

value (4.5 ∙ 10-3 s-1) among the polyHIPE micromixer-settlers, kLa of E-S micromixer-settler was 

still double that of a poly(St-co-DVB)HIPE with a lower permeabilty.22  

Literature on L-L extraction of a single compound report higher overall volumetric mass transfer 

coefficients compared to our polyHIPE micromixer-settler (Table 3) but have in some cases still 

lower extraction efficiencies. The higher kLa values are a consequence of significantly lower  
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extraction times (see Eq. 9). Energy dissipation rates also need to be taken into account; in case of 

generating droplet flow in microchannels it can be as high as 100 m2/s3,11 while in our polyHIPE 

micromixer-settlers we only reached energy dissipation rates of 0.28 m2/s3 (Figure 6). Kaske et 

al.42 investigated L-L extraction performance of a blank tube with Y-junction, which had a similar 

internal diameter di as our blank tube but a significantly shorter length (L = 90 mm). They reached 

the same extraction efficiency for the extraction of acetone from water using toluene as we found 

for our blank tube at similar flow velocities. 

Table 3. Comparison of overall volumetric mass transfer coefficient and interfacial area with 

published data. 

Regime and system Conditions 
Overall volumetric mass 

transfer and interfacial area 

This work Drop flow dH = 8-16 µm kLa = 0.002-0.011 s-1  

Nonreacting system macroporous polymer a = 3700-17900 m2/m3 

Water-Ethanol/4-AAP/EtOAc Qtot = 0.4-0.6 mL/min 

This work Drop flow? dH = 8.5 mm kLa = 0.0021-0.0041 s-1 

Nonreacting system helical static mixer a = 4000-6800 m2/m3 

Water-Ethanol/4-AAP/EtOAc Qtot = 0.4-0.6 mL/min 

Kashid et al. 

(2007)2 
Slug flow dH = 0.5-1 mm kLa = 0.13-0.98 x 10-4 s-1 

Nonreacting system Y-junction a = 2510-4800 m2/m3 

Kerosene/acetic acid/water u = 10-70 mm/s

Xie (2020)45 Disordered flow dH = 400 µm kLa = 3-13 x 10-4 s-1 

Reacting system Oscillating micromixer a = N/A 

30%TBP-70%kerosene/ 

Zr(IV)/HNO3 aq. solution 
Qtot = 6-21 mL/min 

Plouffe et al. 

(2016)11 
Slug flow dH = 0.7 mm kLa = ~ 0.02-0.2 s-1 

Reacting system serpentine channel a = 8000-40000 m2/m3 

Water/4-nitropheny 

acetate/Toluene … 
Qtot = 1-8 mL/min 

Plouffe et al. 

(2016)11 
Drop flow dH = 0.7 mm kLa = ~ 0.5-1.9 s-1 

Reacting system serpentine channel a = 10000-80000 m2/m3 

Water/4-nitropheny 

acetate/Toluene … 
Qtot = 12-32 mL/min 
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Kaske et al. 

(2016)42 
Slug flow dH = 0.5-1 mm kLa = ~ 0.12-0.27 s-1 

Nonreacting system Y-junction a = N/A 

Water/acetone/toluene Qtot = 0.17-2 mL/min

Darekar et al. 

(2014)46 
Parallel to slug flow dH = 184 µm kLa = 7.36∙10-4-2.18∙10-2 s-1

Reacting system Split and recombine a = N/A 

Water/Zinc-

D2EHPAH/dodecane 
u = 0.02-0.4 m/s

Jafari et al.47 extracted CuSO4 aqueous solution by reactive extraction into kerosene containing di-

(2-ethylhexyl) phosphoric acid (5 vol.%) using a twisted micromixer. The kLa value increased 

approximately from 1 s-1 to 8 s-1 with Re increasing from 75 to 450 but their extraction efficiency 

decreased from 97% to 60% due to a decrease in slug size, while the energy dissipation rate 

increased dramatically from 1200 Pa/s to 100000 Pa/s. This shows that a high kLa does not 

necessarily result in an efficient extraction performance. Xie et al.45 disclosed a design of a passive 

L-L miniextraction unit consisting of four-stage oscillating micromixers including a minisettler.

The fluids entered the mixing chambers through much smaller channels at high enough speed, 

causing fluid recirculation induced by the Coanda effect. Their system was similar to our porous 

media, since a fluid volume enters pores through much smaller pore throats. However, even though 

they tested their system at significantly higher flow rates, their extraction efficiencies were only 

between ~20-45% (Table 3), resulting in a much lower kLa value compared with our polyHIPE 

micromixer-settlers consisting of many more interconnected pores in which mixing, and thus 

extraction occurs. 

4 Conclusions 

We investigated a new micromixer-settler design consisting of water- and oil-wet sections of 

porous polymers. Compared to micromixers consisting only of a single hydrophobic section, the 
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mass transfer efficiency is significantly improved when using hydrophilic macroporous polymers 

but this comes at the expense of much lower permeability. This permeability limitation can be 

addressed by combining shorter sections of hydrophilic and hydrophobic macroporous polymers 

into a single micromixer. The mass transfer efficiency was studied using a simulated reaction 

mixture of a typical 4-NAP hydrogenation reaction resulting in 4-AAP.  

We proved the effect of the wettability of polyHIPEs on the dispersion type of two immiscible 

liquids using a test emulsification of Tween 80 containing aqueous solution and Span 80 

containing oil solution. When using hydrophilic polyHIPEs only or at the bottom part of extraction 

unit, the aqueous solution wetted the polyHIPE walls, which resulted in formation of oil-in-water 

emulsions. When using hydrophobic polyHIPEs at the bottom part of extraction unit water-in-oil 

emulsion formed. Thus, our proposed micromixer-settler design allows to invert the liquid-liquid 

dispersion type during an extraction.  

Micromixer-settlers fabricated using polyHIPEs whose pore structure and composition can be 

tuned to adjust both permeability as well as wettability, allow for significant improvements in mass 

transfer rates and extraction efficiency as compared to conventional micro-channel and static 

mixer extractors. Microreactors could potentially be combined with polyHIPE micromixer-settlers 

allowing for significant process intensification of continuous flow reactions. 

5 Appendices 

Supporting Information. The following files are available free of charge. 

Additional experimental details, materials, and methods, and their results. 
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S1.  Swelling experiments of polyHIPEs 

Swelling tests were performed on polyHIPEs to evaluate the resistance against ethyl acetate and 

water. PolyHIPE monoliths were cut into cubical shape (height = ~10 mm). After measuring the 
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dry weight and dimensions, five samples were placed into vials and 10 mL of solvent (water or 

ethyl acetate) was added. Weight and dimensions of swollen polyHIPEs were recorded after 24 h. 

Afterwards, the samples were dried in a conventional oven for 24 h at 70 °C and their weight and 

dimensions were re-measured to determine possible material loss. Swelling ratios Q were 

calculated from the ratio of volume of the swollen 𝑉𝑆𝑀 to initial dry volume 𝑉0 of the polyHIPEs: 

𝑄 =
𝑉𝑆𝑀

𝑉0

(Eq. S1) 

Table S1-1. Swelling ratios (Q) of polyHIPEs in H2O and EtOAc. 

𝑄𝐻2𝑂 𝑄𝐸𝑡𝑂𝐴𝑐 

HM-10 1.38 ± 0.04 1.04 ± 0.03 

HM-15 1.33 ± 0.15 1.03 ± 0.03 

S 1.02 ± 0.03 1.03 ± 0.02 

SF 1.02 ± 0.02 1.01 ± 0.01 
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S2. Mechanical properties of polyHIPEs 

Compression tests were carried out at room temperature using a universal dual column testing 

frame (5584, Instron Ltd., Norwoord, UK) equipped with a 1 kN load cell. The specimens had a 

diameter of 12 mm and height of 10 mm. Samples were compressed at a rate of 1 mm/min until 

the height reduced by 60% of its original value. Elastic moduli were determined from the slope 

of the initial linear elastic region of the stress-strain plot. The crush strength was determined 

from the maximum compressive strength of the sample at the end of the initial linear elastic 

region. 
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Figure S2-1. Compression stress-strain curves of hydrophilic polyHIPEs produced by 

polymerization of o/w HIPE templates. 
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Figure S2-2. Compression stress-strain curves of hydrophobic polyHIPEs produced by 

polymerization of w/o HIPE templates. 
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S3. Determination of fluorine content of hydrophobic polyHIPEs 

Elemental analysis (Eurovector EA 3000 CHNS-O Elemental Analyser) was performed using 0.75 

and 3.0 mg of sample, weighed into tin vials (4×6 mm). Samples were run at least in duplicate. 

The operating temperatures for combustion and reduction were 1000 °C (1480 °C for O analysis) 

and 750 °C, respectively, using He (99.999+) as carrier gas. FT-IR spectra were recorded three 

times with new samples in the range of 4000-400 cm-1 (Bruker Tensor II fitted with an A225/Q 

Platinum ATR unit). The sample was pressed using a clamp onto ATR unit to achieve good 

contact. The elemental composition of samples was analyzed by high resolution X-ray 

photoelectron spectroscopy (HR-XPS) (Nexsa, Thermo Fisher Scientific) using Al Kα radiation 

and the spectra analyzed (Avantage v5.9925 with Smart background, Simplex fitting and Gauss-

Lorentz product). Reference values for functional group binding energies were sourced from the 

NIST Standard Reference Database.1 Weight% of the detected atom (𝑤𝑡.𝑖%) was calculated from

its atomic% (𝑎𝑡.𝑖%) determined from the area under the XPS curve, which was given by the 

software: 

𝑤𝑡𝑖% =  
𝑀𝑊𝑖

∙ 𝑎𝑡𝑖%

∑ (𝑀𝑊𝑗
∙ 𝑎𝑡𝑗%)𝑘

𝑗=1

𝑥100 (𝐸𝑞. 𝑆3.1) 

Table S3-1. F content of hydrophobic polyHIPEs determined using EA and XPS, and their static 

contact angles. 

Sample F amount (wt.%)i F amount (wt.%)ii 
Contact angle 

(-) 

S 0 0 116.6 ± 1.8 

SF 3.6 ± 0.1 1.19 134.8 ± 3.7 
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i F content was determined using EA. 
ii F content was determined using XPS. 

FT-IR spectra were recorded three times with new samples in the range of 4000-400 cm-1 (Bruker 

Tensor II fitted with an A225/Q Platinum ATR unit). The sample was pressed using a clamp onto 

ATR unit to achieve good contact. 
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Figure S3-1. FTIR spectra of polyHIPEs produced by polymerization of HIPE containing 0 (S) or 

2 vol% (SF) TFEMA. 
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assignment indicates polymerization of TFEMA.2 
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S4. Static contact angle measurements of polyHIPEs 

Static contact angles of water droplets on polyHIPEs were determined using a drop shape analyzer 

(DSA30, Krüss GmbH, Hamburg, Germany). The initial contact angle was recorded 5 s after 

dosing (2 µL drop of each test liquid), followed by measurements after 60 s. At least 30 

measurements at three sites were taken. 

Figure S4-1. Static contact angle measurement of poly(St-co-DVB)HIPEs (S) and poly(St-co-

DVB-co-TFEMA)HIPEs (SF). 

214



S5. Calibration curve of 4-Aminoacetophenone by UV-Vis Spectroscopy 
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Figure S5-1. Absorbance measured by UV-Vis spectroscopy of known [4-AAP] concentrations 

A) in water and B) in ethyl acetate. Using this calibration curve unknown [4-AAP] concentrations

could be determined from measured absorbance using the Beer-Lambert law. 
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S6. Determination of mass transfer coefficient kL of 4-AAP 
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Figure S6-1. Determination of kL in a vessel agitated with sawtooth impeller to show the variation 

of [4-AAP] concentration in the organic phase. 
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S7.  Residence time distribution and permeability of extraction units 

The RTD of polyHIPE extraction units was determined as mentioned in our previous study.3 

Briefly, an inert tracer (aqueous KCl solution) was injected into the extraction unit, whilst water 

flowing though the other inlet. A differential refractometer (DnDc, WGE Dr Bures, Dallgow-

Doeberitz, Germany) was used to monitor the tracer concentration in the effluent by refractive 

index measurements as function of time. Since the measured refractive index is proportional to the 

tracer concentration, the tracer concentration in the exit stream was determined from the refractive 

index increment (dn/dc) of KCl solutions with known concentrations. While demineralized water 

was feed continuously through one of the inlet tubes using a syringe pump (PHD Ultra, Harvard 

Apparatus, UK) at a flow rate of 0.4 or 0.6 mL/min, through the other inlet 0.2 mL tracer (25 

mg/mL KCl) was injected as pulse input. The refractive index of the effluent of extraction unit was 

recorded continuously against water. The measured refractive index was converted to 

concentration 𝑐(𝑡) using the calibration curve Figure S7-1.  
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Figure S7-1: Refractive index increment (dn/dc) of KCl solutions with various concentrations 

obtained from the refractive index measurement (𝑉𝑔). 

The RTD function E(t) was determined using:4 

𝐸(𝑡) =  
𝑐(𝑡)

∫ 𝑐(𝑡)𝑑𝑡
∞

0

(Eq. S7.1) 

The mean residence time 𝑡𝑚 and average residence time 𝜏 were calculated as follows:4

𝑡𝑚 =  ∫ 𝑡𝐸(𝑡)𝑑𝑡

∞

0

(Eq. S7.2) 

𝜏 =
𝑃𝑉

𝑄
(Eq. S7.3) 

where 𝑡 is the time of each measured 𝑐(𝑡), 𝑃 the porosity, 𝑉 the pore volume of the monolith and 

𝑄 the volumetric flow rate. 
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The permeability k of the extraction units was calculated using Darcy’s law from the measured 

pressure drop Δ𝑃 during water flooding of the extractor: 

𝑄 =
𝑘 ∙ 𝐴

µ

Δ𝑃

𝐿
(𝐸𝑞. 𝑆7.4) 

where Q is the total flow rate, A cross-sectional area of polyHIPE extractor, µ the viscosity of the 

water and L the length of the extraction unit. 

Table S7-1. Pressure drop (ΔP) and energy dissipation rate (𝜀) of extraction units fabricated using 

either single polyHIPEs or combination of hydrophilic and hydrophobic polyHIPEs. 

Extraction 

unit 

ΔP (bar) 𝜀 (m2/s3) 

0.4 mL/min 0.6 mL/min 
0.4 

mL/min 

0.6 

mL/min 

E-HM10 1.40 ± 0.01 1.47 ± 0.02 0.4 0.6 

E-HM15 1.61 ± 0.02 2.02 ± 0.03 0.08 0.13 

E-S 1.16 ± 0.03 1.18 ± 0.01 0.11 0.28 

E-SF 1.19 ± 0.01 1.32 ± 0.03 0.03 0.05 

E-SF-HM10 1.21 ± 0.01 1.33 ± 0.01 0.04 0.10 

E-HM10-SF 1.30 ± 0.01 1.48 ± 0.04 0.04 0.10 

E-SF-HM15 1.47 ± 0.01 1.45 ± 0.01 0.06 0.14 

E-HM15-SF 1.50 ± 0.03 1.72 ± 0.01 0.09 0.13 

Blank tube 0.12 ± 0.01 0.14 ± 0.01 0.10 0.21 

Static mixer 0.09 ± 0.01 0.11 ± 0.02 0.03 0.06 
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Figure S7-2. Residence time distribution functions of polyHIPE extraction units fabricated using 

single polyHIPEs. 
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Figure S7-3. Residence time distribution functions of polyHIPE extraction units fabricated using 

both hydrophilic and hydrophobic polyHIPEs. 
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S8. Effect of polyHIPE wettability on liquid-liquid dispersion type 

Figure S8-1. Photographs of emulsions generated with polyHIPE extraction units having various 

wettability, which resulted in A) o/w emulsions collected in sunflower seed oil using hydrophilic 

polyHIPE extraction unit (Video S1), B) w/o emulsions collected in dyed water using hydrophilic-

hydrophobic polyHIPE extraction unit (Video S3), and C) o/w emulsions collected in sunflower 

seed oil using hydrophobic-hydrophilic polyHIPE extraction unit (Video S2). 
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S9. Simulated hydrogenation reaction of 4-nitroacetophenone 

Figure S9-1. Hydrogenation reaction of 4-nitroacetophenone (4-NAP) with ammonium formate 

as hydrogen source catalyzed by Pd yielding 4-aminoacetophenone (4-AAP). This reaction 

mixture was simulated, and 4-AAP was extracted from it using ethyl acetate. 
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S10. Morphology of used polyHIPE micromixer-settlers 

Figure S10-1. Characteristic SEM images of polyHIPEs after using them in micromixer-settlers 

to extract 4-AAP. 
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