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Summary 

Emulsions stabilized through the adsorption of colloidal particles at the liquid-

liquid interface have been of interest in a wide variety of applications ranging from 

pharmaceutical and food products to cosmetic and agricultural applications. Particle 

stabilized-emulsions often contain a limited concentration of particles. Thus, the aim of 

this thesis was to develop a simple and general approach for the preparation of stable 

particle-stabilized emulsions through the in situ surface modification of a high 

concentration of particles with different surface chemistries, and then the application 

of these emulsions as templates for the fabrication of colloidal capsules and 

macroporous materials. 

Oil-in-water and water-in-oil emulsions are efficiently stabilized using colloidal 

inorganic particles. The adsorption of initially hydrophilic particles to the oil-water 

interface is induced by adjusting the particle wetting behaviour in the liquid media 

through the adsorption of short amphiphilic molecules. Short amphiphiles are shown 

to be appropriate molecules for the in situ hydrophobization of high concentration of 

particles. Different types of emulsions are formed by changing the liquid phase in 

which the particles are originally dispersed and surface modified. In addition to the 

emulsions stabilized with surface modified inorganic particles, highly stable water-in-

oil emulsions are prepared upon adsorption of polymeric colloidal particles at the oil-

water interface. The adsorption of polymeric particles at the oil-water interface is 

accomplished by adjusting the wetting of the particles by the two immiscible liquids. 

To elucidate the mechanisms taking place during emulsification, the conditions 

required for particle adsorption at the liquid-liquid interface and for the stabilization of 

different type of emulsions using the same particles in different liquids are 

investigated in detail. The final microstructure of oil-water mixtures are tailored by 

adjusting the initial composition of emulsions. The use of high concentration of 

particles leads to enhanced stability of particle-stabilized emulsions. 

Emulsions stabilized by colloidal particles with different surface chemistries 

exhibit solid-like behaviour with a viscoelastic character and pronounced yield stress. 
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The rheological properties of particle-stabilized emulsions and the dependence of these 

properties on the initial composition of emulsions are investigated to explain the 

possible mechanisms that determine the final droplet size of emulsions. To evaluate 

the interrelation between the composition and the rheology of emulsions, a model is 

applied to the experimental emulsion data. In agreement with the model, the final 

droplet size of emulsions is controlled by the interfacial tension of the suspension-oil 

interface, the viscosity of emulsions, and the shear rate during mixing. 

Dilution of such highly stable emulsions results in wet colloidal capsules with 

single layer of particles in the outer shell. Close-packed particle shell surrounding each 

droplet provide the structural rigidity of the capsules and enable drying of wet capsules 

into semi-permeable, hollow capsules. The permeability of the capsules can be 

controlled by the interstices between the particles. Particle locking at the interface 

using polymers or ionic species further allows adjusting the mechanical strength and 

the permeability of the dry capsules. 

The long term stability and viscoelastic character of particle-stabilized 

emulsions also allow shaping of the emulsions using conventional technologies, and 

drying and sintering of the emulsions directly into macroporous materials in the 

absence of any chemical reaction. The microstructure and the porosity of porous 

materials are tailored by changing the composition of the original emulsions. Sintering 

of emulsions stabilized by polymeric particles enable the preparation of porous 

polymers from a variety of polymeric particles including intractable polymers. The solid 

macroporous ceramics obtained from emulsions stabilized with inorganic particles 

exhibit variety of microstructures ranging from homogeneous to hierarchical pore 

structures. The incorporation of a third phase such as air into oil-in-water emulsions 

results in porous structures exhibiting pore sizes at length scales differing by one order 

of magnitude. Tailoring the pore structure in different length scales enables the 

fabrication of porous ceramics with porosities up to 96% and compressive strengths up 

to 13 MPa. 



      3 

Zusammenfassung 

Emulsionen, die durch die Adsorption von kolloidalen Partikel auf der flüssig-

flüssig Grenzfläche stabilisiert sind, sind interessant für viele Anwendungen: von 

Arzneimitteln und Nährungsmitteln bis hin zu Kosmetikprodukten und 

agrarwirtschaftliche Anwendungen. Die partikelstabilisierten Emulsionen enthalten 

häufig eine limitierte Partikelkonzentration. Deshalb war das Ziel dieser Doktorarbeit 

eine einfache und allgemeine Methode zu entwickeln um die Herstellung der stabilen 

partikelstabilisierten Emulsionen durch eine in situ Oberflächenmodifikation der 

höheren Partikelkonzentration mit einer unterschiedlichen Oberflächenchemie zu 

ermöglichen, und dann die Anwendung dieser Emulsionen als Vorlage für die 

Herstellung von kolloidalen Kapseln und makroporösen Materialen. 

Öl-in-Wasser und Wasser-in-Öl Emulsionen werden effektiv mit den kolloidalen 

anorganischen Partikel stabilisiert. Die Adsorption der anfangs hydrophilen Partikel auf 

der Öl-Wasser Grenzfläche wird durch Anpassung des Partikelbenetzungsverhaltens im 

flüssigen Medium durch die Adsorption von kurzen amphiphilen Molekülen induziert. 

Kurze Amphiphile sind geeignete Moleküle für die in situ Hydrophobisierung von 

Partikel in hohen Konzertrationen. Unterschiedliche Emulsionstypen werden durch die 

Veränderung der flüssigen Phase erhalten, in welcher die Partikel ursprünglich 

dispergiert sind und deren Oberfläche modifiziert ist. Zusätzlich zu den Emulsionen, die 

mit oberflächenmodifizierten anorganischen Partikel stabilisiert sind, wurden 

hochstabile Wasser-in-Öl Emulsionen durch die Adsorption von polymeren 

Kolloidpartikel auf der Öl-Wasser Grenzfläche hergestellt. Die Adsorption der 

polymeren Kolloidpartikel auf der Öl-Wasser Grenzfläche wird durch Anpassung des 

Partikelbenetzungsverhaltens mit zwei unmischbaren Flüssigkeiten durchgeführt. Um 

den Mechanismus der Emulgierung aufzuklären, wurden die Konditionen für die 

Adsorption der Partikel auf der flüssig-flüssig Grenzfläche und für die Stabilisierung der 

unterschiedlichen Emulsionstypen mit denselben Partikel in unterschiedlichen 

Flüssigkeiten ausführlich untersucht. Die finalen Mikrostrukturen der Öl-Wasser 

Mischungen werden durch Anpassen der Emulsionsanfangszusammensetzung 
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bestimmt. Die Verwendung von hochkonzentrierten Partikel führt zu verbesserter 

Stabilität der partikelstabilisierten Emulsionen. 

Emulsionen, die mit Kolloidpartikel unterschiedlicher Oberflächenchemie 

stabilisiert sind, zeigen ein Festkörper-ähnliches Verhalten mit einem viskoelastischen 

Charakter und einem ausgeprägten Fliessspannung. Die rheologischen Eigenschaften 

der partikelstabilisierten Emulsionen und die Abhängigkeit dieser Eigenschaften von 

der Anfangskomposition der Emulsionen wurden untersucht, um den möglichen 

Mechanismus, welcher die Endtropfengrösse der Emulsionen bestimmt zu erklären. 

Um die Zusammenhang zwischen der Rezeptur und der Rheologie der Emulsionen zu 

evaluieren, wurde ein Modell auf die experimentellen Emulsionsdaten angewendet. In 

Übereinstimmung mit dem Modell, wird die Endtropfengrösse der Emulsionen durch 

die Oberflächenspannung der Suspension-Öl Grenzfläche, die Viskosität der 

Emulsionen, und die Schergeschwindigkeit während des Mischens kontrolliert. 

Verdünnung der hochstabilen Emulsionen führt zu nass kolloidalen Kapseln mit 

einer einzigen Partikelschicht in der äusseren Hülle. Die dichtgepackten Partikel-

schichten um jedes Tröpfchen liefern die Struktursteifigkeit der Kapseln und 

ermöglichen das Trockenen der nassen Kapseln zu halbdurchlässigen Hohlkapseln. Die 

Durchlässigkeit der Kapseln kann durch die Fuge zwischen den Partikeln kontrolliert 

werden. Das Verbinden von Partikel auf der Grenzfläche durch Polymere oder ionische 

Spezies ermöglicht das Anpassen der mechanischen Festigkeit und der Durchlässigkeit 

der trockenen Kapseln. 

Die Langzeitstabilität und der Viskoelastizitätcharakter der partikelstabilisierten 

Emulsionen ermöglichen auch die Formgebung der Emulsionen mit konventionellen 

Technologien, sowie das Trocknen und Sintern der Emulsionen direkt zu makroporösen 

Materialien ohne irgendeiner chemischen Reaktion. Das Gefüge und die Porosität der 

porösen Materialien werden durch die Veränderung des Aufbaus der ursprünglichen 

Emulsionen reguliert. Das Sintern der Emulsionen, die mit den Polymerpartikel 

stabilisiert sind, ermöglicht die Herstellung von porösen Polymeren anhand einer 

breiten Auswahl an Polymerpartikeln - einschliesslich unlöslichen Polymeren. Die 

festen makroporösen Keramiken, die von aus den anorganischen partikelstabilisierten 

Emulsionen hergestellt werden, zeigen eine breite Vielfalt an Mikrostrukturen - von 

homogenen bis hierarchischen Porenstrukturen. Die Beimischung einer dritten Phase 
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wie Luft in Öl-in-Wasser Emulsionen ergibt poröse Strukturen mit Poren, deren Länge 

um eine Grössenordnung variieren kann. Das Kontrollieren der Porenstruktur in 

unterschiedlichen Längestufen ermöglicht die Herstellung von porösen Keramiken mit 

Porositäten bis 96% und Druckfestigkeiten bis 13 MPa. 



 



       

1 Introduction 

The processing technology of ceramics is an important aspect of ceramic 

engineering which enables the fabrication of ceramic products with different size, 

shape, composition, structure, and cost. The properties and functions of ceramics are 

very much dependent on their chemical composition and microstructure. To control 

these features and minimize the microstructural defects, processing of ceramics 

through the consolidation of colloidal particle suspensions have been subject of 

research and development 1. 

Tailoring the surface chemistry of colloidal particles and controlling the 

interactions between particles enable the fabrication of more reliable ceramics. Several 

colloidal processing routes such as slip casting, tape casting/screen printing, pressure 

filtration, osmotic consolidation, centrifugal consolidation, aqueous injection molding, 

gel casting, direct coagulation casting, spray pyrolysis, and robocasting have been 

developed in response to a variety of applications which require different material 

properties and functions 2, 3. 

In addition to dense ceramics, porous ceramics are also required by an 

increasing number of applications such as filtration of molten metals, high-

temperature thermal insulation, support for catalytic reactions, filtration of 

particulates from diesel engine exhaust gases, and filtration of hot corrosive gases in 

various industrial processes 4, 5. These applications take advantage of the low thermal 

mass, low thermal conductivity, controlled permeability, high surface area, low density, 

high specific strength, and low dielectric constant of porous ceramics. 

The properties of porous ceramics are highly influenced by their chemical 

composition and microstructure. Porosity, pore morphology and size distribution of the 

porous structures can be tailored for a certain application by the processing route used 

for the production of the porous ceramic. Similar to the production of dense ceramics, 

several processing methods based on colloidal routes have been developed for the 

preparation of macroporous ceramics. Among these methods, replica, direct foaming, 

and sacrificial template methods have become the most widely applied approaches 5-7. 
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The replica technique involves the impregnation of a cellular structure made of 

polymer, coral, or wood with a ceramic slurry or a precursor solution and pyrolysis of 

the template material to produce a macroporous ceramic exhibiting the same structure 

as the original porous material. This technique has been mainly used for the fabrication 

of uniform cellular open-cell (reticulate) ceramic structures. 

In contrast to replica method, direct foaming method is based on the 

incorporation of a gaseous phase into a ceramic suspension or a sol and sintering of dry 

foams to produce macroporous ceramics. Direct foaming techniques allow formation 

of either open or closed cell ceramics with dense struts. Wet foams are usually 

stabilized by surface active agents such as long-chain amphiphilic molecules and 

proteins to prevent disproportionation and coalescence. However, due to the low 

adsorption energy of surface active molecules at the gas–liquid interface, wet foams 

collapse within a few hours after foaming. The stability of foam bubbles against 

collapse is achieved by setting the foam thorough the addition of gelling and cross 

linking agents to the wet foam 8, 9 or condensation of metal hydroxides and alkoxides 10, 

11. As an alternative to the surfactant-stabilized direct foaming techniques, colloidal 

particles have recently been used for the stabilization of gas bubbles 7, 12. Unlike surface 

active molecules, particles adsorbed at the gas-liquid interface were observed to 

impede the drainage, coalescence, and disproportionation 13. 

The sacrificial template method involves incorporation of a fugitive phase such 

as starch, carbon, salts, and polymer beads into ceramic particle assemblies or ceramic 

precursors and subsequent extraction of these phases upon pyrolysis or leaching to 

generate pores within the final structure. This technique allows formation of either 

open or closed cell macroporous ceramics. The time consuming extraction steps and 

the extensive amount of gaseous by-products generated during extraction of the 

organic phases can be overcome using liquid fugitive phases such as water, 

supercritical carbon dioxide, and volatile oils, which can be evaporated or sublimated at 

milder conditions without emitting toxic gases. The main advantage of the sacrificial 

template method is the possibility of adjusting the porosity, pore size and pore 

morphology of the porous ceramic independently just by changing the size and the 

amount of the fugitive materials. 

The incorporation of volatile oils as sacrificial phases by means of emulsion 

templates has been a versatile approach to produce macroporous materials. The 

emulsion templating method is based on preparation of emulsions with inorganic 
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precursors in the continuous phase and subsequent removal of the dispersed droplets 

by drying and heat treatment. 

Due to the high liquid-liquid interfacial area, emulsions are thermodynamically 

unstable systems. They often undergo coalescence, Ostwald ripening, and phase 

separation processes. Stabilization of emulsions is normally achieved through the 

adsorption of surface active long-chain amphiphiles or proteins at the liquid-liquid 

interface 14, 15. However, due to the weak attachment of these molecules at interfaces, 

emulsions usually collapse during the removal of the liquid phases. Therefore, the 

emulsion microstructure is usually consolidated thorough the gelation of the 

continuous phase via sol-gel processes. The consolidation of the emulsions with sol-gel 

transitions usually leads to formation of macroporous monoliths with porosities up to 

92% and pore sizes ranging from a few hundred nanometers to a few micrometers. 

While sol-gel based emulsion templating enables the production of highly porous 

ceramics with wide range of pore sizes, the examples of porous structures have been 

mainly limited to the well-defined chemical compositions such as silica 16-22 and titania 
16, 17, 23, 24. 

Alternatively, colloidal particles adsorbed at liquid interfaces have also been 

used to stabilize emulsions 25-27 and produce macroporous ceramics after drying 28, 29. 

Stabilization of emulsions by solid particles offers advantages over surfactant-

stabilized systems due to the increased emulsion stability achieved in the presence of 

solid particles against coalescence and Oswald ripening 27, 30, 31. The effectiveness of 

particles against destabilization mechanisms descends from the irreversible adsorption 

of particles to the oil-water interface, which results from the high energy of 

attachment of particles to the interface 27, 30-33. As a consequence of irreversible 

adsorption, particles forming dense films around the dispersed droplets hinder 

coalescence and resist Ostwald ripening. Furthermore, three-dimensional network of 

particles as a result of particle-particle interactions in the continuous phase brings 

additional stabilization against coalescence 30. 

This enhanced stability of emulsions achieved with particles allows for the 

consolidation of the emulsion microstructure without requiring gelation or any other 

chemical reactions. Macroporous ceramics obtained from particle-stabilized emulsions 

may exhibit interconnected cells ranging from 5 to 50 m in size 28. 

Besides bulk macroporous ceramics, formation of solid shell of close packed 

colloidal particles at the interface of emulsion droplets has also led to fabrication of 
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semi-permeable capsules 34-39. Such capsules have become increasingly important for 

the efficient encapsulation and delivery of living cells or active agents in food 

processing, pharmaceutical and agricultural industries, and biomedicine 40-44. 

Emulsion droplets produced by mechanical mixing 34, 35, 37 or microfluidic devices 
39, 45 can be harvested to produce colloidal wet capsules as a result of the enhanced 

emulsion stability achieved in the presence particles. In addition to wet capsules, dry 

hollow capsules can also be prepared upon evaporation of the liquid phases 35, 46-49. 

Fabrication of dry capsules often requires strengthening of the particle shells to 

prevent capsule rupture under the high capillary forces developed during drying. Thus, 

the particles at the interface are locked together to adjust the elasticity of the capsule 

wall 35, 38, 48, 50, 51. The permeability of capsules is usually defined by the interstices 

between the colloidal particles and can be tuned by changing the particle size and/or 

controlling the extent of particle locking at the interface 35, 37. 

Emulsion templating method has been successfully applied to produce bulk 

macroporous ceramics and semi-permeable capsules. The high stability of particle-

stabilized emulsions has allowed for a better control over the microstructure of 

materials as compared to other approaches based on surfactant-stabilized mixtures. 

However, stabilization of emulsions has been so far limited to particles whose surface 

wettability can be tailored through prior chemical treatments such as silanization of 

silica particles, or capping ligands sophisticatedly designed for iron oxide nanoparticles. 

The use of inorganic particles with tailored properties should enable the manufacture 

of novel materials with unique functionalities, including biocompatibility, high-

temperature resistance, high strength, and magnetic response. Hence, a general 

method to tailor the surface chemistry and control the processing of inorganic particles 

of different size and surface chemistry into macroporous ceramics and semi-permeable 

functional inorganic capsules is yet to be developed. 

The aim of this thesis is to develop a new simple and general method to produce 

macroporous ceramics and semi-permeable inorganic capsules from particle-stabilized 

emulsions by tailoring the surface chemistry of metal oxide particles of various sizes 

and chemical compositions. The method relies on short amphiphilic molecules for the 

surface modification of a wide range of inorganic particles. Short amphiphilic 

molecules with a head group showing high affinity towards the particle surface are 

selected for the in situ surface hydrophobization of initially hydrophilic metal oxide 

particles. The high solubility and critical micelle concentrations of short amphiphiles in 
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the liquid phase allows the surface modification of high concentrations of 

submicrometer-sized particles of various surface chemistries. In situ hydrophobization 

with short amphiphiles renders the particles partially hydrophobic, favoring their 

adsorption at the oil-water interface. Particles adsorbed at the interface lead to the 

formation of remarkably stable emulsions, which can be characterized with a 

viscoelastic behavior. The long-term stability and the viscoelastic behavior of the 

particle-stabilized emulsions enable their processing into porous structures of various 

shapes using conventional shaping technologies without requiring any further gelation 

or strengthening reaction. Thus, particle-stabilized emulsions can be directly dried and 

sintered to obtain macroporous ceramics of various porosity levels, pore morphologies 

and pore size ranges. 

In addition to bulk macroporous ceramics, this simple approach presented here 

has also allowed for the production of large quantities of functional semi-permeable 

wet and dry capsules through the stabilization of emulsions with inorganic particles of 

various sizes, chemical compositions, and functionalities. 

In the following chapters, the versatility of the method will be illustrated using 

examples of emulsions, macroporous ceramics, and colloidal capsules produced by 

colloidal alumina, silica, and iron oxide particles as well as polymeric particles. 
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2 Stabilization of Oil-in-Water Emulsions by 

Colloidal Particles Modified with Short 

Amphiphiles 

Abstract 

Emulsions stabilized through the adsorption of colloidal 

particles at the liquid-liquid interface have long been used and 

investigated in a number of different applications. The interfacial 

adsorption of particles can be induced by adjusting the particle 

wetting behaviour in the liquid media. Here, we report a new 

approach to prepare stable oil-in-water emulsions by tailoring the 

wetting behaviour of colloidal particles in water using short 

amphiphilic molecules. We illustrate the method using hydrophilic 

metal oxide particles initially dispersed in the aqueous phase. The 

wettability of such particles in water is reduced by an in situ surface 

hydrophobization that induces particle adsorption at oil-water 

interfaces. We evaluate the conditions required for particle 

adsorption at the liquid-liquid interface and discuss the effect of the 

emulsion initial composition on the final microstructure of oil-water 

mixtures containing high concentrations of alumina particles 

modified with short carboxylic acids. This new approach for 

emulsion preparation can be easily applied to a variety of other 

metal oxide particles. 

                                                        
 I. Akartuna, A. R. Studart, E. Tervoort, U. T. Gonzenbach, and L. J. Gauckler, Langmuir, 2008, 24 

(14), 7161-7168. 
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2.1 Introduction 

Emulsions are of great practical interest due to their widespread use in 

pharmaceutical, food, cosmetic, paint, and ink products. In many of these applications 

the stability of emulsions is of utmost importance to keep their properties over long 

periods of time 1. 

However, emulsions often undergo coalescence, Ostwald ripening, and phase 

separation processes. Stable emulsions are normally prepared by adsorbing surface 

active molecules like long-chain surfactants, amphiphilic polymers, lipids, and proteins 

at the liquid-liquid interface. These molecules lower the energy required for droplet 

formation and enhance the stability of emulsions by providing a steric/electrostatic 

barrier against droplet coalescence 1, 2. 

Alternatively, Ramsden 3 and Pickering 4 have shown more than a century ago 

that solid particles adsorbed at liquid-liquid interfaces can also be used for the 

stabilization of so-called Pickering emulsions. As opposed to surface active molecules, 

interfacially adsorbed particles lower the system free energy by reducing the liquid-

liquid interfacial area 5, 6. 

Stabilization of emulsions by solid particles usually leads to increased stability 

against coalescence and Ostwald ripening in comparison to surfactant-stabilized 

systems 6, 7. The effectiveness of particles against these destabilization processes stems 

from their strong adsorption to the liquid-liquid interface 5. The energy of attachment 

of particles at interfaces can be several orders of magnitude higher than thermal 

energy, which ultimately leads to irreversible interfacial adsorption 6-8. The adsorption 

energy increases monotonically with increasing contact angles () and proportionally 

with (1±cos )2, reaching a maximum at  = 90 6. 

Besides a strong adsorption at the interface, the stabilization of emulsions also 

requires that the adsorbed particles impede thinning of the liquid film between 

droplets. In contrast to the adsorption energy, earlier studies have shown that the 

highest resistance against film thinning is achieved for particles forming contact 

angles approaching 0 and 180 9, 10. 

Considering these opposite trends, optimum contact angles () between 70 and 

86, and between 94 and 110 have been suggested for the stabilization of oil-in-water 

and water-in-oil emulsions, respectively, using interfacially adsorbed particles 10. Under 
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such conditions, particles should be able to sterically hinder the coalescence of droplets 

over long periods of time, which has been experimentally confirmed in a number of 

recent studies 6, 11-16. 

The stabilization of liquid-liquid interfaces with colloidal particles allows for the 

preparation of emulsions in the absence of hazardous and toxic surfactants, which is 

particularly important in health care and pharmaceutical products. In addition to 

emulsion stabilization, the adsorption of colloidal particles on liquid droplets has also 

been exploited to produce solid-coated capsules (or colloidosomes) that can be used for 

the encapsulation of chemicals, drugs, fragrances, food, nutrients, and cells 17-21. 

Alternatively, particle-stabilized emulsions can be dried and sintered to produce 

macroporous materials used as bio-scaffolds, low-weight structures, separation 

membranes, and others 22-25. 

Particle-stabilized emulsions can be prepared by tailoring the wettability of 

colloidal particles in the liquid media, so that their adsorption at the liquid-liquid 

interface is favored. As mentioned above, particles with intermediate wettability (70 <  

< 86 or 94 <  < 110) are expected to be the most suitable for emulsion stabilization. 

Different approaches have been used to tailor the particle wettability within this range, 

by for instance (1) in situ modifying the particle surface via the adsorption of long-chain 

amphiphilic molecules (surfactants/co-surfactants) 11, 17, 26-32, (2) varying the lyophobicity 

(hydrophobicity) of inorganic particles through prior chemical surface treatments (e.g., 

silanization of silica particles) 7, 16, 33-42 or (3) using polymeric particles exhibiting 

hydrophilic charge carriers on the surface (e.g., modified latex particles) 17, 19, 43-47. 

These methods have been successfully applied to adjust the wetting behavior of 

particles in liquids. However, emulsions prepared using such approaches often contain 

a limited concentration of particles (typically < 5 vol%), despite the fact that higher 

concentrations are known to increase emulsion stability 7, 12, 14, 36, 48, 49. Even though low 

particle concentrations are advantageous in some applications, the enhanced stability 

achieved at high concentrations is particularly important for the further processing of 

emulsions into macroporous materials 50. The low concentration of stabilizing particles 

used so far in Pickering emulsions might be related to the extensive particle 

agglomeration normally observed at high solids concentration, which ultimately 

inhibits particle adsorption at the liquid-liquid interface. Agglomeration occurs due to 

the low wettability of particles in the liquid continuous phase. In the case of particles 

modified with long amphiphiles, the formation of micelles and other amphiphile 
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aggregated structures in the aqueous phase might reduce the amount of free 

amphiphiles available for adsorption on the particle surface, limiting the concentration 

of modified particles in the emulsion. The development of a general and simple 

approach for the surface modification of a high concentration of particles exhibiting a 

wide range of surface chemistries should be of advantage in several applications. 

Here, we describe a simple and versatile approach for the preparation of stable 

Pickering emulsions through the in situ surface modification of a high concentration of 

particles with different surface chemistries. In contrast to the aforementioned 

methods, our approach relies on short amphiphilic molecules for the in situ surface 

hydrophobization of initially hydrophilic particles. The short amphiphiles exhibit high 

solubility and critical micelle concentrations in water, enabling the surface 

modification of up to 40 vol% of submicrometer-sized particles of various surface 

chemistries. The initial hydrophilic nature of the colloidal particles allows for the 

homogeneous dispersion of high concentrations of particles prior to surface 

modification. In this article, we illustrate this novel approach using mainly alumina 

powder and carboxylic acids as colloidal particles and short amphiphiles, respectively. 

Amphiphiles suitable for the modification of particles with different surface 

chemistries than alumina are also investigated to illustrate the versatility of the 

method. 

2.2 Materials and methods 

2.2.1 Materials 

Experiments were performed using the following metal oxides: (1) -Al2O3 

powder (Ceralox HPA-0.5, 99.99 % Al2O3, Sasol North America Inc., Tucson, AZ, USA) 

with average particle diameter, d50, of 200 nm, specific surface area of 10 m2/g, and 

density of 3.98 g/cm3; (2) Al2O3 powder, a mixture of 70 % - and 30 % -phase 

(Nanophase Technologies Co., Romeoville, IL, USA) with d50 of 65 nm, specific surface 

area of 38 m2/g, and density of 3.6 g/cm3 (hereafter referred to as -Al2O3), (3) SiO2 

powder (grade Snowtex ZL, Nissan Chemical, Houston, TX, USA) with d50 ~ 80 nm, 

specific surface area of 25 m2/g, and density of 2.1 g/cm3, and (4) Fe3O4 powder (>98 % 

Fe3O4, Nanostructured & Amorphous Materials, Inc., Houston, TX; USA) with d50 of 20-

30 nm, specific surface area of 60 m2/g, and density of 4.95 g/cm3. 
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Octane (97 % pure, boiling temperature Tb = 125 C, Acros Organics, Belgium) was 

used as received for the preparation of the emulsions. The short amphiphilic molecules 

used for particle modification were acetic acid, propionic acid, valeric acid, and propyl 

gallate (> 99.7 %, > 99 %, > 99 % pure, > 98 %, respectively, Sigma-Aldrich Chemie 

GmbH, Germany), formic acid, butyric acid, hexyl amine, and octyl gallate (> 98 % pure, 

> 99.5 %, > 98 % pure, and > 99 % pure, respectively, Fluka AG, Buchs, Switzerland). 

Double deionized water with an electrical resistance of 18 MΩcm was used in the 

experiments (Nanopure, Barnstead, USA). Hydrochloric acid (HCl, 2 M) and sodium 

hydroxide (NaOH, 1 M) solutions (Titrisol, Fluka AG, Buchs, Switzerland) were used to 

adjust the pH. 

2.2.2 Preparation of suspensions 

The preparation of aqueous colloidal suspensions varied according to the 

amphiphiles and metal oxide particles used. In the case of -alumina and -alumina to 

be modified with carboxylic acids, suspensions were prepared by first adding 58 and 

30 vol% of powder, respectively, into deionized water. During addition of -alumina 

powder the suspension pH was maintained at values below 5 by adding small aliquots 

of 2 N HCl solution, whereas in the case of -alumina a pH of approximately 5 was 

obtained without addition of acidic solutions. For - and -alumina particles to be 

modified with short alkyl gallates, powders were added to aqueous solutions 

containing, respectively, 30 and 5 mmol/L of propyl gallate at pH 9.9. The pH of both 

suspensions was maintained at 9.9 by adding 1 N NaOH and/or 2 N HCl dropwise. In the 

case of silica particles, suspensions with 45 vol% solids were prepared by adding silica 

powder directly to deionized water without any pH adjustment. For iron oxide particles, 

10 vol% solid suspensions were prepared by adding particles to 44 mmol/L aqueous 

octyl gallate solutions at pH 9.9. The pH adjustment was done by adding 1 N NaOH 

and/or 2 N HCl dropwise. 

In order to de-agglomerate and homogeneously disperse the colloidal particles 

in the aqueous phase, suspensions were ball-milled in polyethylene bottles for 22 h 

using alumina milling balls (10 mm diameter) for -alumina suspensions and zirconia 

balls (5, 10 and 20 mm diameter) for -alumina, iron oxide, and silica suspensions. In all 

cases a ball/powder weight ratio of 2.5 was used. After the ball-milling procedure, the 

pH values of the -alumina, -alumina, silica, and iron oxide suspensions were ~5.5, 5.5, 
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~8.3, and 10.2, respectively. The ball-milled suspensions were transferred to a glass 

beaker prior to amphiphile addition. The surface modifier was dissolved in water and 

the resulting aqueous solution was added dropwise to the suspension under magnetic 

stirring. In the case of iron oxide particles, stirring was performed mechanically. The pH 

of the suspensions was subsequently adjusted to 4.75 and 9.9 for particles modified 

with short carboxylic acids and alkyl gallates, respectively, by adding 1 – 4 N NaOH 

and/or 2 N HCl dropwise. In the case of silica suspensions, no pH adjustment was 

needed, resulting in a final pH in the range of 10.2 – 10.4. Finally, additional water was 

added to dilute the suspensions to the desired solids content. 

2.2.3 Interfacial tension measurements 

The oil-water interfacial tension was assessed using the pendant drop method 

(PAT1, Sinterface Technologies, Berlin, Germany). Measurements were performed by 

forming a pendant drop of amphiphile aqueous solutions or amphiphile-containing 

suspensions inside an oil-filled quartz cell (2.8  3.0  3.3 cm3). The amphiphile aqueous 

solutions were prepared by adding pure propionic, butyric, or valeric acids to double 

deionized water, whereas the amphiphile-containing suspensions were prepared at 

solids content of 35 vol% alumina using the ball-milling procedure described above. In 

order to eliminate the effect of oil impurities on the interfacial tension analysis, octane 

was columned twice through chromatographic alumina prior to these experiments. 

The measurements were performed using purified oil saturated with amphiphiles. 

Detailed information on the concentration of amphiphiles used to prepare the 

saturated oil is given in the Chapter 11.1. For the preparation of saturated oil, the 

amphiphiles were mixed with the oil and the resulting solution was stirred for 1 h to 

achieve equilibrium conditions. The interfacial tension analysis was performed for 

1000 s at a constant temperature of 22 oC. Fixed drop volumes of 35 and 15 mm3 were 

used for drops of amphiphile aqueous solutions and amphiphile-containing 

suspensions, respectively. 

2.2.4 Preparation and characterization of oil-in-water emulsions 

After the preparation of suspensions with the desired solids and amphiphile 

contents, the suspensions were transferred to 1 L polyethylene beakers to which the oil 

phase was added. Emulsification was performed by vigorously stirring the suspension 
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and the oil phase for 3 min, unless mentioned otherwise, using a household mixer at 

full power (Multimix 350 W, Braun, Spain). It is important to note that the particle 

concentration indicated throughout this study refers to the solids content in the initial 

aqueous suspension and is not based on the emulsion total volume. 

The droplet size distribution of the resulting emulsion was evaluated using an 

optical microscope in transmission mode (Polyvar MET, Reichert-Jung, Austria) 

connected to a digital camera (DC 300, Leica, Switzerland). Five pictures were taken 

randomly from different spots of the same sample. The droplet size was measured with 

the linear intercept method using the software Lince (TU Darmstadt, Germany). 

Confocal laser microscopy was also performed to confirm the adsorption of surface 

modified particles at the oil-water interface. The preparation of samples for confocal 

microscopy is described in Chapter 11.1. 

2.3 Results and discussion 

2.3.1 Particle modification and adsorption at the oil-water interface 

The adsorption of particles to the oil-water interface to form particle-stabilized 

emulsions was induced by surface modifying the initially hydrophilic particles in the 

aqueous phase. In the case of alumina particles, surface modification was 

accomplished at pH 4.75 using carboxylic acids containing less than eight carbon 

atoms. 

The adsorption of particles at the oil-water interface after surface modification 

was investigated by measuring the interfacial tension between octane and an aqueous 

suspension containing 35 vol% of surface modified particles. The interfacial tension 

results are shown in Figure 2.1 for suspensions prepared with various concentrations of 

propionic, butyric, and valeric acids. The addition of increasing amounts of such short 

amphiphiles to the colloidal suspensions decreases the oil-water interfacial tension 

from 51.4 mN/m to values as low as 27 mN/m. Figure 2.1 shows that the reduction in 

interfacial tension upon amphiphile addition is more pronounced for molecules with 

longer hydrocarbon tail. An initial concentration of 140 mmol/L of propionic acid is 

required to reduce the oil-water interfacial tension to about 65 % of its initial value 

(33.5 mN/m), whereas in the case of longer valeric acid molecules the concentration 

needed to reach this condition is decreased to approximately 30 mmol/L. 
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Figure 2.1: Interfacial tension between octane and aqueous suspensions prepared 

with 35 vol% alumina particles and various concentrations of propionic, butyric, 

and valeric acids at pH 4.75. 

The observed decrease in interfacial tension may result from the adsorption of 

surface modified particles and/or free amphiphilic molecules at the oil-water interface. 

The reduction of the overall interfacial tension due to the adsorption of modified 

particles results from the replacement of a high-energy oil-water interfacial area by less 

energetic solid-oil and solid-water interfacial areas 5, 6. 

In order to account for the individual contributions of modified particles and free 

amphiphiles to the decrease in interfacial tension shown in Figure 2.1, we evaluated the 

interfacial tension of the oil-water interface in the presence of free amphiphilic 

molecules alone. This was accomplished by measuring the interfacial tension between 

octane and a drop of aqueous solutions containing amphiphile concentrations 

corresponding to the amount of molecules non-adsorbed on the particle surface (from 

reference 5151). The results are depicted in Figure 2.2 for various initial concentrations of 

propionic, butyric, and valeric acids. 
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Figure 2.2: Interfacial tension between (1) octane and 35 vol% alumina 

suspensions prepared with various initial concentrations of carboxylic acids (a, b, 

and c, open symbols) at pH 4.75 and (2) octane and aqueous solutions containing 

solely the amount of amphiphiles that does not adsorb on the particle surface 

(free) at the initial concentrations indicated in the graph (a, b, and c, full symbols) 

at pH 4.75. The individual contributions of free amphiphiles (amp) and modified 

particles (part) to the overall decrease in interfacial tension is indicated in graph 

b for a butyric acid initial concentration of 90 mmol/L as an example. 
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Figure 2.2 shows that both free amphiphiles and surface modified particles 

contribute to the decrease in the oil-water interfacial tension. The decrease in 

interfacial tension is more pronounced for longer amphiphiles and for higher initial 

amphiphile concentrations. The more hydrophobic nature of longer amphiphiles favors 

the adsorption of free molecules and modified particles at the oil-water interface, 

resulting in lower interfacial tension values. Higher initial concentrations of 

amphiphiles, on the other hand, increase the amount of amphiphiles adsorbed on the 

particle surface, as well as the concentration of free amphiphiles in the liquid phase. 

The higher amount of amphiphiles on the surface enhances the hydrophobicity of 

particles, favoring their adsorption at the interface and a reduction of the oil-water 

interfacial tension. Additionally, the increased concentration of free amphiphiles in the 

aqueous solution enhances the amount of amphiphilic molecules adsorbed at the 

interface, further decreasing the oil-water interfacial tension. 

Interestingly, in the case of butyric and valeric acids, the interface tension 

resulting from modified particles decreases significantly above a certain critical 

amphiphile concentration. For concentrations above this threshold value, particles are 

presumably too hydrophobic to remain in the aqueous phase and therefore adsorb 

massively to the oil-water interface. A similar behavior was observed for amphiphile-

coated particles adsorbed at air-water interfaces in recent related studies 51, 52. 

It is important to note that a fraction of the free amphiphiles initially present in 

the aqueous phase of oil-water mixtures can also diffuse into the oil phase of the 

mixture. The partition of the amphiphiles initially dissolved in the aqueous phase 

depends strongly on the oil to water volume ratio of the mixture (see Chapter 11.1). The 

oil to water volume ratio used in the pendant drop apparatus is considerably higher 

than that encountered in the emulsions investigated here. Taking this into account, the 

interfacial tension measurements discussed above were carried out using an oil phase 

partially saturated with carboxylic acids in order to reproduce the partition of 

amphiphiles that occurs in the wet emulsion formulations. Further details on the 

partition of the amphiphiles and on the procedure used to saturate the oil phase are 

given in Chapter 11.1. 

2.3.2 In situ particle-stabilized emulsions 

Particle-stabilized emulsions exhibiting a variety of microstructures were 

obtained by vigorous mechanical shearing the initial aqueous suspensions containing 
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short amphiphiles. Since air bubbles could also be incorporated into the system during 

shearing, microstructures containing both air bubbles and oil droplets in various 

proportions were obtained when the oil volume fraction was varied between 0 and 

72 vol%, as illustrated in Figure 2.3 (triangles) for mixtures prepared with 35 vol% 

alumina suspensions (dashed line corresponding to a fixed particle to water volume 

ratio of 0.54). Note that the oil volume fraction here refers to the oil concentration with 

respect to total emulsion volume (water + particles + oil). 

 

Figure 2.3: Compositional diagram indicating the particle-oil-water formulations 

evaluated in this study and the resulting microstructures of the mixtures 

obtained. The volume fractions of water, oil, and particles are indicated by vwater, 

voil, and vparticles, respectively. The dashed line indicates the compositions prepared 

at a constant particle concentration of 35 vol% in the suspension, which 

corresponds to a particle to water volume ratio of 0.54. The dotted line shows the 

emulsions prepared at a fixed oil to water volume ratio of 4. vparticle- max refers to the 

maximum particle concentration that can be achieved in the system assuming 

random particle packing. The circles indicate the compositions investigated in 

more detail in this work. 

In the absence of oil, mechanical shearing of 35 vol% alumina suspensions 

resulted in the particle-stabilized foams described in recent studies 51, 52. Oil volume 

fractions higher than 70 vol% led to emulsions containing solely oil droplets as 
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dispersed phase in the aqueous suspension. For suspensions containing 35 vol% 

particles, the maximum volume fraction of oil that could be incorporated in the 

emulsion was approximately 72 vol%. Oil additions beyond this value resulted in 

emulsions with a phase-separated layer of oil on top of the emulsified mixture (Figure 

2.3). 

In this study, we investigated emulsions containing solely oil droplets as 

dispersed phase. Compositions were prepared at a fixed oil to water volume ratio of 4, 

which is represented by the dotted line in the diagram shown in Figure 2.3. Such fixed 

oil to water ratio leads to oil volume fractions between 70.6 and 77.3 vol% when the 

particle concentration in the initial suspension is varied from 15 to 40 vol% (circles in 

Figure 2.3). This particle concentration range corresponds to a particle to water volume 

ratio varying from 0.18 (15 vol% in water) to 0.67 (40 vol% in water). Mixtures 

containing both oil droplets and air bubbles dispersed in a continuous suspension will 

be discussed in detail in a following publication. 

The adsorption of free amphiphiles and surface modified particles at the oil-

water interface enabled the preparation of remarkably stable emulsions (Figure 2.4). 

The as-prepared emulsions exhibited viscoelastic behavior with a high yield stress 

typical for compressed emulsions 53. Slight dilution of the as-prepared mixture with the 

continuous water phase (~ 1 vol%) enables the preparation of fluid emulsions that can 

be easily poured or used for dip coating, spin coating, or spray deposition on substrates. 

Therefore, the rheological properties of the emulsion can be tuned according to their 

specific application by adjusting the volume fraction of the continuous phase after 

emulsification. 
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Figure 2.4: Oil-in-water emulsions stabilized by in situ modified colloidal particles. 

Images a and b show alumina-stabilized wet emulsions exhibiting tunable 

rheological behavior: (a) strongly elastic (compressed) emulsions obtained after 

mechanical shearing, (b) fluid emulsion obtained after increasing the continuous 

water phase by 1 vol% in case of the emulsion shown in (a). The optical 

micrograph in (c) exhibits a typical microstructure of such wet emulsions. (d) A 

confocal scanning laser micrograph of an oil droplet coated with modified silica 

particles in water. The solid-coated oil droplet was obtained after dilution of an 

oil-in-water emulsion stabilized by silica particles modified with hexyl amine. The 

image clearly shows the adsorption of monosized fluorescent silica particles 

(spheres with green fluorescent ring) at the oil-water interface. 

The amphiphile concentrations required in the initial suspension to achieve 

complete emulsification depends on the amphiphile tail length, as indicated in Figure 

2.5 for the case of emulsions prepared from 35 vol% alumina suspensions at pH 4.75. In 

this case, emulsification was achieved using carboxylic acids with one to five carbons at 

initial concentrations in the aqueous phase ranging from 10 to 250 mmol/L depending 

on the amphiphile. 
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Figure 2.5: Schematic diagram indicating (in white) the conditions required for the 

preparation of oil-in-water emulsions stabilized with alumina particles modified 

with short carboxylic acids (72 vol% oil in the emulsion, 35 vol% alumina in the 

suspension). Full symbols refer to emulsions obtained after 3 min of mixing, 

whereas open symbols indicate compositions that require mixing times longer 

than 3 min for complete emulsification. 

The first requirement for emulsification is that the amphiphiles exhibit 

sufficient hydrophobicity to enable the adsorption of free molecules and modified 

particles at the oil-water interface. This requisite sets the lower limit of the 

emulsification map shown in Figure 2.5. Emulsification is not possible at too low initial 

concentrations of amphiphiles (Figure 2.5). A comparison between the emulsification 

map depicted in Figure 2.5 and the interfacial tension data (Figure 2.1) reveals that a 

reduction in interfacial tension of about 6 – 11 mN/m is necessary to achieve complete 

emulsification under the standard mixing conditions applied in this study (3 min, 

350 W household mixer). The decrease in interfacial tension is taken here as an 

indication of the adsorption of free amphiphiles and modified particles at the interface. 

Since the amphiphile concentrations needed to reduce the interfacial tension by 6 – 

11 mN/m decrease with increasing the amphiphile tail length, longer amphiphiles 

require lower initial concentrations for complete emulsification (Figure 2.5). 
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The second condition for emulsification is that the suspension is sufficiently 

viscous to enable the rupture of droplets under shearing but at the same time 

sufficiently fluid to allow for the incorporation and homogenization of the dispersed oil 

phase into the suspension. Such requirement sets the upper limit of the emulsification 

map shown in Figure 2.5. Amphiphiles with long hydrophobic tail and at high 

concentrations lead to coagulated suspensions with excessively high viscosity, which 

hinders the homogenization and rupture of oil droplets by mechanical shearing. The 

high viscosity results from the lower zeta potential and increased hydrophobic 

interactions between particles observed under these conditions 54. 

By comparing the upper limit of the emulsification map (Figure 2.5) with the 

zeta potential data obtained in an earlier study for alumina particles in carboxylic acid 

solutions 54, one can conclude that the emulsification process is hindered when the zeta 

potential of amphiphile-coated particles decreases from +45 mV to values in the range 

from +5 to +10 mV. This zeta potential reduction leads to strong particle agglomeration 

and to a pronounced increase in the suspension viscosity. Such decrease in zeta 

potential is achieved at lower initial concentrations for the case of longer carboxylic 

acids, which explains the shape of the upper limit curve in the emulsification map 

(Figure 2.5). 

It is important to note that despite the noticeable reduction in interfacial 

tension achieved with the free amphiphiles alone (Figure 2.2), emulsification could not 

be achieved using only free amphiphilic molecules as emulsifiers. This was not possible 

even at very high amphiphile concentrations in water, when the decrease in interfacial 

tension is significantly higher than the minimum value of 6 – 11 mN/m. This clearly 

indicates that the surface-modified particles play a decisive role for the formation and 

stabilization of the emulsions investigated here. 

2.3.3 Effect of suspension composition on emulsion microstructure 

The microstructure of emulsions stabilized by in situ modified particles can be 

varied by changing the composition of the initial colloidal suspension. Here, we 

illustrate the effect of the amphiphile and particle concentrations in the initial 

suspension on the microstructure of particle-stabilized emulsions. 

The droplet size population of all the investigated emulsions followed a log-

normal distribution that can be described by 55 
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where pd is the radial probability density function, d is the droplet diameter, dc is 

the droplet mean diameter, w is the standard deviation of ln(d), and A is a constant 

equal to 1 for monomodal distributions. In the case of multimodal distributions, the 

droplet size population can be described by a sum of distributions of the form of Eq. 2.1 

with the constant A varying between 0 and 1. 

The effect of particle concentration on the droplet size distribution of oil-in-

water emulsions is shown in Figure 2.6 for compositions prepared at a fixed oil to water 

ratio of 4 (dotted line in Figure 2.3) and containing 0.45 wt% propionic acid relative to 

alumina (81 – 162 mmol/L in the aqueous phase). Emulsions prepared from suspensions 

containing 25 vol% particles exhibited a multimodal size distribution with main peaks 

at droplet sizes of 10, 32, and 57 m (Figure 2.6). Increasing the particle concentration 

from 25 up to 35 and 40 vol% led to monomodal droplet size distributions with 

markedly smaller average droplet sizes and narrower distributions, as shown in Figure 

2.6. Average droplet sizes of 12 and 7 m were obtained for compositions prepared with 

35 and 40 vol% particles, respectively. 

The influence of the amphiphile concentration on the emulsion microstructure 

was investigated for compositions containing 35 vol% alumina in the initial suspension 

(particle to water volume ratio of 0.54) and 72 vol% octane in the final emulsion (oil to 

water volume ratio of 4). Figure 2.7 shows an example of the effect of the amphiphile 

concentration on the emulsion droplet size distribution for the case of propionic acid. 

Propionic acid concentrations varying throughout the entire range required for 

emulsification were investigated (Figure 2.5). Emulsions prepared at a propionic acid 

concentration close to the lower limit of the emulsification map (87 mmol/L) exhibited 

a bimodal distribution with peaks at 16.3 and 30.9 m (Figure 2.7). An increase of the 

amphiphile concentration resulted in narrower distributions with average droplet sizes 

down to values in the range of 7 – 14 m (Figure 2.7). The slight increase in average 

droplet size observed at the highest amphiphile concentration might be related to the 

partition of molecules to the oil phase at this extreme condition. Emulsions prepared 

with increasing concentrations of butyric and valeric acids exhibited a similar behavior. 
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Figure 2.6: Droplet size distributions (top) and optical microscope images 

(bottom) of oil-in-water emulsions prepared with different particle 

concentrations in the initial suspension. Emulsions were prepared at a fixed oil to 

water ratio of 4 (dotted line in Figure 2.3) and with a propionic acid concentration 

of 0.45 wt% relative to the weight of alumina. The continuous lines correspond to 

the radial probability density functions used to describe the droplet size 

distributions. Scale bar: 50 m. 
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Figure 2.7: Droplet size distributions (top) and optical microscope images (bottom) 

of oil-in-water emulsions prepared with different concentrations of propionic acid 

in the initial aqueous suspension. Emulsions were prepared with 72 vol% octane 

(oil to water volume ratio of 4) and 35 vol% particles in the aqueous phase 

(particle to water volume ratio of 0.54). The continuous lines correspond to the 

radial probability density functions used to describe the droplet size distributions. 

Scale bar: 100 m. 

 



   Stabilization of Oil-in-Water Emulsions  � 33 

The dependence of the emulsion droplet size distribution on the suspension 

composition can be qualitatively explained considering the stresses involved during the 

rupture of droplets under the shearing process. The rupture of droplets in diluted and 

concentrated emulsions has been rationalized in terms of a balance between the 

shearing stresses applied on the droplet (applied) and the droplet’s resistance to 

deformation (resist) 56-60. The shear stress applied during emulsification (applied) is equal to 

 c , where   is the applied shear rate and c  is the viscosity of the continuous fluid (in 

this case the concentrated emulsion itself). On the other hand, the droplet’s resistance 

to deformation (resist) is proportional to the Laplace pressure d , where  is the 

interfacial tension (Figure 1) and d is the droplet size. Assuming that droplet rupture 

occurs when the stress applied during shearing is comparable to the droplet’s 

resistance to deformation ( dc   ), one can expect the final droplet size d to be 

proportional to  c . Note that for sake of simplicity we do not consider the critical 

capillary number in this analysis 61, 62. 

On the basis of the relation d ~  c , the smaller average droplet sizes of 

emulsions containing higher particle concentrations (Figure 2.6) can be attributed to 

the higher viscosity (c) of emulsions prepared from suspensions with increased solids 

content. The influence of the amphiphile concentration on the emulsion droplet size 

distribution (Figure 2.7) can also be explained considering the relation d ~  c . 

Higher amphiphile contents in the initial suspension decrease the oil-water interfacial 

tension (Figure 2.1) and is also expected to increase the emulsion viscosity due to a 

stronger screening of the electrical charges on the particle surface 54. As a result, the 

increase of the propionic acid concentration above 87 mmol/L leads to smaller average 

droplet sizes (Figure 2.7). 

2.3.4 Emulsion stability 

Emulsions prepared at intermediate amphiphile concentrations (full symbols) in 

the emulsification area of Figure 2.5 displayed remarkable stability against coalescence, 

Ostwald ripening, and creaming, as indicated in Figure 2.8 for compositions prepared 

from 35 vol% alumina suspensions containing propionic acid. No significant change 

was observed in the droplet size distribution of the emulsions within a time period of 

more than 2 years after emulsification (Figure 2.8). Dilution of the as-prepared mixture 
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with up to 1 vol% water also led to very stable fluid emulsions (Figure 2.4.b) which resist 

coalescence and coarsening for more than 4 days after dilution. 

 

Figure 2.8: Droplet size distribution of oil-in-water emulsions (72 vol% octane) 

stabilized by alumina particles as a function of time after emulsification. The 

emulsions were prepared by mixing octane with 35 vol% alumina suspensions 

containing an initial propionic acid concentration of 180 mmol/L at pH 4.75. 

The high stability of the emulsions prepared here can be attributed to the strong 

attachment of the modified colloidal particles at the oil-water interface. As mentioned 

earlier, the energy required to remove a colloidal particle from an oil-water interface 

can amount to thousands of kT 6, 7. This leads to an irreversible adsorption of particles at 

the oil-water interface. Particles irreversibly adsorbed at the interface can impede the 

rupture of the thin film in between neighbour droplets 9, 10, 16 and can halt the expected 

shrinkage of droplets due to Ostwald ripening. As a result, no droplet coarsening and 

coalescence takes place within the emulsion for long periods of time (Figure 2.8). The 

formation of a particle network throughout the continuous phase is also expected to 

markedly enhance the stability of air-water and oil-water mixtures 63, 64. 
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2.3.5 Versatility of the method 

The in situ surface modification of colloidal particles is a versatile approach for 

the preparation of oil-in-water emulsions, since the surface hydrophobization can be 

accomplished on particles of different chemical compositions by just changing the 

anchoring group of the amphiphilic molecule 52. Using this approach, we were able to 

prepare stable oil-in-water emulsions using different metal oxide colloidal particles 

adsorbed at the oil-water interface (Table 2.1). 

Table 2.1: Conditions required for the preparation of particle stabilized oil-in-water emulsions with 

a wide range of metal oxide powders. 

Metal 

Oxide 

Particle 

Diameter 

(d50) (nm) 

pH 

Suspension 

Solids 

Content  

(vol%) 

Amphiphile 

Amphiphile 

Content 

(mmol/L) 

Oil 

Content 

(vol%) 

-Al2O3 200 4.75 35 
propionic 

acid 
131 70-80 

-Al2O3 200 9.9 35 
propyl 

gallate 
100 72.2 

-Al2O3 65 4.75 20 butyric acid 85 81.9 

-Al2O3 65 9.9 20 
propyl 

gallate 
70 81.9 

SiO2 80 10.4 35 hexyl amine 60 72.2 

Fe3O4 40 9.9 10 octyl gallate 44 79.4 

  

In addition to surface hydrophobization of alumina particles at acidic pH 

conditions upon adsorption of short carboxylic acids in water, alumina particles can be 

rendered hydrophobic at basic pH conditions by adsorbing short alkyl gallates on the 

particle surface. The adsorption of short alkyl gallates occurs through ligand-exchange 

reactions between the amphiphile and the alumina surface 65. 

Similarly, magnetic iron oxide particles can be surface hydrophobized in water 

upon adsorption of octyl gallate onto the particle surface at pH 9.9 (Table 2.1). For silica 

particles, surface hydrophobization can be achieved through the electrostatic 

adsorption of alkyl amine molecules initially added to the aqueous phase at pH ~ 10. 
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The selection of other anchoring groups on the amphiphilic molecules 52 should allow 

for the preparation of stable emulsions with a large variety of other metal oxide 

particles, imparting great versatility to the approach herein described. 

2.4 Conclusions 

Oil-in-water emulsions can be efficiently stabilized by colloidal particles after in 

situ modification of the particle surface with short amphiphilic molecules. Surface 

modification with short amphiphiles rendered the particles partially hydrophobic, 

favoring their adsorption at the oil-water interface. Octane-in-water emulsions 

containing alumina particles and carboxylic acids as amphiphiles were stabilized for 

long periods of time using this new approach. Short carboxylic acids containing 

between two and five carbons were shown to be appropriate surface modifiers, by 

adsorbing onto the particle surface through electrostatic interactions, leaving the 

hydrophobic moiety exposed to the aqueous medium. The high solubility and high 

critical micelle concentration of these molecules in water allows for the in situ 

modification of a high concentration of submicrometer and nanoparticles for emulsion 

stabilization. Complete emulsification is achieved at amphiphile concentrations 

sufficiently high to impart hydrophobicity on the particle surface but low enough to 

avoid agglomeration of particles in the initial suspension. The microstructure of the 

particle-stabilized emulsions can be changed by adjusting the composition of the initial 

aqueous suspension. The effects of the particle and amphiphile concentrations on the 

emulsion droplet size distribution were qualitatively explained taking into account the 

stresses involved during the process of droplet rupture under shearing. The method 

described here can be applied for the stabilization of emulsions with a large variety of 

metal oxide particles. This versatile approach should thus allow for the preparation of 

stable emulsions of interest in a number of important applications, including materials 

manufacturing, food, cosmetics, and pharmaceutical products. 
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3 Simple and Double Emulsions Stabilized by 

Colloidal Particles and Short Amphiphiles 

Abstract 

The preparation of simple and double emulsions stabilized by 

colloidal particles often requires grafting of chemical species on the 

particle surface prior to emulsification. This might involve tedious, 

inefficient chemical procedures and has limited the chemical 

compositions of colloidal particles used as stabilizers. We report a 

simple and general approach for the stabilization of water-in-oil and 

oil-in-water-in-oil emulsions using oxide particles that are in situ 

modified with short amphiphilic molecules. This versatile method 

should add new possibilities for the design and preparation of 

materials, food, cosmetic, and pharmaceutical products using 

emulsion technologies. 

                                                        
 I. Akartuna, A. R. Studart, E. Tervoort, L. J. Gauckler, to be submitted. 
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3.1 Introduction 

Single and double emulsions find important applications in pharmaceutics, oil 

recovery, food, cosmetics and have been recently exploited to fabricate unique 

materials and structures 1-3. While emulsification is traditionally achieved using surface 

active molecules, solid particles that are only partially wetted by the immiscible liquids 

have long been shown to efficiently stabilize emulsions and foams 4-6. The stabilization 

of emulsions using particles relies on their strong adsorption at the liquid-liquid 

interface. The fact that particles can adsorb irreversibly at the interface enables the 

preparation of emulsions with extremely high stability against coalescence and 

Ostwald ripening 7-10, which is a major advantage in comparison to surfactant-stabilized 

systems. 

The adsorption of colloidal particles to liquid-liquid interfaces can be achieved 

by adjusting their wettability in the liquid media or, in other words, their contact angle 

  at the liquid interface. In general, particles with contact angles lower than 90 tend 

to stabilize oil-in-water emulsions, whereas particles exhibiting contact angles higher 

than 90 yield water-in-oil emulsions 11. Wettability and contact angle can be tuned by 

tailoring the particle surface chemistry. Several approaches have been applied to 

modify the surface chemistry of particles to induce their adsorption at liquid interfaces 
9, 12-37. We have recently shown that amphiphiles with unusually short length can be 

used to modify the surface of a wide variety of initially hydrophilic particles and thus 

render remarkably stable oil-in-water emulsions 2, 38. Here we show that this approach 

can be generalized to enable the stabilization of water-in-oil emulsions and oil-in-

water-in-oil double emulsions using the same combinations of short amphiphiles and 

hydrophilic colloidal particles. 

3.2 Materials and methods 

3.2.1 Materials 

The metal oxide particles used in the experiments were: (1) α-Al2O3 powder 

(Ceralox HPA-0.5, 99.99% Al2O3, Sasol North America Inc., Tucson, AZ, USA) with average 

particle diameter, d50, of 200 nm, specific surface area of 10 m2/g and density of 

3.98 g/cm3; (2) Al2O3 powder consisting of a mixture of 70% - and 30% -phase 
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(Nanophase Technologies Co., Romeoville, IL, USA) with d50 of 65 nm, specific surface 

area of 38 m2/g and density of 3.6 g/cm3; and (3) Fe3O4 powder (> 98% Fe3O4, 

Nanostructured & Amorphous Materials, Inc., Houston, TX, USA) with d50 of 20-30 nm, 

specific surface area of 60 m2/g and density of 4.95 g/cm3. The particle size of the 

investigated powders was characterized by scanning electron microscopy (SEM; LEO 

1530, LEO, Oberkochen, Germany) and X-ray disc centrifuge sedigraph (XDC; Brookhaven 

Instruments Corp., Holtsville, NY, USA). Specific surface area was determined using a 

Brunauer-Emmett-Teller (BET) gas-adsorption apparatus (Nova 1000, Quantachrome, 

Odelzhausen, Germany). The isoelectric points (IEP) of the particles were measured 

using the electroacoustic colloidal vibration technique (DT-1200, Dispersion 

Technology, Inc., Mount Kisco, NY, USA). Isoelectric points at pHs 9, 9.2 and 8 were 

obtained for the α-Al2O3, -Al2O3, and Fe3O4 powders, respectively. 

Octane (97% pure, boiling temperature Tb = 125 °C, Acros Organics, Belgium) was 

used as received for the preparation of emulsions. The short amphiphilic molecules 

used for particle modification were valeric acid (> 99% pure, Sigma-Aldrich Chemie 

GmbH, Germany) and octyl gallate (> 99% pure, Fluka AG, Buchs, Switzerland). Double 

deionized water with an electrical resistance of 18 MΩ cm was used in the experiments 

(Nanopure water system, Barnstead, USA). 2 M hydrochloric acid (HCl) and 1 M sodium 

hydroxide (NaOH) solutions (Titrisol, Fluka AG, Buchs, Switzerland) were used for pH 

adjustments. 

3.2.2 Preparation of suspensions 

Aqueous colloidal suspensions with 58 vol% α-alumina, 30 vol% -alumina, and 

10 vol% iron oxide were prepared by adding the powders to deionized water. During 

addition of the α-alumina powder, the pH was maintained at values below 5 by adding 

small aliquots of 2 N HCl solution. In the case of the -alumina powder, a pH of 

approximately 5 was obtained without addition of acidic solutions. For iron oxide 

particles, 10 vol% suspensions were prepared by adding particles to 44 mmol/L octyl 

gallate aqueous solutions at pH 9.9. The pH adjustment was done by adding 1 N NaOH 

and/or 2 N HCl dropwise. 

De-agglomeration of the colloidal particles was performed by ball-milling the 

suspensions in polyethylene bottles for 22 h using alumina milling balls (10 mm 

diameter) for -alumina suspensions and zirconia balls (5, 10 and 20 mm diameter) for 
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-alumina and iron oxide suspensions with a ball/powder weight ratio of 2.5. Following 

ball-milling, the pH of the aqueous -alumina, -alumina, and iron oxide suspensions 

was ~5.5, 5.5, and 10.2, respectively. The ball-milled aqueous suspensions were 

transferred to a glass beaker prior to amphiphile addition. The short amphiphiles were 

dissolved in water and the resulting aqueous solution was added dropwise to the 

suspension under magnetic stirring. In case of iron oxide particles, stirring was 

performed mechanically. The pH of the suspensions was subsequently adjusted to 4.75 

and 9.9 for particles modified with short carboxylic acids and alkyl gallates, 

respectively, by adding 1 – 4 N NaOH and/or 2 N HCl dropwise. The desired solids 

content of the final aqueous suspensions was achieved by dilution with additional 

water. 

In the case of non-aqueous suspensions, slurries with 10 vol% α-alumina, -

alumina, and iron oxide were prepared by adding the powders directly into octane 

containing the desired amount of amphiphile, followed by ball-milling as described 

above. 

3.2.3 Preparation and characterization of emulsions 

Different types of emulsions were prepared depending on the initial amphiphile 

concentration and on the liquid in which the particles are originally dispersed and 

surface modified (oil or water). Oil-in-water emulsions were prepared by initially adding 

alumina and iron oxide particles together with low concentrations of valeric acid and 

octyl gallate, respectively, into water. Water-in-oil emulsions were formed by first 

adding particles and high concentrations of the same amphiphiles into octane. 

Emulsification was then performed by vigorously stirring the above suspensions with 

excess of the dispersed phase for 3 min using a household mixer at full power 

(Multimix 350 W, Braun, Spain), unless mentioned otherwise. Emulsification could not 

be achieved using only free amphiphilic molecules or unmodified particles as 

emulsifiers. This was not possible even after adding very high amphiphile 

concentrations into the liquid phases. It is important to note that the particle 

concentration indicated throughout this study refers to the solids content in the initial 

suspension and is not based on the emulsion’s total volume, whereas the volume 

fraction of the dispersed phase refers to the concentration with respect to the total 

emulsion volume (water + particles + oil). 



    Simple and Double Emulsions  45 

To obtain double emulsions, an oil-in-water simple emulsion was first prepared 

with 67.7 vol% octane and 10 vol% iron oxide particles partially hydrophobized with 

44 mmol/L octyl gallate at pH 9.9. This emulsion was then diluted three times with the 

continuous aqueous phase to achieve a final particle volume fraction of 1 vol%. This 

diluted emulsion was finally re-emulsified through careful mixing with a suspension 

containing 1 vol% iron oxide particles and 5 mmol/L octyl gallate in octane for 3 min. 

The droplet size distributions of emulsions were determined by evaluating a set 

of at least five optical microscope images for each composition using the linear 

intercept method (software Lince®, TU Darmstadt, Germany). Geometric mean droplet 

sizes (d50) and 68% confidence intervals were obtained by fitting log-normal 

distributions to the experimental data, as described elsewhere 38. Rheological 

measurements were performed at 25 °C using a stress-controlled rheometer (Bohlin-

Rheometer CS-50, Bohlin, England) with profiled parallel-plate geometry (25 mm 

diameter plates). Experiments were carried out with a mechanically-set gap of 

1000 μm. Stress-ramp oscillatory measurements were conducted at a constant 

frequency of 1 Hz by gradually increasing the maximum applied stress from 10 to 

1000 Pa. 

3.3 Results and discussion 

Previously reported oil-in-water emulsions are typically prepared through the 

addition of short amphiphiles that increase the surface hydrophobicity, while still 

keeping the particles mostly hydrophilic ( < 90°). This is exemplified in Figure 3.1 for 

the case of - and -Al2O3 particles modified with valeric acid at concentrations in the 

initial aqueous suspension in the range of 10-50 and 20-70 mmol/L, respectively. 

Emulsions are prepared by first dispersing the hydrophilic particles and the short 

amphiphiles in an aqueous solution at pH 4.75, followed by the addition and vigorous 

mixing of octane using a household hand mixer. Hydrophobic sites on the particle 

surface are provided by the short hydrocarbon chains of the adsorbed amphiphilic 

molecules, whereas the hydrophilic sites are given by the hydroxyl groups originally 

present on the oxide surface. Protonation of these surface hydroxyl groups at the acidic 

conditions used for emulsification helps to keep the particle surface predominantly 

hydrophilic. The electric double layer resulting from such protonation also leads to 
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repulsive interactions between particles in the aqueous phase, allowing for the 

dispersion of up to about 40 vol% of particles in the initial suspension. 

An increase in the valeric acid concentration above 50-70 mmol/L leads to 

strong agglomeration of particles in the aqueous suspension due to their increased 

hydrophobicity. This hinders the stabilization of oil-in-water emulsions at high 

amphiphile concentrations. However, we found that the addition of such high 

concentration of amphiphiles and particles to the oil phase rather than to water results 

in the formation of very stable water-in-oil emulsions, suggesting that the initially 

hydrophilic particles become predominantly hydrophobic ( > 90°) above this critical 

amphiphile concentration, c*. In this case, the density of hydrophobic sites rendered by 

the amphiphile hydrocarbon tail presumably surpasses the density of hydroxyl groups 

on the particle surface, as schematically shown in Figure 3.1. Moreover, the low 

dielectric constant of octane inhibits protonation of the hydroxyl groups further 

reducing the hydrophilicity of the particle surface. The reduced surface protonation in 

the oil phase was confirmed by zeta potential measurements. Alumina particles 

modified with 27.5 mmol/L of valeric acid in octane exhibit a zeta potential of only –

7 mV, as opposed to the value of 22 mV obtained for the same amphiphile-coated 

particles in water. The low density of electrical charges and the absence of a thick steric 

layer on the particle surface also reduce the maximum concentration of particles that 

can be initially dispersed in the oil phase. 
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Figure 3.1: Schematic diagram showing the concentration of valeric acid needed 

for the preparation of oil-in-water (full symbols) and water-in-oil (open symbols) 

emulsions at different concentrations of (a) -Al2O3 and (b) -Al2O3 particles. 
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Using -Al2O3 particles and an intermediate valeric acid concentration of 

50 mmol/L, it was possible to stabilize both oil-in-water and water-in-oil emulsions 

depending only on the liquid phase where the amphiphiles and particles were initially 

present. Oil-in-water emulsions were obtained when particles and amphiphiles were 

initially added to the aqueous phase, whereas water-in-oil emulsions were prepared if 

particles and amphiphiles were initially present in the oil phase. Even though most 

emulsions were prepared by adding an excess of the dispersed phase into the particle-

containing continuous liquid, the critical amphiphile concentration, c* did not depend 

on the relative volume ratio of water and oil. 

 

Figure 3.2: Droplet size distributions (top) and optical microscope images (bottom) 

of water-in-oil emulsions prepared with -Al2O3 particles and different 

concentrations of valeric acid. Emulsions were prepared by mixing 83.6 vol% 

water with suspensions of 10 vol% alumina in octane. 
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The excess of dispersed phase added during emulsification led to compressed 

emulsions with volume fractions of droplets in a range from 70 to 84%. Due to the high 

concentration of distorted droplets, the emulsions showed viscoelastic behavior with a 

finite yield stress in the order of 0.5 to 1.0 kPa (see Figure 11.5 in Appendix). Emulsions 

containing high concentrations of dispersed droplets were also remarkably stable 

against coalescence, Ostwald ripening, and creaming. No significant change was 

observed in the emulsion droplet size distribution within a time period of more than 

two years after emulsification. This remarkable stability can be attributed to the strong 

adsorption of particles at the oil-water interface 7, 10 and to the formation of an 

attractive particle network throughout the highly concentrated continuous phase 38. 

In general, emulsions exhibited log-normal droplet size distributions with mean 

diameters varying from 7.6 to 91 m depending on the amphiphile initial concentration, 

as exemplified in Figure 3.2 for water-in-oil emulsions containing 10 vol% -Al2O3 

particles. The initial amphiphile concentration had a minor effect on the mean droplet 

size of oil-in-water emulsions containing -Al2O3 and -Al2O3 particles (Figure 3.3), in 

agreement with previous data reported for this system 38. In contrast, water-in-oil 

emulsions containing -Al2O3 and -Al2O3 exhibited a three- and six-fold decrease in the 

mean droplet size as the amphiphile concentration was increased above 60 and 

100 mmol/L, respectively (Figure 3.3). These results differ from trends observed for 

particle-stabilized emulsions in the absence of amphiphiles, where the smallest droplet 

sizes were achieved with particles of intermediate rather than high hydrophobicity 16. It 

is important to note that the valeric acid molecules used here as short amphiphiles 

exhibit a molecular structure with a large hydrophilic head group and a small 

hydrocarbon tail that favors their adsorption onto oil rather than water droplets 9. 

Therefore, the water-in-oil emulsions prepared with valeric acid and alumina particles 

are expected to be stabilized solely by the in situ surface modified particles. 



50 � Chapter 3 

 

 

Figure 3.3: Mean droplet size of oil-in-water (full symbols) and water-in-oil (open 

symbols) emulsions at different concentrations of -Al2O3 and -Al2O3 as a 

function of the valeric acid concentration. 

The approach used here for the preparation of particle-stabilized emulsions was 

also extended to other types of amphiphiles and colloidal particles. Oil-in-water and 

water-in-oil emulsions were prepared using for example 10 vol% iron oxide particles 

after in situ surface modification with octyl gallate (Figure 3.4). Oil-in-water emulsions 

were obtained by initially adding the particles and 44 mmol/L octyl gallate to water at 

pH 9.9 and afterwards mixing the resulting suspension with 79.4 vol% octane. Water-

in-oil emulsions were prepared by initially dispersing the particles and 55 mmol/L octyl 

gallate in octane followed my mixing of this suspension with 78 vol% water. 
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Figure 3.4: (a) Droplet size distributions and optical microscope images of (b) oil-

in-water and (c) water-in-oil emulsions prepared with iron oxide particles and 

different concentrations of octyl gallate. The continuous lines in (a) correspond to 

the log-normal distribution functions used to describe the droplet size 

distributions. The optical microscope image in (d) shows an oil-in-water-in-oil 

double emulsion prepared with 1 vol% iron oxide particles and intermediate 

concentrations of octyl gallate. 

The possibility to obtain both oil-in-water and water-in-oil emulsions at similar 

amphiphile concentrations also enabled the preparation of particle-stabilized double 
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emulsions. Oil-in-water-in-oil emulsions for example were obtained through the 

addition and careful mixing of octane containing 1 vol% iron oxide particles and 

5 mmol/L octyl gallate with a previously prepared oil-in-water emulsion containing 

22.7 vol% octane, 1 vol% iron oxide particles, and 4 mmol/L octyl gallate (Figure 3.4). The 

volume fraction of oil-containing water droplets in the final double emulsion was 60%. 

Such double emulsions contained water droplets with size ranging from 100 to 650 μm 

and oil droplets with average sizes between 20 and 50 μm. In contrast to surfactant-

stabilized systems, particle transfer from inner to outer interfaces and vice versa is 

impeded in this case due to the irreversible adsorption of particles, which significantly 

increases the stability of the double emulsions. The fact that double emulsions with 

colloidal particles of various chemical compositions can be produced using properly 

selected amphiphiles 38, 39 adds numerous other possibilities for the design of particle-

coated shells for encapsulation purposes, since most of the available methods are 

restricted to silica particles containing chemically grafted surface modifiers. 

The various types of emulsions that can be formed using different combinations 

of colloidal particles and short amphiphiles makes this approach a very general method 

for the preparation of simple and multiple particle-stabilized emulsions. Such great 

versatility should be of major advantage for the manufacture of new materials, food, 

cosmetics, and pharmaceutical products. 
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4 Macroporous Ceramics from Particle-Stabilized 

Emulsions 

Abstract 

The fabrication of porous materials from emulsion templates 

often requires inconvenient and elaborated sol-gel chemical 

reactions. The use of particles for the stabilization of emulsions 

eliminates the need of chemical reactions to obtain porous 

materials, but has been mainly restricted to a few chemical 

compositions. We report a versatile and simple approach to produce 

macroporous ceramics from emulsions stabilized with particles of 

various chemical compositions. The long-term stability of the 

particle-stabilized emulsions allows the evaporation of the liquid 

phases without collapsing the structure, rendering unique porous 

ceramics after sintering at high temperatures without any chemical 

reaction. The viscoelastic nature of the wet emulsions enables their 

processing into porous structures using conventional shaping 

technologies. The versatility of the method is expected to bring 

many advantages in areas ranging from sustainable and clean 

energy systems to tissue engineering and biomedical devices. 
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4.1 Introduction 

Macroporous ceramics with controlled microstructure and chemical 

composition are required in an increasing number of applications 1. Methods that 

enable tuning of the porosity, pore morphology, and size distribution of these porous 

structures are of particular interest for the fabrication of chemical sensors, filtration 

membranes for molten metals and hot gases, bioreactors, catalyst carriers, electrodes 

for batteries and solid oxide fuel cells, insulators, and scaffolds for bone replacement 

and tissue engineering 1-4. 

The use of emulsions as templates for the production of porous materials is a 

versatile method that allows for the deliberate design of the porous structure 5. The 

emulsion templating method involves the preparation of emulsions with inorganic 

precursors or particles in the continuous phase and subsequent removal of the 

dispersed droplets by drying and heat treatment. 

Gelation of the continuous phase or the formation of a rigid shell around the 

liquid droplets is required to avoid collapse of the emulsion structure during liquid 

removal. Therefore, emulsion templating has been often applied in combination with a 

sol-gel process. Macroporous silica 6-8, titania 6, 7, 9 and zirconia 6, 7 were produced by 

gelling and drying a surfactant-stabilized emulsion consisting of monodisperse oil 

droplets dispersed in a formamide sol with alkoxide precursors. Gelation occurs via 

condensation of the hydrolyzed alkoxide in the liquid surrounding the droplets. 

Subsequent heat treatment of such emulsions resulted in ordered materials with 

porosities up to 90% and pore sizes ranging from 50 nm to 10 m 6, 7, 9. In another 

approach, metal alkoxide molecules initially added to polydisperse oil droplets were 

used to gel the oil-formamide interface and thus render porous titania structures with 

a broad pore size distribution 10. Recently, Sen et al. mixed silica precursors with a 

surfactant-stabilized oil-in-water emulsion to form disordered macroporous silica with 

pore sizes ranging from a few hundred nanometers to a few micrometers after 

creaming of oil droplets 11, 12. Furthermore, Carn et al. prepared porous monoliths of silica 

with hierarchical pore structure from a mixture of a silica precursor and a surfactant-

stabilized concentrated oil-in-water emulsion 13, 14. The monoliths exhibited pore sizes 

ranging from 0.5 to 100 m with porosities up to 92%. 
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In addition to sol-gel transitions, colloidal particles adsorbed at liquid interfaces 

have also been used to stabilize emulsions in the wet state and produce macroporous 

ceramics after drying and sintering. Macroporous silica structures with average pore 

sizes in the range from 5 to 50 m were prepared by drying emulsions stabilized by 

silica particles of controlled wettability 15, 16. Porous alumina with pore sizes in the range 

of 20 to 250 m and porosities up to 66% has also been produced by the 

electrophoretic deposition of alumina-loaded oil-in-water emulsions, with subsequent 

removal of the oil phase by drying and heat treatment 17. 

While considerable progress has been made on the fabrication of porous 

materials via emulsion templating, currently available methods still have important 

limitations. Emulsions consolidated by sol-gel processes require a strict control over the 

reaction chemistry, and may become challenging for chemical compositions other than 

those for which sol-gel transitions have been well documented. The use of particles to 

stabilize the emulsion droplets does not require chemical reactions, but on the other 

hand has been mostly limited to particles whose surface wettability can be tailored 

through prior chemical treatments, e.g., the silanization of SiO2 and TiO2. Hence, the 

fabrication of porous materials using an emulsion templating approach that would not 

need chemical reactions and that could be easily extended to a wide variety of chemical 

compositions would be highly desirable. 

Here we describe a versatile and simple approach to produce solid macroporous 

ceramics from emulsions stabilized with particles of various chemical compositions. 

Stabilization with particles hinders extensive droplet coalescence during solvent 

extraction, allowing for drying and sintering of the emulsions directly into 

macroporous materials in the absence of any chemical reaction. 

4.2 Materials and methods 

4.2.1 Materials 

-Al2O3 powder (Ceralox HPA-0.5, 99.99% Al2O3) with average particle diameter, 

d50, of 200 nm, specific surface area of 10 m2/g, and density of 3.98 g/cm3 was 

purchased from Sasol North America Inc. (Tucson, AZ, USA). The SiO2 powder (grade 

Snowtex ZL) was acquired from Nissan Chemical (Houston, TX, USA) and exhibited d50 

of 80 nm, specific surface area of 25 m2/g, and density of 2.1 g/cm3. Fe3O4 powder (>98% 
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Fe3O4) with d50 of 20-30 nm, specific surface area of 60 m2/g, and density of 4.95 g/cm3 

was supplied by Nanostructured & Amorphous Materials, Inc. (Houston, TX; USA). 

Octane (97% pure, Boiling temperature Tb = 125 °C) was purchased from Acros Organics 

(Belgium) and used as received. The short amphiphilic molecules used for particle 

modification were propionic acid (> 99%, Sigma-Aldrich Chemie GmbH, Germany), 

hexyl amine, and octyl gallate (> 98%, and > 99% pure, respectively, Fluka AG, Buchs, 

Switzerland). Double deionized water with an electrical resistance of 18 MΩcm was 

used in the experiments (Nanopure water system, Barnstead, USA). 

4.2.2 Methods 

Prior to emulsification, colloidal suspensions of particles were prepared by 

adding powders to the continuous liquid phase under steady mixing. The concentration 

of particles in the suspension was 10 and 35 vol% for the iron oxide and silica particles, 

respectively. For alumina particles, suspensions were prepared with 15 and 35 vol% 

powder. It is important to note that the particle concentration indicated throughout 

this study refers to the solids content in the initial aqueous suspension, and is not 

based on the emulsion total volume. In the case of aqueous suspensions of alumina 

and silica particles, in situ surface hydrophobization of initially hydrophilic particles was 

performed by de-agglomerating the powder for 22 h in a ball-mill, followed by a 

gradual addition of aqueous solutions containing the short amphiphiles (Table 4.1). For 

non-aqueous suspensions of iron oxide, a mixture containing octane, powder, and 

short amphiphiles was ball-milled for 22 h. Ball-milling was carried out at a ball/powder 

ratio of 2.5, using 10 mm alumina balls for the alumina suspensions, and 5, 10 and, 

20 mm zirconia balls for the silica and iron oxide suspensions. 2 M HCl or 1 M NaOH 

solutions were used for pH adjustments. After the preparation of suspensions, 

emulsification was performed by vigorously stirring the suspension and the dispersed 

phase for 3 min using a household mixer at full power (Multimix 350 W, Braun, Spain). 

Droplet size distributions were determined by evaluating a set of at least five optical 

microscope images for each composition, using the linear intercept method (software 

Lince, TU Darmstadt, Germany). Average droplet sizes and 68% confidence intervals 

were obtained by fitting log-normal distributions to the experimental data. Rheology 

measurements were performed at 25 °C using a stress-controlled rheometer (Bohlin-

Rheometer CS-50, Bohlin, England) with profiled parallel-plate geometry (25 mm plate 

diameter). Experiments were carried out with a mechanically set gap of 1000 m. 
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Oscillatory measurements were conducted at a constant frequency of 1 Hz by gradually 

increasing the maximum applied stress from 10 to 1000 Pa. Steady-state experiments 

were carried out by progressively increasing the applied stress from 200 to 1000 Pa. All 

emulsions were placed into plastic cylindrical beakers (350 cm3, 13 cm height, and 6 cm 

diameter) after emulsification, and then left to dry in air for 2 days in the case of oil-in-

water emulsions, and 1 week for water-in-oil emulsions to allow evaporation of oil and 

water. Following drying, alumina and silica samples were sintered in air for 2 h at 

1600 °C, while iron oxide samples were sintered under vacuum for 2 h at 1100 °C. The 

porous ceramics obtained after sintering were investigated by scanning electron 

microscopy (SEM, LEO 1530). SEM samples were prepared by Pt sputtering for 55 s at 

60 mA. Pore size distributions of sintered ceramics were determined by evaluating a set 

of at least five SEM images for each composition, using the linear intercept method. 

Log-normal distributions were used to describe the experimental data and to obtain 

average droplet sizes and 68% confidence intervals. 

4.3 Results and discussion 

Emulsions were stabilized by adsorbing surface modified inorganic particles at 

the oil-water interface. Surface modification was achieved through the in situ 

adsorption of short amphiphilic molecules on the surface of initially hydrophilic 

particles. In order to modify colloidal particles of different surface chemistry we chose 

short amphiphiles with a head group that shows high affinity towards the particle 

surface. On the basis of our earlier work 18, 19, short carboxylic acids, alkyl amines, and 

alkyl gallates were used for the in situ modification of alumina, silica, and iron oxide 

particles, respectively (Table 4.1). 
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Table 4.1: Conditions required for the preparation of particle-stabilized emulsions with a wide range 

of metal oxide powders. The amount of the dispersed phase was calculated with respect to the 

emulsion total volume (water + particles + oil). 

Metal 

Oxide 

Particle 

Diameter 

(d50) (nm) 

pH 

Suspension 

Solids 

Content  

(vol%) 

Amphiphile 

Amphiphile 

Content 

(mmol/L) 

Oil/Water 

Content 

(vol%) 

-Al2O3 200 4.75 35 
Propionic 

acid 
131 72 

-Al2O3 200 4.75 15 
Propionic 

acid 
43 71 

SiO2 80 10.4 35 Hexyl amine 60 72 

Fe3O4 40 - 10 Octyl gallate 55 78 

  

Different types of emulsions were formed depending on in which of the 

immiscible liquids (oil or water) the particles were initially dispersed and surface 

modified. Oil-in-water emulsions, for example, were obtained by dispersing alumina 

and silica particles in water and rendering them slightly hydrophobic via surface 

modification in the aqueous phase. Surface modification was promoted in this case by 

the electrostatic attraction of alkyl amine and carboxylic acid molecules onto the 

oppositely charged silica and alumina particles, respectively, at pH values in the vicinity 

of the pKa values of the short amphiphiles 20. The initial hydrophilic nature of the 

colloidal particles enables the preparation of homogeneous dispersions of highly 

concentrated suspensions prior to surface modification. In this case, the main 

advantage of using short amphiphiles is their high solubility and high critical micelle 

concentration in the continuous phase. This allows for the surface modification of high 

concentrations of particles of wide size range in the absence of competing micelle 

formation. 

Water-in-oil emulsions were also produced by dispersing iron oxide particles in 

octane prior to emulsification. To achieve good dispersion in the oil phase the initially 

hydrophilic iron oxide particles were hydrophobized through the surface adsorption of 

alkyl gallates. Surface modification does not render the particles completely 
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hydrophobic, enabling the stabilization of water-in-oil emulsions through the 

adsorption of slightly hydrophilic particles at the oil-water interface. 
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Figure 4.1: Microstructures of emulsions and sintered porous ceramics prepared 

with various inorganic particles hydrophobized by different short chain 

amphiphiles. a) Oil-in-water emulsion with 72 vol% octane and 35 vol% alumina 

particles hydrophobized with 131 mmol/L propionic acid at pH 4.75; b) Oil-in-water 

emulsion with 72 vol% octane and 35 vol% silica particles hydrophobized with 

60 mmol/L hexyl amine at pH 10.4; c) Water-in-oil emulsion with 78 vol% water 

and 10 vol% magnetite particles hydrophobized with 55 mmol/L octyl gallate; d) 

Porous alumina obtained after sintering the emulsion in (a) at 1600 °C; e) Porous 

silica obtained after sintering the emulsion in (b) at 1600 °C; f) Porous iron oxide 

obtained after sintering the emulsion in (c) at 1100 °C. The emulsions shown in (b) 

and (c) were diluted 3x with the continuous phase in order to facilitate the 

observation of droplets. The porous structures (e) and (f) were obtained from 

concentrated non-diluted emulsions. The insets in (d-f) show the interconnecting 

windows formed in the pore walls after sintering. 

Particle-stabilized emulsions were formed by mechanical shearing a mixture 

containing the dispersed phase and concentrated suspensions of alumina, silica and 

iron oxide particles modified with short amphiphiles. The adsorption of surface 

modified particles onto the freshly created oil-water interface led to formation of stable 

droplets dispersed throughout the suspension, as shown in Figure 4.1. The amount of 

the dispersed phase in the final emulsion varied from 72 to 78 vol% (Table 4.1). 

Emulsions stabilized by alumina, silica, and iron oxide particles exhibited relatively 

broad droplet size distributions with average sizes of 11, 13, and 25 m, and 68% 

confidence intervals of 8-15, 9-19, and 19-34 m, respectively (Figure 4.2.a). The 

microstructure of the emulsions could be further tailored by varying the amount of 

particles in the initial suspension. Decreasing for example the alumina concentration in 

the initial suspension from 35 to 15 vol%, led to a multimodal distribution of larger 

droplets with average mean sizes of 16, 30, and 80 m, and 68% confidence intervals of 

11-24, 27-33, and 54-119 m, respectively. Such increase in droplet size results from the 

lower viscosity of the continuous suspension, which decreases the shearing stresses 

applied on the droplets during emulsification 18. 
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Figure 4.2: (a) Droplet- and (b) pore size distributions of particle-stabilized 

emulsions and sintered porous ceramics prepared with various inorganic particles 

hydrophobized using different short chain amphiphiles. The compositions of the 

emulsions and porous ceramics are described in Figure 4.1. The continuous lines 

correspond to the radial probability density functions, used to describe the droplet 

size distributions. 

The as-prepared particle-stabilized emulsions showed viscoelastic behavior with 

a noticeable yield stress, as exemplified in Figure 4.3 for alumina-stabilized emulsions 

probed under oscillatory shear. Under steady-state conditions, the viscoelastic 

character led to a typical shear-thinning behavior with a marked decrease in apparent 

viscosity as the shear rate is increased (Figure 4.3, inset). The extent of shear-thinning 
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and the magnitude of the yield stress could be easily tuned by simply diluting the as-

prepared emulsion with the continuous phase. The liquid-like behavior at stresses 

higher than the yield stress enables the injection or the deposition of the emulsions 

into molds or onto substrates using conventional technologies such as injection 

molding, extrusion, robocasting, ink-jet printing, screen-printing, and spin-coating. The 

elastic behavior obtained when the stresses are ceased after deposition allows for the 

emulsion to keep its shape without requiring any further gelation or strengthening 

reaction. Oil-in-water emulsions containing 35 vol% alumina particles, for instance, 

were extruded (Figure 4.3.b) and injection molded into various shapes without need of 

further strengthening of the material prior to the de-molding step. 

The emulsions also exhibited remarkable stability against extensive coalescence, 

Ostwald ripening, and creaming. No significant change was observed in the emulsion 

droplet size distribution within a time period of more than two years after 

emulsification. This remarkable stability can be attributed to the strong adsorption of 

particles at the oil-water interface 21, 22. The irreversibly adsorbed particles hinder the 

rupture of the thin liquid film between the droplets, and act as a barrier against the 

shrinkage of droplets expected from Ostwald ripening. The formation of an attractive 

particle network throughout the highly concentrated continuous phase is also 

expected to enhance the emulsion stability. 

Following emulsification, the wet emulsions stabilized by different particles 

were dried in air to remove water and oil. The relatively high vapor pressure of octane 

and water (1.47 and 2.34 kPa, respectively, at 20 °C) allowed for evaporation of the 

emulsion droplets at room temperature. The dried samples were finally sintered at 

1100 °C (iron oxide) and 1600 °C (alumina and silica) for 2 h to obtain porous inorganic 

structures. 
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Figure 4.3: (a) Storage (G', □) and loss (G", ) moduli as functions of applied shear 

stress for an octane-in-water emulsion containing 35 vol% alumina particles, 

131 mmol/L propionic acid, and 72 vol% octane. Inset: Apparent viscosity (○) of the 

same emulsion as a function of applied shear rate. (b) Image of the same oil-in-

water emulsion extruded through the holes of a cylindrical plastic tool. 

Macroporous ceramics fabricated from emulsions stabilized by different 

inorganic particles are shown in Figure 4.1. Sintering of emulsions containing alumina, 

silica, and iron oxide particles yielded porous structures exhibiting quasi-spherical 

interconnected pores with sizes close to the droplet sizes of the initial emulsions, 

namely of 10, 11, and 29 m, with 68% confidence intervals of 7-13, 7-18, and 26-32 m, 
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respectively (Figure 4.2). The iron oxide structure in particular showed a considerable 

amount of smaller pores with peak sizes at 9 and 17 m (68% confidence intervals of 8-

10 and 9-31 m, respectively), which correspond mainly to open windows in the lamella 

walls separating larger pores. The total porosity of the sintered samples was equivalent 

to the amount of the dispersed phase added into the initial emulsion: 72% for the 

alumina and silica samples, and 78% for the iron oxide structure. The porosity and pore 

size obtained after sintering (Figure 4.2.a and b) confirms that the particle-stabilized 

emulsions used as initial templates are sufficiently strong to withstand the high 

capillary stresses developed during drying without distortion of its internal structure 

(Figure 4.4). This adds great flexibility to the process, since it enables one to tailor the 

porosity and pore size of the final inorganic structure by changing the oil content and 

droplet size of the initial emulsion. 

 

Figure 4.4: Macroporous ceramics obtained from particle-stabilized emulsions. 

Highly stable emulsions of different shapes (a) containing 10-20 m droplets (b) 

are formed through the adsorption of submicrometer-sized colloidal particles at 

the oil-water interface (c). The attachment of particles at the oil-water interface is 

achieved through the in situ adsorption of short amphiphilic molecules on the 

surface of initially hydrophilic particles. Drying and sintering of these emulsions 

lead to mechanically robust porous ceramics (d) with interconnected 10-15 m 

pores (e) and dense, crack free struts (f). 
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The densification of particles in the continuous phase and at the droplet 

interface during sintering led to the formation of dense struts and cell walls that are 

only a few particles thick (Figure 4.4.f). The linear shrinkage of the porous samples 

during sintering was about 12%. Interestingly, the sintered macroporous materials 

showed different degrees of pore interconnectivity, with the silica structure exhibiting 

the most interconnected pores, followed by the iron oxide and alumina samples (Figure 

4.1.d-f insets). Interconnected pores might result from the partial coalescence of 

droplets before or during the drying process (see Figure 11.6 in Appendix). Partial 

coalescence presumably leads to the formation of an open window between touching 

droplets without changing the overall droplet size distribution 23. Liquid formation 

during sintering is expected to enlarge open pores and smooth the pore walls, which 

was evident in the case of the silica structures (Figure 4.1.e). The distinct sintering 

behavior of the investigated particles and possible variations in the stability of the wet 

emulsions might explain the different pore connectivity observed in the final porous 

structures (Figure 4.1.d-f). The pore size and pore connectivity of the porous structures 

could be also tuned by varying the amount of particles in the initial suspension. A 

decrease in the amount of alumina particles from 35 to 15 vol%, for example, resulted in 

larger pores (> 50 m) with interconnected windows in the range of 10-20 m. 

Macroporous ceramics produced from alumina-stabilized emulsions also 

exhibited remarkable mechanical strength. Compressive strengths as high as 13 MPa 

were obtained from sintered porous alumina at a porosity of 72%. Such high strength 

values can be attributed to the flawless and dense struts obtained in the sintered 

particle-stabilized emulsions. 

4.4 Conclusions 

The general and versatile emulsion templating process described here allows for 

the fabrication of macroporous ceramics of various shapes and chemical compositions 

in a very straightforward manner. Using short amphiphiles that can efficiently 

hydrophobize oxide particles with isoelectric points varying from 2 up to about 10, we 

developed a universal toolbox for the preparation of particle-stabilized emulsions and 

porous ceramics with a wide range of chemical compositions. The long-term stability 

and the viscoelastic behavior of the particle-stabilized emulsions enable their 

processing into porous structures using conventional shaping technologies. 
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Macroporous ceramics prepared by this approach can be used as low-weight structural 

components, porous media for chemical and biological separation, thermal and 

electrical insulating materials, catalyst supports, refractory filters for gases, and 

scaffolds for tissue engineering and medical implants. 
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5 Hierarchical Porous Ceramics from Particle-

Stabilized Emulsions and Foams 

Abstract 

We present a simple approach to produce macroporous 

alumina with tailored microstructure and porosity using particle-

stabilized emulsions and foams. The approach is based on the 

stabilization of oil-water and air-water interface through the 

adsorption of in situ hydrophobized colloidal alumina particles. 

Variation of the volume fraction of oil in the original emulsions 

allows for the introduction of air bubbles into the particle-stabilized 

emulsion system. Sintering of the particle-oil-water-air systems 

gives rise to porous structures exhibiting pore sizes ranging from 

single to multimodal pore populations at length scales differing by 

one order of magnitude. Tailoring the pore structure in different 

length scales enables the fabrication of porous ceramics with 

porosities up to 96% and compressive strengths up to 13 MPa. 

                                                        
 I. Akartuna, A. R. Studart, E. Tervoort, and L. J. Gauckler, to be submitted. 
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5.1 Introduction 

Macroporous ceramics are becoming increasingly important in many 

applications and technological processes. Precise control over the composition and 

microstructure of the porous ceramics would allow tailoring the properties of porous 

ceramics for specific applications. 

Hierarchical porous ceramics have attracted particular interest in a wide range 

of applications including filtration, catalysis, separation, fuel cell electrodes, insulators, 

and scaffolds for bone replacement and tissue engineering 1, 2. Porous ceramics with a 

hierarchical pore size distribution can offer improved mass transport and functionality 

compared with homogenously structured ceramics. 

Cellular structures available in nature have also become inspiring for the 

fabrication of many hierarchical macrocellular ceramics due to their hierarchically built 

architecture. Hierarchical inorganic materials with pores in the micro-meso 3-6, meso-

macro 7-12, micro-macro 13-15 and micro-meso-macro 16-20 range have been prepared by 

combining various template-assisted assembly methods at multiple length scales. In 

addition to these hierarchical inorganic structures obtained in multiple length scales, 

many efforts have been made to produce macroporous ceramics with controlled 

hierarchical pore size distribution within a single length scale. For instance, certain 

wood types have been used as biotemplates for the preparation of hierarchical 

macroporous ceramics, particularly for the potential applications as high-temperature-

resistant gas filters, catalyst carriers, heat exchangers, and thermal insulation devices, 

due to their open-cell and hierarchical pore morphology, which might be difficult to 

produce by conventional processing methods 21. Macroporous ceramics of SiC 22-25, SiSiC 
26, and Al2O3 27, 28 have been produced by infiltration of pyrolyzed wood preforms with 

gaseous or liquid metals, and subsequent sintering at high temperatures. Alternatively, 

sintering of liquid sol infiltrated charcoal or dried wood structures resulted in 

hierarchical macroporous structures of SiC 29, SiO2 30, Al2O3 31, TiO2 32, Fe2O3 33, MnO2 34, YSZ 
35. These wood-derived cellular structures exhibited pore sizes between 5-300 μm with 

porosities ranging from 63 to 94%. 

In addition to biomorphic cellular ceramics templated from wood, the polymer 

replica approach was used for mimicking the graded hierarchical pore structure of 

bone. Hierarchical macroporous hydroxyapatite/tri-calcium phosphate (HA/TCP) 

bioceramics with 0.5-3 mm open pores were produced by impregnation of an assembly 
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of porous polymer foams of different pore sizes with a ceramic slurry 36. Similarly, 

multiple partial impregnation of cellulose sponges with HA slurries resulted in 

hierarchical ceramics with pore sizes between 0.5-2 mm 37. To obtain graded 

hierarchical structures, polymer foams were also compression molded into different 

shapes that have position-dependent porosity 38. Infiltration of the graded foams with 

ceramic slurry, followed by pyrolysis of the polymer and sintering of the ceramic, 

produced ceramic components with pore sizes and porosities ranging from 100-

400 μm and 50 to 3%, respectively. 

Recently, macroporous structures exhibiting a hierarchical pore size distribution 

have also been produced by the use of water or volatile oils as sacrificial phase in 

emulsions. Macroporous materials of TiO2 were produced by incorporation of a third 

phase such as water into the surfactant stabilized non-aqueous emulsions with 

50 vol% oil; following consolidation of the continuous phase through sol-gel process 39. 

Subsequent heat treatment of such emulsions resulted in macroporous materials of 

96% porosity, having small pores ranging from 1-5 μm in between the larger pores 

(>40 μm). Similarly, consolidation of surfactant stabilized 70% aqueous emulsions with 

sol-gel transitions at acidic conditions led to fabrication of macroporous SiO2 with 

hierarchical pore structures 40. The monoliths had pore sizes ranging from 1 to 100 μm 

with a porosity of 92%. 

In spite of a variety of hierarchical porous structures, the aforementioned 

templating methods still have some drawbacks. In the case of polymer and wood 

replica methods, the order and degree of the hierarchical pore structure and porosity is 

mainly template dependant. During the infiltration steps of the wood templation, 

some of the hierarchical pore structure of the original wood template might not be 

retained as a result of the closing of the pores. Furthermore, several time-consuming 

steps involved during the process might bring additional production costs. For 

emulsion templating method, preparation of hierarchical pore structures has been so 

far limited to surfactant-stabilized emulsions consolidated by sol-gel processes that 

involve multiple chemical reactions and may be restrictive with respect to the materials 

used. Hence, a simple and versatile approach to fabricate large-scale hierarchical 

macroporous ceramics with controlled porosity and pore size distribution is still 

required. 

Recently, we described a new approach to fabricate porous inorganic materials 

of silica 41, iron oxide 41 and alumina 41, 42. Fabrication of macroporous ceramics was 
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accomplished through the sintering of emulsions and foams stabilized by high 

concentration of colloidal inorganic particles. The attachment of particles to the oil-

water and air-water interface was induced by tuning the wettability of particles upon 

adsorption of short amphiphilic molecules with various chemistries. In this work, we 

describe a simple and straightforward method for the fabrication of macroporous 

alumina with tailored microstructure and porosity using particle-stabilized emulsions, 

foams, and mixtures thereof. Stabilization of oil-water and air-water interface is 

achieved by interfacial adsorption of colloidal alumina particles in situ surface modified 

with a short carboxylic acid molecule. Macroporous alumina with microstructures 

ranging from homogeneous to hierarchical pore structure was obtained by simply 

varying the amount of dispersed phase in the wet emulsions. Combination of air 

bubbles and oil droplets in a single step process enabled production of porous alumina 

with controlled porosity and mechanical strength upon sintering. To illustrate the main 

features of this method, macroporous alumina was characterized with respect to 

porosity, pore size, and mechanical strength. 

5.2 Materials and methods 

5.2.1 Materials 

Experiments were performed using -Al2O3 powder (Ceralox HPA-0.5, 99.99% 

Al2O3, Sasol North America Inc., Tucson, AZ, USA) with average particle diameter, d50, of 

200 nm, specific surface area of 10 m2/g and density of 3.98 g/cm3. Octane (97 % pure, 

Boiling temperature Tb = 125 C, Acros Organics, Belgium) was used as received. The 

short amphiphilic molecule used for particle modification was propionic acid (> 99, 

Sigma-Aldrich Chemie GmbH, Germany). Double deionized water with an electrical 

resistance of 18 MΩcm was used in the experiments (Nanopure water system, 

Barnstead, USA). 2 M hydrochloric acid (HCl) and 1 M sodium hydroxide (NaOH) solutions 

(Titrisol, Fluka AG, Buchs, Switzerland) were used to adjust the pH. 

5.2.2 Fabrication of porous ceramics 

Colloidal suspensions with 58 vol% alumina were prepared by adding alumina 

powder into deionized water. During powder addition, the pH was maintained at 

values below 5 by adding small aliquots of 2 N HCl solution. In order to de-agglomerate 
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and homogeneously disperse the colloidal particles in the aqueous phase, suspensions 

were ball-milled in polyethylene bottles for 22 h using alumina milling balls (10 mm 

diameter). A ball/powder weight ratio of 2.5 was used. After the ball-milling procedure, 

the pH of the alumina suspensions was ~5.5. The ball-milled suspension was 

transferred to a glass beaker prior to addition of surface modifier. 180 mmol/L propionic 

acid was dissolved in water and the resulting aqueous solution was added dropwise to 

the suspension under magnetic stirring. The pH of the alumina suspensions was 

subsequently adjusted to 4.75 by adding 1 N NaOH and/or 2 N HCl dropwise. Finally, 

additional water was added to adjust the solids content of the suspensions to 35 vol%. 

Emulsification was performed by vigorously stirring the suspension and octane 

for 3 min in ambient conditions, unless mentioned otherwise, using a household mixer 

at full power (Kenwood, Schumpf AG, Baar, Switzerland). It is important to note that 

the amount of the oil phase indicated throughout this study refers to the oil content 

with respect to the total emulsion volume (water + particles + oil). In the case of 

particle-stabilized foams, foaming was done by mechanically shearing the suspensions 

with 35 vol% alumina and 180 mmol/L propionic acid for 3 min. 

The as-prepared wet emulsions and foams were hand-shaped into cylindrical 

parts (diameter of 100 mm, height of 30 mm) and dried in air for 48 h at 25 C. After 

drying, the samples underwent a stepwise heat treatment to extract the remaining oil 

and water within the emulsion. Dried samples were heated for 5 h at 90 °C (with a 

heating rate of 0.3 °C/min), then for 5 h at 150 °C (with a heating rate of 0.3 °C/min), 

and finally for 5 h at 300 °C (with a heating rate of 0.5 °C/min). Sintering of the dried 

emulsions was performed in an electrical furnace (HT 40/16, Nabertherm, Germany) for 

2 h at 1600 °C (with a heating rate of 1 °C/min). 

5.2.3 Characterization 

The cell size distribution of the resulting emulsions and foams was evaluated 

using an optical microscope in transmission mode (Polyvar MET, Reichert-Jung, Austria) 

connected to a digital camera (DC 300, Leica, Switzerland). Air bubbles incorporated 

into the particle-oil-water mixtures during mixing were indentified for the composition 

containing 35 vol% alumina particles, 180 mmol/L propionic acid, and 30 vol% octane 

via a scanning confocal microscope (Leica, SP1, Germany) using a 20x, 0.4NA PLAN 

FLUOTAR objective at an excitation wave length of 488 nm. To distinguish air bubbles 
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from oil droplets, the oil phase was dyed with Nile red (Invitrogen, Switzerland) prior to 

emulsification. 

The cell size of the wet emulsions and sintered structures was measured with 

the linear intercept method using the software Lince (TU Darmstadt, Germany). Log-

normal distributions were used to describe the experimental data and to obtain 

average cell sizes, and 68% confidence intervals. The porosity of the sintered samples 

was determined by geometrical and Archimedes methods. The geometrical method is 

based on the determination of the porosity from the relative density of a ceramic 

sample, which is the ratio between the calculated geometrical density of the sample 

and the theoretical density of the material. The Archimedes method was performed 

according to the ASTM norm C20 43. Compressive strength measurements were 

performed with a universal testing machine (Instron 8562, model A1477-1003, Norwood, 

USA). Sintered emulsions were ground on both sides to provide homogeneous sample 

loading during compression. Cylindrical samples with diameters of 10 mm and 15 mm, 

and lengths of 25 mm were prepared by drilling the sintered emulsions with a diamond 

core drill. Cylindrical samples were then crushed under a compression speed of 

0.5 mm/min. The porous ceramics obtained after sintering were investigated by 

scanning electron microscope (SEM, LEO 1530). Samples were prepared by Pt sputtering 

for 55 s at 60 mA. 

5.3 Results and discussion 

5.3.1 Microstructure of wet particle-stabilized systems 

The basic requirement for the fabrication of porous ceramics from emulsions 

and foams is the stabilization of oil-water and air-water interface by high 

concentration of colloidal alumina particles that were in situ surface hydrophobized 

through the adsorption of propionic acid in the continuous water phase. 

Incorporation of a second phase, oil and/or air during mechanical shearing of 

suspension of hydrophobized alumina particles yielded dispersions ranging from 

particle stabilized emulsions to foams (Figure 5.1). All compositions were prepared with 

suspensions containing 35 vol% alumina particles (at a fixed particle to water volume 

ratio of 0.54) and 180 mmol/L propionic acid at pH 4.75. The maximum volume fraction 

of oil that could be incorporated in the final dispersions was 72 vol%. Oil contents 

beyond this value led to formation of emulsions with a phase-separated layer of oil on 
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the top (Figure 5.1). Dispersions having 72 vol% oil in the final emulsion resulted in 

highly stable oil-in-water emulsions stabilized by alumina particles 44 (Figure 5.2.a). 

Since partially hydrophobized particles could also adsorb at the air-water interface and 

stabilize air bubbles incorporated into the system during shearing, dispersions 

containing both air bubbles and oil droplets in various proportions were obtained when 

the oil volume fraction in the emulsion was varied between 0 and 72 vol%, as 

illustrated in Figure 5.2. To identify the air bubbles incorporated to the particle-

stabilized emulsions upon mixing, a fluorescent dye was added to the oil phase in a 

system containing 30 vol% octane prior to mixing. As demonstrated in the fluorescence 

confocal image in Figure 5.3, the oil droplets which contained the fluorescent dye 

appear green, while the air bubbles due to the absence of the dye are detected as red 

cells. In the absence of oil, mechanical shearing of 35 vol% alumina suspensions led to 

formation of particle-stabilized foams (Figure 5.2.e), which was in agreement with the 

previously reported study 42. 

 

Figure 5.1: Compositional diagram indicating the particle-oil-water formulations 

evaluated in this study and the resulting microstructures of the mixtures 

obtained. The volume fractions of water, oil, and particles are indicated by vwater, 

voil and vparticles, respectively. The dashed line indicates the compositions prepared 

at a constant particle concentration of 35 vol% in the suspension, which 

corresponds to a particle to water volume ratio of 0.54. 
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Figure 5.2: Optical microscope images of wet particle-oil-water mixtures prepared 

with different oil concentrations. Compositions were prepared with mixing 

aqueous suspensions containing 35 vol% particles (particle to water volume ratio 

of 0.54) and 180 mmol/L propionic acid at pH 4.75 with a) 72 vol% octane; b) 

50 vol% octane; c) 30 vol% octane; and d) in the absence of oil, foam. 
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The effect of oil content on the average cell size of particle-oil-water mixtures 

was determined from the evaluation of wet microstructures shown in Figure 5.2. In the 

case of oil volume fractions of 72 vol%, the oil-in-water emulsions stabilized by in-situ 

hydrophobized alumina particles exhibited an average droplet size of 11.7 μm 41, 44. 

Decreasing the volume fraction of oil in the particle-oil-water mixture led to cell sizes 

between 11-40 m for 50 vol% octane, and 12-70 m for 30 vol% octane (Figure 5.2). In 

the absence of oil, the particle-stabilized wet foams exhibited an average bubble size of 

35 m. 

 

Figure 5.3: Confocal scanning microscope image of a wet particle-oil-water-air 

mixture prepared by mixing 30 vol% octane with 35 vol% alumina suspensions 

(particle to water volume ratio of 0.54) containing 180 mmol/L propionic acid at 

pH 4.75. The image clearly shows alumina-stabilized oil droplets (green cells) and 

air bubbles (red cells) incorporated to the system at low oil contents upon mixing. 

The presence of the bigger cell sizes observed at low oil contents is mainly due 

to the introduction of air bubbles into the particle-oil-water system. At low oil contents 

where oil droplets are loosely packed, partially hydrophobized particles also adsorb at 

the air-water interface during shearing, thereby stabilizing air bubbles introduced into 

the emulsion. The resulting system is therefore comprised of a mixture of particle 
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stabilized emulsion droplets and foam bubbles. Due to the relatively higher surface 

tension of the air-water interface with respect to the oil-water interface, air bubbles 

exhibit much bigger cell sizes than oil droplets. As the amount oil decreases and more 

air bubbles are introduced into the mixture, the system resembles more to the pure 

foam microstructure, exhibiting higher fraction of bigger cells and lower fractions of 

smaller cells. 

5.3.2 Microstructure of porous ceramics 

Sintering of the alumina-stabilized emulsions, foams, and mixtures thereof 

containing different amount of oil resulted in porous ceramics with various 

microstructures (Figure 5.4). Porous ceramics obtained from particle-stabilized 

emulsions with 72 vol% oil yielded interconnected pores with an average pore size of 

11.5 m, which was equivalent to the average droplet size of the wet emulsions. 

Decreasing the amount of oil to 50 vol% within the particle-stabilized emulsions led to 

average pore sizes in the range of 13-500 m. At oil content of 30 vol%, sintering of 

particle-stabilized oil-water-air mixtures yielded pore sizes between 16-1219.7 m. In the 

absence of oil, the macroporous ceramics obtained from sintered particle-stabilized 

wet foams led to pores within the range of 40-4000 m. 

Comparison of the average cell sizes of the particle-stabilized oil-water-air 

mixtures and foams before and after sintering shows that the cell sizes of the samples 

increase upon drying and sintering. This increase in the average cell size of the sintered 

porous ceramics is mainly due to the instability of wet air bubbles during drying and 

sintering. As previously shown 42, wet foams stabilized by colloidal alumina particles in 

situ modified with 180 mmol/L propionic acid are not stable against bubble growth and 

drainage. Wet foams exhibit bubble growth already within one hour after mixing. 

Compared to these wet foams, wet emulsions stabilized by alumina particles in situ 

modified with 180 mmol/L propionic acid display long-term stability against 

coalescence, Ostwald ripening, and creaming 44. No significant change is observed in 

the emulsion droplet size distribution within a time period of more than two years 

after emulsification. Hence, porous ceramics produced from sintered particle-stabilized 

emulsions (72 vol% oil) exhibit pores with sizes close to the droplet sizes of the initial 

emulsions, while sintered particle-stabilized foams yield porous structures with much 

bigger pore sizes than the bubble size of the initial wet foams. In the case of particle-
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oil-water-air mixtures (e.g., 30 vol% oil), drying and sintering result in assembly of small 

pores (~11 m) close to the droplet size of the initial emulsions, and bigger pores 

(> 30 m) that were retained after the growth of the foam bubbles. 

 

Figure 5.4: Microstructures of sintered particle-oil-water mixtures prepared with 

different oil concentrations. Compositions were prepared with mixing aqueous 

suspensions containing 35 vol% particles (particle to water volume ratio of 0.54) 

and 180 mmol/L propionic acid at pH 4.75 with a) 72 vol% octane; b) 50 vol% 

octane; c) 30 vol% octane; and d) in the absence of oil, foam. 
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The change of the average pore sizes from single to multiple size pores in 

sintered ceramics with decreasing oil content is attributed to the formation of big 

pores that originate from the particle-stabilized air bubbles in the matrix of smaller 

pores which are left after the extraction of the oil droplets. As the amount of air within 

the particle-stabilized oil-water-air mixtures increases, the size of the pores in the 

sintered samples increases. Interestingly, increasing the amount of oil within the 

particle stabilized mixtures leads to more homogeneous pore distributions and a 

decrease in the average sizes of the pores retained from the air bubbles. This decrease 

in the size of the big pores retained from air bubbles might be related to the enhanced 

stability of air bubbles due the presence of oil droplets. Similar to the surfactant-

stabilized foamed emulsions 45, 46, in which both oil droplets and air bubbles are 

stabilized with surfactants, the stability of the foams can be increased as the emulsion 

droplets accumulating within the plateau borders of the draining foam increase the 

viscosity of the draining liquid, thereby increasing the resistance to the flow of liquid, 

and inhibiting the foam drainage. 

Figure 5.5 shows the microstructures of macroporous alumina obtained after 

drying and sintering of particle-oil-water-air mixtures containing 30 vol% oil. The 

incorporation of a third phase such as air into the wet emulsions allows fabrication of 

macroporous ceramics with hierarchical pore structure with pores at size scales 

differing by one order of magnitude. The hierarchy in the pore structure is defined by 

the assembly of 3-10 μm small pores in between 500-1200 μm big pores. The big pores 

originate as a result of the coalescence of air bubbles during drying, while smaller pores 

are retained from the oil droplets. Stabilization of air bubbles and oil droplets by a 

dense layer of modified particles promotes the formation of closed cell porous 

ceramics. Unlike porous ceramics produced with 72 vol% oil, the hierarchical porous 

ceramics exhibit porous struts comprising of 3-10 μm pores. As the continuous water 

phase starts to evaporate during drying, the oil droplets most probably reside among 

the coarser air bubbles, leaving behind porous struts in the final porous structure upon 

sintering. As a result of such a rearrangement, the assembly of oil droplets and air 

bubbles enable the production of pore structure in multiple size scales. 
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Figure 5.5: Scanning electron microscope images of sintered particle-oil-water 

mixtures prepared by mixing aqueous suspensions of 35 vol% alumina particles 

and 180 mmol/L propionic acid pH 4.75 with 30 vol% octane. Hierarchical features 

of the sintered particle-stabilized mixtures obtained as a result of a decrease in 

the amount of oil involve (a) bulk macroporous ceramics, (b) with pore sizes 

within the range of 500-800 m, and (c) porous struts exhibiting pore sizes of 3-

10 m. 
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Macroporous ceramics fabricated from alumina-stabilized emulsions and 

emulsion-foam mixtures are shown in Figure 5.6. The incorporation of air as the third 

phase into the particle-stabilized emulsions allowed for tailoring the porosity of the 

final porous ceramics. The sintering of alumina-stabilized oil-water-air mixtures yielded 

macroporous ceramics with porosities up to 95%. In the case of porous ceramics 

obtained from particle-stabilized emulsions, the total porosity of 72% was equivalent to 

the amount of the oil added into the initial emulsions. Porous ceramics produced from 

alumina-stabilized oil-water-air mixtures exhibited 85% and 90% porosity for mixtures 

prepared with 50 vol% and 30 vol% octane, respectively. These porosity levels imply 

that higher porosities can be achieved even at low oil contents upon incorporation of 

air bubbles into the wet emulsions. In the absence of oil, sintering of particle stabilized 

foams led to porosities as high as 96%. 

 

Figure 5.6: Macroporous ceramics obtained after sintering of particle-oil-water 

mixtures. The samples are prepared with 35 vol% alumina particles, 180 mmol/L 

propionic acid, and a) 72 vol% octane; b) 50 vol% octane. 

Macroporous alumina fabricated from particle-stabilized emulsions exhibited 

compression strength of 13 MPa at 72% porosity. Such remarkably high mechanical 

strengths are achieved as a result of the dense cell walls and struts obtained from 

sintered particle-stabilized emulsions. In contrast to porous ceramics obtained from 
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particle-stabilized emulsions, macroporous ceramics produced from particle-oil-water-

air mixtures exhibit compressive strengths of 1.5 and 1 MPa at 85% and 90% porosity, 

respectively. In the case of porous ceramics produced from particle stabilized foams, 

the compression strength data could not be obtained at the same conditions as the 

porous samples with 50 vol% and 30 vol% oil due to the structural weakness of these 

samples. The decrease in the mechanical strength of the porous ceramics with an 

increase in porosity is mainly attributed to the formation of porous struts and big pores 

with windows following drying and sintering of particle-oil-water mixtures. 

5.4 Conclusions 

Macroporous alumina with a variety of microstructures was produced by using 

particle-stabilized emulsions and foams. Stabilization of the oil-water and air-water 

interface by colloidal inorganic particles in situ surface modified thorough the 

adsorption of a short amphiphilic molecule allowed for tailoring the microstructure and 

porosity of the porous components in a single step process. Changing the oil content in 

the initial emulsions led to formation of porous ceramics ranging from homogeneous 

to hierarchical pore structures. Such a variation in the pore structure was attained upon 

incorporation of air bubbles into the matrix of oil droplets during mechanical shearing 

of the particle-oil-water mixtures in ambient conditions. Sintering of crack-free dried 

mixtures gave rise to macroporous structures with pore distributions at length scales 

differing by one order of magnitude. Different populations of pores were achieved due 

to the differences in the interfacial tensions of the oil-water and air-water interface, 

and in the stability of oil droplets and air bubbles. Tuning the microstructure of the 

porous ceramics allowed for achieving porosities within the range of 72%–96% and 

mechanical strength levels between 1-13 MPa. Macroporous ceramics prepared by this 

approach may be used in several applications, as low-weight structural components, 

porous media for chemical and biological separation, thermal and electrical insulating 

materials, catalyst supports, refractory filters for molten metals, and scaffolds for tissue 

engineering and medical implants. 
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6 Macroporous Polymers from Particle-Stabilized 

Emulsions 

Abstract 

Macroporous polymers are attractive materials due to their 

low density, low cost, recyclability, and tunable mechanical and 

functional properties. Here, we report a new approach to prepare 

macroporous polymers from emulsions stabilized with colloidal 

polymeric particles in the absence of chemical reactions. Stable 

water-in-oil emulsions were prepared using Poly(vinylidiene 

difluoride) (PVDF), poly(tetrafluoroethylene) (PTFE), and 

poly(etheretherketone) (PEEK) as stabilizing polymeric particles in 

emulsions. The partial wetting of the polymeric particles by the two 

immiscible liquids drives particles at the water-oil interface during 

emulsification, leading to extremely stable water-in-oil emulsions. 

The particle-stabilized emulsions were processed into highly porous 

solid polymer components upon drying and sintering. The high 

stability of emulsions also allows for the preparation of hollow 

polymeric microcapsules. We describe the conditions required for 

the adsorption of particles at the liquid-liquid interface, we show 

the rheological behavior of the polymer-loaded wet emulsions, and 

we discuss the effect of the emulsions’ initial compositions on the 

final sintered porous structures. This new approach for the 

fabrication of macroporous PVDF, PTFE, and PEEK polymers is 

particularly suited for the preparation of porous materials from 

                                                        
 I. Akartuna, E. Tervoort, J. C. H. Wong, A. R. Studart, J. L. Gauckler, Polymer, 2009, 50, 3645-

3651. 
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intractable polymers but can also be easily applied to a variety of 

other polymeric particles. 
 

6.1 Introduction 

Porous polymers find numerous applications as, for example, mechanical 

dampers, supports for catalysis, thermal, acoustic and electrical insulators, piezoelectric 

electrets, furnishing and construction materials, scaffolds for tissue engineering, and 

encapsulants for drug delivery 1-5. The main processing methods used for the 

preparation of macroporous polymers are foaming of a polymer melt or solution 

through the incorporation of a gaseous phase 6, 7, fibre bonding 8, 9, phase separation 10, 

or sacrificial templating using ice crystals 11, 12, emulsion droplets 13, 14, wax 15, and salt 

particles 16 as fugitive phase. 

The sacrificial template method enables tuning of the porosity, pore size 

distribution, and pore morphology of the final material by adjusting the amount, size, 

and shape of the fugitive phase. The use of volatile emulsion droplets as templates to 

produce porous polymers has been employed for many decades 17-21. Macroporous 

polymers with pore sizes in the range of 1-100 m have been produced by 

polymerization of the continuous phase of high (or medium) internal phase emulsions 

(HIPEs/MIPEs), followed by the subsequent removal of the internal phase by drying and 

heat treatment 13, 22-28. The preparation of porous polymers from poly(MIPEs/HIPEs) 

involves the stabilization of the internal droplet phase using conventional surfactants 

in a monomer solution. The volume fraction of the dispersed phase corresponds to 0.6 

and >0.74 for MIPEs and HIPEs, respectively 21, 26, 27, 29. To increase the stability of the 

emulsions against collapse during liquid removal, the structure is locked by the 

polymerization of the continuous monomer phase. In addition to surfactants, the 

internal droplet phase of HIPEs has also been stabilized by colloidal particles adsorbed 

at the liquid interfaces, leading to particle-stabilized Pickering emulsions 30-32. 

Macroporous polymers with porosities up to 90% and pore sizes in the range of 100-

400 m have been prepared by polymerizing the continuous phase of Pickering-HIPEs 

stabilized with carbon nanotubes 29, silica 33 and titania nanoparticles 34, and microgel 

latex particles 35, followed by evaporation of the dispersed phase. 

Recently, particle-stabilized emulsions were used to produce porous polymeric 

structures in the absence of polymerization reactions. Porous membranes with pore 
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sizes up to 20 m were formed through phase inversion of a polymeric emulsion 

stabilized by zeolite nanoparticles 36. 

Although emulsions have long been used as templates for the production of 

highly porous polymers, the technique has been mostly limited to polymers that can be 

polymerized in situ within the continuous phase or to polymers that are melt-

processable. Hence, an emulsion templating approach that would not involve any 

chemical reactions and that could be easily applied to a wide variety of polymers, 

including “intractable” polymers that can not be melt-processed would be highly 

desirable for the fabrication of macroporous polymers. Fluorinated polymers such as 

poly(vinylidene difluoride) (PVDF) and poly(tetrafluorethylene) (PTFE) are particularly 

interesting due to their piezoelectric behavior (PVDF) and non-adherent properties 

combined with high temperature resistance (PTFE). 

Powder processing routes are often used for shaping and consolidating 

intractable polymers such as PTFE. Therefore, a wide variety of intractable polymers are 

commercially available in powder form. Such polymeric particles can potentially be 

used to stabilize Pickering emulsions and also be the major constituent of macroporous 

polymers obtained after removal of the droplet templates. We recently developed a 

simple powder-based route to produce macroporous ceramics from emulsions 

stabilized with inorganic particles of various chemical compositions 37. In that case, the 

adsorption of initially hydrophilic particles at the oil-water interface was achieved 

through the in situ adsorption of short amphiphilic molecules on the surface of 

particles. Here, we extend this powder-based approach for the preparation of 

macroporous polymers from emulsions stabilized by polymeric particles of different 

chemical compositions. The method relies on the adsorption of colloidal polymeric 

particles at the oil-water interface for the formation of stable water-in-oil emulsions 

that are subsequently used as templates for the preparation of porous polymers. The 

particles adsorbed at the liquid interface act as a barrier against extensive droplet 

coalescence, allowing for drying and sintering of the emulsions directly into 

macroporous polymers in the absence of any chemical reaction. 
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6.2 Materials and methods 

6.2.1 Materials 

Poly(vinylidene difluoride) powder (PVDF) with average particle diameter, d50, of 

250 nm, specific density of 1.78 g/cm3 , and melting temperature of 160.5°C was 

purchased from Polysciences, Inc. (Warrington, PA, USA). Poly(tetrafluoroethylene) 

powder (PTFE) with d50 ~ 300 nm, specific density of 2.15 g/cm3, and melting 

temperature of 328.7°C was obtained from Algoflon (Ausimont S.P.A., Italy). 

Poly(etheretherketone) powder (PEEK, VICOTETM 707) with d50 ~ 16 m, specific density 

of 1.3 g/cm3, and melting temperature of 343°C was acquired from Victrex plc 

(Rotherham, UK). The melting temperatures reported above were measured by 

differential scanning calorimetry (DSC). These values are comparable to those reported 

in the literature for the pure polymers, indicating that the commercial powders are 

surfactant-free. We also determined the contact angle of water droplets in air 

deposited on the surface of flat substrates made out of the commercial polymers. The 

contact angles measured through the water phase were 90°, 114°, and 77° for PVDF, 

PTFE, and PEEK particles, respectively, which are within the range accepted in literature. 

Decane (≥98% pure, boiling temperature Tb = 171-174°C, Fluka Chemie, 

Switzerland), octane (97% pure, boiling temperature Tb = 125 °C, Acros Organics, 

Belgium), hexane (96% pure, boiling temperature Tb = 69 °C, Scharlau, Spain), and 

toluene (99.99% pure, Tb = 110.6°C, Acros Organics, Belgium) were used as received. 

Diblock copolymer based on styrene and ethylene/propylene, G-1701E was purchased 

from Kraton Polymers LLC (Houston, TX, USA) and used as received. The interfacial 

tensions of decane-water, octane-water, hexane-water, and toluene-water interfaces 

were measured to be 51.8, 51.4, 50.0, and 36 mN/m, respectively (PAT1, Sinterface 

Technologies, Berlin, Germany). Double deionized water with an electrical resistance of 

18 MΩcm was used in all the experiments (Nanopure water system, Barnstead, USA). 

6.2.2 Preparation of suspensions 

Prior to emulsification, colloidal suspensions of particles were prepared by 

adding powders to oil under steady stirring in a conventional lab-scale mixer. In the 

case of hexane, the emulsion was cooled in an ice bath to prevent evaporation of 

hexane during mixing. The concentration of particles in the suspension varied between 
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5 and 17 vol% for the PVDF particles and was kept constant at 15 vol% and 26 vol% for 

the PTFE and PEEK particles, respectively. The detailed compositions of the investigated 

emulsions are shown in Table 6.1. 

Table 6.1: Compositions of the emulsions stabilized by PVDF, PTFE, and PEEK 

polymeric particles. The amount of the water phase was calculated with respect to 

the emulsion total volume (water + particles + oil). 

Particle 

Suspension Solids 

Content 

(vol %) 

Oil 

Water 

Content 

(vol%) 

PVDF 5-17 Octane 30-65 

PTFE 15 Hexane 50 

PTFE 15 Octane 50 

PTFE 15 Decane 50 

PEEK 26 Octane 40 

 

6.2.3 Preparation of emulsions 

Emulsification was performed by vigorously stirring mixtures of water and 

concentrated suspensions of PVDF, PTFE, and PEEK particles in oil for 3 min using a 

household mixer at full power (Multimix 350 W, Braun, Spain). 

6.2.4 Rheology 

Rheological tests were performed at 25 °C using a stress-controlled rheometer 

(Bohlin-Rheometer CS-50, Bohlin, England) with profiled parallel-plate geometry 

(25 mm plate diameter). Experiments were carried out with a mechanically set gap of 

1000 m. Oscillatory measurements were conducted to determine the storage and loss 

moduli of the wet emulsions by gradually increasing the maximum applied stress from 

10 to 1000 Pa at a constant frequency of 1 Hz. Steady-state experiments were carried 

out to measure the emulsion apparent viscosity as a function of shear rate by 

progressively increasing the applied stress from 200 to 1000 Pa. 
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6.2.5 Drying and sintering 

After emulsification, all emulsions were shaped and dried in air at 25°C and 

ambient pressure for 2 days. Following drying, the PVDF samples were sintered at 177 °C 

for 4 h, the PTFE samples were sintered at 343 °C for 7 h, and the PEEK samples were 

sintered at 360°C for 6 h to obtain polymeric macroporous structures. 

6.2.6 Microstructural analysis 

Optical micrographs were obtained by placing wet emulsion samples between 

two glass slides in an optical microscope (Polyvar MET, Reichert-Jung, Austria) 

connected to a camera (DC300, Leica, Switzerland) in transmitting light mode. The 

porous polymers obtained after sintering were investigated by scanning electron 

microscopy (SEM, LEO 1530). SEM samples were sputtered with platinum for 55 s at 

60 mA. Droplet size distributions of the wet emulsions and pore size distributions of 

the sintered polymers were determined by evaluating a set of at least five microscope 

images for each composition using the linear intercept method (software Lince, TU 

Darmstadt, Germany). Average sizes and 68% confidence intervals were obtained by 

fitting log-normal distributions to the experimental data. Porosities of the sintered 

samples were determined from the geometrical dimensions of the samples, their 

weight and the theoretical density of the materials. 

6.2.7 Preparation of polymer capsules 

Colloidal capsules were formed by diluting the wet emulsions 500x by volume 

with the continuous oil phase. Prior to dilution, 0.05 mg/mL diblock copolymer was 

added to the oil phase to lock the particle layers that form the capsules’ walls. Water 

capsules were harvested from the diluted emulsions by removing the upper oil phase 

with a pipette after sedimentation of the water droplets. Dry hollow capsules were 

prepared by depositing several drops of diluted wet capsules onto a clean, aluminum 

SEM sample holder, followed by drying in air at room temperature for 1 day. 

6.3 Results and discussion 

Water-in-oil emulsions stabilized by polymeric particles were obtained by 

dispersing the particles in the oil phase prior to emulsification. The initial hydrophobic 
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nature of the polymeric particles allowed for the preparation of homogeneous 

dispersions of high particle concentrations in oil (Table 6.1). 

Despite their predominantly hydrophobic nature, we observed that PVDF, PTFE, 

and PEEK particles readily adsorb at oil-water interfaces when water is mixed with to 

the initial particle-containing oil suspension. This led to stable particle-coated water 

droplets dispersed throughout the continuous oil phase, as exemplified in Figure 6.1 for 

the case of PVDF particles. Such results indicate that the particles are not fully wetted 

by the oil phase when their surface also exposed to water, which results in a finite 

contact angle of the water-oil interface on the polymer surface. A finite contact angle in 

the range of 60-120° (measured through the aqueous phase) is also observed for water-

air interfaces on most polymer surfaces 38. The fact that water can partially wet the 

surface of polymers in contact with air or alkanes is probably due to the high interfacial 

tensions of water-alkane and water-air interfaces: 50.0-51.8 and 72.8 mN/m, 

respectively. According to Young-Laplace’s force balance 39, a high interfacial tension of 

the water-alkane or water-air interfaces tend to hinder complete spreading of the 

hydrophobic fluid (alkane or air) on the polymer surface. Based on this argument, non-

polar liquids of interfacial tension lower than that of alkanes (with respect to water) 

should wet the polymer surface to a larger extent and should thus make the adsorption 

of polymeric particles at the oil-water interface less favorable. Indeed, additional 

experiments using toluene as oil phase resulted in less stable emulsions, suggesting 

that the lower interfacial tension between toluene and water (36 mN/m) favors 

wetting on the polymer surface and thus inhibits the adsorption of polymeric particles 

on the surface of water droplets. 

The results obtained here indicate that a high interfacial tension of the water-oil 

interface is a key requirement for the stabilization of emulsions using polymeric 

particles, since this should lead to a finite contact angle of the water-oil interface on 

the polymer surface. Taking the water-air interface as an example of a high-energy 

interface at which most polymers form a finite contact angle between 60 and 120° 38, 

one should expect that particle-stabilized emulsions could be in principle obtained with 

a variety of other polymeric particles, as long as oils with a high interfacial tension with 

respect to water are used. The type of emulsions would then be determined by the 

exact contact angle of the water-oil interface on the polymer surface. Oil-in-water 

emulsions are expected for contact angles lower than 90°, whereas water-in-oil 

emulsions should result from contact angles larger than 90°. Emulsification would not 
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be possible only close to a contact angle of 90° where the thin liquid film separating 

droplets might not be thick enough to prevent droplet coalescence 40. 

The microstructure of wet emulsions stabilized by polymeric particles was varied 

by changing the amount of particles in the initial suspension and the water content in 

the emulsion (Figure 6.1). For a fixed water content of 65 vol%, an increase in the 

concentration of PVDF particles from 5 to 17 vol% leads to a decrease in the cell size 

range of the wet emulsions from 11-266 m to 16-69 m, as indicated in the 

multimodal droplet size distributions shown in Figure 6.1.a. The decrease in the range 

of droplet sizes with increasing particle concentration results from the higher viscosity 

of the initial suspension, which induces higher shearing stresses on the droplets during 

mixing 37, 41. 

The influence of water content on the emulsion microstructure was investigated 

for PVDF-stabilized emulsions at a fixed particle concentration of 17 vol%. No significant 

change in the droplet size distribution was observed for water concentrations between 

30 and 60 vol%. Interestingly, an increase in the water volume fraction from 60 to 

65 vol% decreased the droplet size range from 19-121 m to 16-69 m, as illustrated in 

Figure 6.1.b. This reduction in droplet size range is probably due to a pronounced 

increase in the viscosity of the emulsion when the volume fraction of droplets 

approaches the condition of random close packing (~ 64 vol% for monodisperse 

spheres). Water contents higher than 65 vol% resulted in emulsions with a phase-

separated layer of water on the top of the mixture. 

Emulsions comprising 65 vol% water and 17 vol% PVDF particles exhibited 

remarkable stability against coalescence, Ostwald ripening, and sedimentation. No 

significant change was observed in the emulsion droplet size distribution within a time 

period of more than 1 year after emulsification. This long-term stability can be 

attributed to the irreversible adsorption of particles at the oil-water interface. Due to 

the high energies required to remove a particle from the oil-water interface, particles 

can impede the rupture of the thin liquid film between droplets, as well as inhibit the 

shrinkage of droplets induced by Ostwald ripening. 
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Figure 6.1: Droplet size distributions and optical microscope images of water-in-oil 

emulsions prepared with (a) different concentrations of PVDF particles at a fixed 

water content of 65 vol%, (b) different water contents at a fixed particle 

concentration of 17 vol% in oil. 

Similar to PVDF-stabilized emulsions, the adsorption of PTFE and PEEK particles 

at the oil-water interface resulted in stable particle-stabilized emulsions with water 

droplets dispersed throughout the continuous oil phase, as demonstrated in Figure 

6.2.a, b. Emulsions stabilized by PTFE and PEEK particles exhibited broad droplet size 

distributions with sizes in the range from 67 to 234 m and 77 to 203 m, respectively 

(Figure 6.2.c). 
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Figure 6.2: (a, b) Optical microscope image and (c) droplet size distribution of 

water-in-oil emulsion stabilized with PTFE and PEEK particles. The emulsions were 

prepared by mixing suspensions of (a) 15 vol% PTFE particles in hexane with 

50 vol% water, (b) 26 vol% PEEK particles in octane with 40 vol% water. The 

continuous lines correspond to the radial probability density functions used to 

describe the droplet size distributions. Scale bar: 200 m. 

 



    Macroporous Polymers   99 

 

Figure 6.3: (a) Storage (G', □) and loss (G", ) moduli as functions of applied shear 

stress for a water-in-octane emulsion containing 17 vol% PVDF particles and 

65 vol% water. Inset: Apparent viscosity (○) of the same emulsion as a function of 

applied shear rate. (b) Image of the same water-in-oil emulsion extruded through 

a tube. 

As a result of the densely packed water droplets and the high concentration of 

particles in the continuous phase, the wet emulsions exhibit viscoelastic behavior with 

a noticeable yield stress, as shown in Figure 6.3 for a PVDF-stabilized emulsion. Under 

steady-shear conditions, the viscoelastic character led to a typical shear-thinning 
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behavior with a marked decrease in the apparent viscosity as the shear rate is increased 

(Figure 6.3, inset). This viscoelastic behavior enables shaping of the emulsions using 

conventional technologies such as injection molding and extrusion without requiring 

any further gelation or strengthening reaction. Water-in-oil emulsions containing 

17 vol% PVDF particles and 65 vol% water for instance can be extruded without need of 

further strengthening to keep the shape of the material after the extrusion process 

(Figure 6.3.b). 

 

Figure 6.4: Macroporous polymers obtained from PTFE stabilized water-in-hexane 

emulsions. (a) Highly stable emulsions are formed through the adsorption of 

submicrometer-sized colloidal particles at the oil-water interface. The long term 

stability of these emulsions allows for (b) drying and (c) sintering of the shaped 

materials directly into macroporous polymers without requiring any further 

gelation or strengthening reaction. 

The high stability achieved by the presence of particles adsorbed on the droplet 

surface and spanning throughout the continuous phase allowed for drying and 

sintering of the wet emulsions directly into macroporous polymers, as exemplified in 

Figure 6.4 for a PTFE-stabilized emulsion. 

Microstructures of porous polymers fabricated from PVDF, PTFE, and PEEK 

stabilized emulsions are shown in Figure 6.5. Sintered PVDF structures obtained from 

emulsions containing 17 vol% PVDF particles and 65 vol% water showed pore sizes in 

the range from 16 to 100 m (Figure 6.6). Sintering of emulsions containing 15 vol% 

PTFE particles and 50 vol% water, and 26 vol% PEEK particles and 40vol% water yielded 

porous structures with slightly larger pores in the range from 58 to 195 μm, and 80 to 

180 m, respectively (Figure 6.6). 
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Figure 6.5: Microstructures of sintered porous polymers prepared with PVDF, PTFE, 

and PEEK particles. (a) Porous PVDF obtained after sintering the water-in-octane 

emulsion with 65 vol% water and 17 vol% PVDF particles at 177 °C; b) the dense 

strut of the sintered porous PVDF obtained after sintering; c) porous PTFE 

obtained after sintering the water-in-hexane emulsion with 50 vol% water and 

15 vol% PTFE particles at 343 °C; d) the dense struts and the cell walls of the 

sintered porous PTFE formed after sintering; e) porous PEEK obtained after 

sintering the water-in-octane emulsion with 40 vol% water and 26 vol% PEEK 

particles at 360 °C; f) the cell walls of the sintered porous PEEK. 
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To avoid the collapse of porous components upon heating, the samples were 

sintered slightly above the melting temperature within a narrow temperature range. At 

this temperature range, the viscosity of the polymers is presumably still sufficiently 

high to avoid the collapse of the structures. Fusion of particles in the continuous phase 

and at the pore surfaces during sintering led to the formation of dense struts and 1-

5 m thick walls (Figure 6.5.b and d). The porous PVDF and PTFE samples exhibited 

linear shrinkage of 30% and 13% during drying and sintering, respectively. The total 

porosity after sintering was 79% for the PVDF structures and 82% for the PTFE samples. 

 

Figure 6.6: Pore size distributions of sintered porous polymers prepared with 

PVDF, PTFE, and PEEK particles. (□) Porous PVDF obtained after sintering the 

water-in-octane emulsion with 65 vol% water and 17 vol% PVDF particles at 177 °C; 

(∆) porous PTFE obtained after sintering the water-in-hexane emulsion with 

50 vol% water and 15 vol% PTFE particles at 343 °C; (○) porous PEEK obtained after 

sintering the water-in-octane emulsion with 40 vol% and 26 vol% PEEK particles 

at 360 °C. 

In addition to bulk macroporous polymers, the stability of wet emulsions 

enabled harvesting of semi-permeable particle-coated capsules. Wet capsules 

comprised of polymeric particles in the outer shell were obtained by diluting the PVDF-

stabilized emulsions with the continuous oil phase. Locking the close-packed particle 
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shells surrounding each water droplet with a diblock copolymer strengthened the 

particles outer layer and allowed for the production of polymeric hollow capsules upon 

drying, as shown in Figure 6.7. Colloidal capsules coated with functional polymers such 

as PVDF, PTFE, and PEEK might be attractive materials for the encapsulation and 

delivery of active agents in food processing, pharmaceutics, agriculture, and medicine. 

 

Figure 6.7: SEM image of a dry PVDF capsule obtained after 500x dilution of PVDF 

stabilized wet emulsion with a continuous oil phase containing 0.05 mg/mL 

diblock copolymer. 

6.4 Conclusions 

We described a simple and versatile approach to produce macroporous polymers 

from emulsions stabilized with polymeric particles of different chemical compositions. 

The adsorption of colloidal polymeric particles at the oil-water interface allows for the 

stabilization of water-in-oil emulsions that can be further processed into polymeric 

macroporous structures in the absence of any chemical reaction. Particle adsorption at 

the oil-water interface is accomplished by choosing oils that do not completely wet the 

surface of the polymeric particles. In the case of PVDF, PTFE, and PEEK particles, for 

instance, this condition is valid when short alkanes exhibiting high interfacial tension 

with respect to water are used as oil phase. Taking poly(vinylidene difluoride), 

poly(tetrafluoroethylene), and poly(etheretherketone) particles as examples, we 
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obtained bulk porous polymers with porosities up to 82% and pore sizes within a range 

from 16 to 200 m. The high stability of the wet emulsions allows for harvesting of 

single hollow microcapsules composed of close-packed shells of polymeric particles. 

Macroporous polymers prepared by this approach may be used in many applications, as 

low-weight structural components, mechanical dampers, thermal and electrical 

insulating materials, piezoelectric electrets, scaffolds for tissue engineering, and 

encapsulants for drug delivery. 
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7 General Route for the Assembly of Functional 

Inorganic Capsules 

Abstract 

Semi-permeable, hollow capsules are attractive materials for 

the encapsulation and delivery of active agents in food processing, 

pharmaceutical and agricultural industries, and biomedicine. These 

capsules can be produced by forming a solid shell of close packed 

colloidal particles, typically polymeric particles, at the surface of 

emulsion droplets. However, current methods to prepare such 

capsules may involve multi-step chemical procedures to tailor the 

surface chemistry of particles or are limited to particles that exhibit 

inherently the right hydrophobic-hydrophilic balance to adsorb 

around emulsion droplets. In this work, we describe a general and 

simple method to fabricate semi-permeable, inorganic capsules 

from emulsion droplets stabilized by a wide variety of colloidal 

metal oxide particles. The assembly of particles at the oil-water 

interface is induced by the in situ hydrophobization of the particle 

surface through the adsorption of short amphiphilic molecules. The 

adsorption of particles at the interface leads to stable capsules 

comprised of a single layer of particles in the outer shell. Such 

capsules can be used in the wet state or can be further processed 

into dry capsules. The permeability of the capsules can be modified 

by filling the interstices between the shell particles with polymeric 

or inorganic species. Functional capsules with biocompatible, 

bioresorbable, heat resistant, chemical resistant, and magnetic 

                                                        
 I. Akartuna, E. Tervoort, A. R. Studart, L. J. Gauckler, to be submitted. 
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properties were prepared using alumina, silica, iron oxide, and 

tricalcium phosphate as particles in the shell. 

7.1 Introduction 

Semi-permeable capsules, also known as colloidosomes 1-4, can potentially be 

used in a broad range of applications for encapsulation and delivery of active agents in 

food, pharmaceutical and agricultural industries, and biomedicine 5-7. These capsules 

are typically made by forming an elastic, solid shell of close packed colloidal particles at 

the interface of emulsion droplets. Colloidosomes are produced either by mechanical 

mixing of immiscible fluids 3, 4, 8-23 or by the controlled flow of immiscible fluids 

microfluidic devices 24-27. Hollow dry capsules have also been obtained by evaporating 

the liquid phases of the wet capsules 3, 9, 14, 16, 18-20, 22, 23, 28. The permeability of capsules is 

usually defined by the size of the interstices between the colloidal particles and can be 

tuned by changing, for example, the particle size. The permeability and the elasticity of 

the capsules can also be tailored by locking the particles together through attractive 

van der Waals force 3, 12, adsorbing a polymer or polyelectrolyte to the particle shell 3, 4, 9-12, 

17, using particles of different sizes in the shell 22, coating of the capsule shell with 

additional layer of particles 11, fusing the particles together upon sintering 3, 12, 19, gelling 

or polymerizing the inner core of the capsules 13, 15, 16, 20, 22, 29-31 , or by swelling/contracting 

polymer-based particles upon changes in pH, ionic strength, and temperature 23, 30. 

The capsule shell has been made using different types of colloidal particles, 

including for example inorganic 13, 15, 20-22, 24, 25, 29, 32, polymeric 3, 4, 9, 11, 12, 16, 17, 19, 22, 24, 25, 30, 31, 33-35, 

semiconducting 8, 14, 15, metallic 24, 25, and composite 36 particles. Inorganic particles, in 

particular, are attractive due to their intrinsic functional properties such as magnetic 

(Fe3O4), catalytic (TiO2) and semi-conducting (SnO2) behavior, biocompatibility (Al2O3, 

ZrO2, SiO2, and TiO2), chemical and temperature resistance, and bioresorbability 

(calcium phosphates, bioglass). 

Despite various previous investigations on inorganic-coated capsules, most of 

the current methods to prepare such capsules are limited to a few chemical 

compositions (e.g. latex and SiO2 4, 37), usually involve multi-step chemical procedures to 

tailor the surface chemistry of particles (e.g. silanization 37, 38) or are limited to particles 

that exhibit inherently the right hydrophobic-hydrophilic balance to adsorb around 

emulsion droplets 12, 24. A general method to tailor the surface chemistry and control the 
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processing of inorganic particles of different sizes and surface chemistries into 

functional inorganic capsules is thus highly demanded. 

We describe a simple, general method for the fabrication of semi-permeable, 

functional inorganic capsules by tailoring the surface chemistry of oxide particles of 

various sizes and chemical compositions. The in situ modified particles assemble at the 

surface of oil droplets dispersed in water to form stable inorganic capsules. Large 

quantities of wet and dry capsules are thus obtained directly from oil-in-water 

emulsions stabilized by inorganic particles. To illustrate the general nature of the 

method, we provide examples of capsules coated with oxide particles that are 

chemically inert and biocompatible (Al2O3, SiO2), temperature-resistant (Al2O3, SiO2), 

magnetic (Fe3O4), and bioresorbable (β-TCP). 

7.2 Materials and methods 

7.2.1 Materials 

-Al2O3 powder (Ceralox HPA-0.5, 99.99 % Al2O3) with d50 of 200 nm, specific 

surface area of 10 m2/g, and density of 3.98 g/cm3 was purchased from Sasol North 

America Inc. (Tucson, AZ, USA). Al2O3 powder, referred to as -Al2O3, a mixture of 70% - 

and 30% -phase, with d50 of 65 nm, specific surface area of 38 m2/g, and density of 

3.6 g/cm3 was purchased from Nanophase Technologies Co. (Romeoville, IL, USA). SiO2 

powder (grade Snowtex ZL) with d50 ~ 80 nm, specific surface area of 25 m2/g, and 

density of 2.1 g/cm3 was purchased from Nissan Chemical (Houston, TX, USA). Fe3O4 

powder (> 98% Fe3O4) with d50 of 20-30 nm, specific surface area of 60 m2/g, and 

density of 4.95 g/cm3 was purchased from Nanostructured & Amorphous Materials, Inc. 

(Houston, TX; USA). β-TCP powder (≥ 96% pure) with d50 of 500 nm, specific surface 

area of 1 m2/g, and density of 3.14 g/cm3 was purchased from Fluka AG (Buchs, 

Switzerland). Octane (97% pure, Boiling temperature Tb = 125 C, Acros Organics, 

Belgium) and decalin (Decahydronaphthalene, cis/trans-isomers basis (GC),  98% 

pure, Boiling temperature Tb = 189-191 C, Riedel-de Haën, Germany) were used as 

received from the manufacturers. The short amphiphilic molecules used for particle 

modification were butyric acid, hexyl amine and octyl gallate (> 99.5%, > 98%, and 

> 99% pure, respectively, Fluka AG, Buchs, Switzerland), and propyl gallate (≥ 98%, 

Sigma-Aldrich Chemie GmbH, Germany). Polyacrylic acid (PAA, MW: 450 000, Sigma-
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Aldrich Chemie GmbH, Germany), polyethyleneimine solution (PEI, MW: 70 000, 30 wt% 

in water, Polyscience, Inc., Warrington, PA, USA), and poly-L-lysine solution (PLL, 0.1 w/v 

aqueous solution, Sigma-Aldrich Chemie GmbH, Germany) were used without 

purification. Double deionized water with an electrical resistance of 18 MΩcm was used 

in the experiments (Nanopure water system, Barnstead, USA). 2 M hydrochloric acid 

(HCl) and 1 M sodium hydroxide (NaOH) solutions (Titrisol, Fluka AG, Buchs, Switzerland) 

were used to adjust the pH. 

7.2.2 Methods 

Colloidal suspensions of -alumina, -alumina, silica, iron oxide, and β-

tricalcium phosphate particles were prepared by adding 35, 20, 35, 10, and 35 vol% of 

powder, respectively, into deionized water under steady mixing. The pH of these 

suspensions was adjusted by adding 1 M NaOH and/or 2 M HCl drop wise. It is important 

to note that the particle concentration indicated throughout this study refers to the 

solids content in the initial aqueous suspension and is not based on the emulsion total 

volume. In situ surface hydrophobization of initially hydrophilic particles was 

performed by de-agglomerating the powder for 22 h in a ball-mill using alumina milling 

balls (10 mm diameter) for -alumina suspensions and zirconia balls (5, 10, and 20 mm 

diameter) for -alumina, silica, iron oxide, and β-tricalcium phosphate suspensions with 

a ball/powder weight ratio of 2.5, followed by a gradual addition of aqueous solutions 

containing the short amphiphiles (Table 7.1). After the preparation of suspensions, 

emulsification was performed by vigorously stirring the suspension and the oil for 

3 min using a household mixer at 1040 rpm (Multimix 350 W, Braun, Spain). Surface 

charge and the isoelectric points (IEP) of the surface modified silica and -alumina 

particles were determined using the electroacoustic colloidal vibration technique 

(DT1200, Dispersion Technologies Inc., Mount Cisco, NY). Experiments were performed 

with 2 vol% suspensions of silica and -alumina particles initially surface modified with 

2.27 mmol/L hexyl amine at pH 10.4 and 6.94 mmol/L butyric acid at pH 4.75, 

respectively. 

To prepare wet capsules, the emulsions were diluted 10x with the continuous 

water phase at the pH of the initial suspensions (see Figure 11.7-A in Appendix), and 

centrifuged in 40 mL Eppendorf tubes for 1 hr at room temperature. The supernatant 

was then removed, and the creamed emulsion droplets were redispersed in water at 
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the pH of the initial suspension. This centrifugation-washing procedure was repeated 

five times. The centrifugation force for diluted emulsions containing -alumina, silica, 

and iron oxide particles was 400 rpm (19 g), 140 rpm (2 g), and 110 rpm (1 g), 

respectively. Following the washing step, creamed emulsions were further diluted with 

1000 mL water at the pH of the initial suspensions (see Figure 11.7-A in Appendix). 

Table 7.1: Conditions required for the preparation of particle stabilized oil-in-water emulsions with a 

wide range of metal oxide powders. 

Metal 

Oxide 
pH 

Suspension 

solids 

content  

(vol%) 

Amphiphile 

Amphiphile 

content 

(mmol/L) 

Oil 

Oil 

Content 

(vol%) 

Number 

Fraction of 

Particles 

Adsorbed on 

the Capsule 

Surface 

-Al2O3 4.75 20 Butyric acid 85 Decalin 82 1.07 

SiO2 10.4 35 Hexyl amine 60 Octane 72 0.43 

Fe3O4 9.9 10 Octyl gallate 44 Octane 79 0.42 

β-TCP 9.9 35 
Propyl 

gallate 
130 Octane 72 1.35 

-Al2O3 4.75 35 
Propionic 

acid 
180 Octane 72 - 

  

Strengthening of capsules was performed by first diluting the emulsions 10x 

with water at the pH of the initial suspensions and centrifuging the diluted emulsions 

1x in 40 mL Eppendorf tubes at conditions mentioned above (see Figure 11.7-B in 

Appendix). The creamed droplets were then redispersed in aqueous polyelectrolyte 

solution having an opposite charge with respect to the particles. The dispersion of 

creamed droplets and polyelectrolyte solution was mixed gently for 2 h with a 

magnetic mixer to allow the adsorption of the polyelectrolyte on the particle shells. In 

the case of silica capsules suspended in water at pH 10.4, PEI (pKa: 11) and PLL (pKa: 10.5) 

solutions were used in concentrations of 5 and 1 mg/mL, respectively, (pH 8) to 

strengthen the particle shell. For -alumina capsules at pH 4.75, PAA (pKa: 4.5) at a 
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concentration of 1 mg/mL (pH 7) was used for strengthening. To fully dissolve PAA in 

water, the PAA-water mixture was heated to ~50 °C. Following the adsorption of 

polyelectrolytes, excess polyelectrolyte and particles were removed by four repeated 

centrifugation and washing cycles at the same conditions as mentioned above. During 

each washing step, the pH of the final dispersion was maintained at pH 8 and 7 for 

silica and -alumina capsules, respectively. Creamed oil droplets (~5-10 mL) were finally 

diluted in 500-1000 mL water at pH 7-8. 

To strengthen the capsules with inorganic ionic species, oil-in-water emulsions 

stabilized by inorganic particles were first diluted 5000-7000x with the continuous 

water phase at the pH of the initial suspensions (see Figure 11.7-C in Appendix). To 

produce capsules with inorganic-organic hybrid layers, emulsions were diluted 5000-

7000x with 1 mg/mL aqueous polyelectrolyte solutions at the pH of the initial 

suspensions. For silica capsules, an aqueous solution of PLL was prepared at pH 10.4; 

while an aqueous solution of PAA at pH 4.75 was used for capsules with alumina shells. 

Strengthened dry hollow capsules were finally obtained by putting several drops of 

diluted wet capsules onto a clean aluminum SEM sample holder and drying them in air 

at room temperature for 1 day. 

The morphology and size of the emulsions and wet capsules were examined by 

an optical microscope in transmission mode (Polyvar MET, Reichert-Jung, Austria) 

connected to a digital camera (DC 300, Leica, Switzerland). Droplet size distributions of 

emulsions were determined by evaluating a set of at least 5 optical microscope images 

for each sample using the linear intercept method (Software Lince, TU Darmstadt, 

Germany). Average droplet sizes and 68% confidence intervals were obtained by fitting 

log-normal distributions to the experimental data. Optical microscope images of wet 

capsules were taken by putting a droplet of diluted emulsion between a glass object 

slide and cover glass. Imaging with a confocal laser scanning microscope (Zeiss, LSM 

510, Germany) was carried out using fluorescent silica particles (d50: 500 nm) in a 20x 

diluted octane-in-water emulsion prepared according to the procedure described by 

Akartuna et al. 39. The structure and morphology of dry hollow capsules were 

investigated by scanning electron microscopy (SEM, LEO 1530). SEM samples were 

prepared by sputtering samples with Pt for 55 s at 60 mA. 
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7.3 Results and discussion 

The assembly of hydrophilic metal oxide particles at the oil-water interface was 

accomplished by the in situ hydrophobization of the particle surface through the 

adsorption of short amphiphilic molecules 4, 39, 40. In contrast to the long-chain 

surfactants used in most previous studies to tailor particle wettability 41-49 (more than 8 

carbons in the hydrocarbon chain), the short amphiphilic molecules used in our 

approach exhibit remarkably higher solubility and critical micelle concentrations in 

water, enabling fast surface modification of high concentration of submicrometer- and 

nano-sized particles in the continuous liquid phase. Moreover, short amphiphiles alone 

are not able to stabilize the emulsions, ensuring that stabilization is only achieved 

through the formation of a shell of modified particles around the droplets rather than 

solely by the adsorption of surface active molecules at the oil-water interface. 

On the basis of our previous work 39, colloidal particles of -alumina, silica, iron 

oxide, and β-tricalcium phosphate were in situ surface hydrophobized in water upon 

adsorption of butyric acid, hexyl amine, octyl gallate, and propyl gallate, respectively. 

For -alumina and silica particles, surface modification was induced by the electrostatic 

attraction of butyic acid and hexyl amine molecules onto the oppositely charged 

alumina and silica particles, respectively, at pHs in the vicinity of the pKa values of the 

short amphiphiles. In the case of iron oxide and β-tricalcium phosphate particles, the 

surface hydrophobization was achieved through a ligand exchange reaction between 

the hydroxyl groups of the gallate molecules and the hydroxyl groups on the particle 

surface 50. 

Once the surface of the colloidal particles was in situ modified in water, 

mechanical shearing of a mixture of oil and the aqueous suspensions of modified 

particles led to formation of stable oil-in-water emulsions. Stabilization of the oil-water 

interface with surface modified -alumina, silica, iron oxide, and β-tricalcium 

phosphate particles enabled emulsification of 72 to 82 vol% of oil throughout the 

suspension (Table 7.1). Due to the very high particle concentrations in the initial 

aqueous suspensions, only a fraction of those particles (0.42 to 1.35) is required to form 

a monolayer coating on the surface of the newly formed oil droplets (Table 7.1). 

Oil-in-water emulsions prepared from high concentrations of alumina, silica, 

iron oxide, and β-tricalcium phosphate particles in the initial suspensions showed 

remarkable stability against coalescence, Ostwald ripening, and creaming. No 
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significant change was observed in the droplet size distributions of the emulsions for 

more than four years after preparation. This is illustrated in Figure 7.1.a, b and Figure 

11.8 in Appendix for the case of oil-in-water emulsions prepared with -alumina 

particles modified with propionic acid. This long-term stability of the emulsions is 

based on the strong attachment of the modified colloidal particles onto the interface of 

emulsion droplets 51, 52. Particles irreversibly adsorbed at the oil-water interface impede 

the rupture of the thin film between adjacent droplets and possibly also the shrinkage 

of droplets due to Ostwald ripening, allowing thus for the stabilization of emulsions 

over long periods of time 52. 

The long-term stability enabled the production of stable wet capsules by simply 

diluting the particle-stabilized emulsions with the continuous water phase. To 

fabricate capsules comprising a solid shell of inorganic particles, the concentrated oil-

in-water emulsions were first 10x diluted, then gently centrifuged and finally washed 

with water to separate the emulsion droplets from the non-adsorbed particles and 

amphiphiles (Figure 11.7-A in Appendix). After five centrifugation-washing cycles, stable 

wet capsules were obtained as exemplified in Figure 7.1.c for silica capsules. The 

particle-coated capsules did not coalesce under the high centrifuging forces arising 

during multiple centrifugation-washing cycles. Unruptured wet capsules of -alumina, 

silica, iron oxide, and β-tricalcium phosphate were easily obtained following this 

approach (Figure 11.9 in Appendix). The ability of the wet capsules to resist coalescence 

under high external forces results from the strong adsorption of particles at the oil-

water interface, which ultimately protects the droplets against fusion. 
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Figure 7.1: a) Optical microscope images of α-alumina stabilized-emulsions taken 

(a) just after emulsification and (b) 4 years after emulsification, c) Optical 

microscope image of wet capsules prepared with silica particles following five 

sequential centrifugation and washing cycles. Inset: Confocal scanning laser 

micrograph of a wet capsule composed of fluorescent silica particles, d) Hollow 

capsules obtained by drying of wet capsules in a. Inset: Scanning electron 

microscope image of a dry, hollow capsule comprised of a single layer of silica 

particles in the outer shell. 
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Dry capsules were also prepared by further diluting the wet capsules with water 

and afterwards evaporating the oil and the water phase at 23 °C in air. The as-prepared 

hollow capsules exhibited a single layer of colloidal inorganic particles in the shell, as 

shown in Figure 7.1.d in the case of silica capsules. Most of the capsules could not 

maintain their structural integrity under the high capillary forces developed during 

drying. Many capsules were either buckled or ruptured after evaporation of the liquid 

phases (Figure 7.1.d). Some of the capsules however did survive the drying step (Figure 

7.1.d, inset). Dry hollow capsules with shells of different chemical compositions were 

obtained from emulsions stabilized by different inorganic particles, as shown in Figure 

7.2. SEM images of broken hollow capsules clearly showed that the capsule walls were 

composed of single layer of particles (Figure 7.2.a, c). In general, we observed that the 

survival probability of the capsules was higher for smaller capsules. The higher 

resistance of smaller capsules against buckling and fracture is in agreement with the 

classic theory of shells, which predicts that the critical stress required to initiate 

buckling in thin spherical shells (c) is given by 53: 

2

22

2
3(1 )

c
Et
r







              Eq. 7.1 

where E is the Young’s modulus, t is the shell thickness,  is the Poisson ratio and r is 

the droplet radius. Even though Eq. 7.1 also predicts a dependence of the critical stress 

on the shell thickness, the thickness of the capsules did not vary significantly among 

the investigated systems to allow for a clear differentiation in buckling behavior. 

Since buckling is caused by capillary forces on the droplet surface during drying, 

we estimated the critical shell stiffness E required to avoid buckling by simply equating 

the critical stress c (in Eq. 7.1) to the capillary pressure developed across the droplet 

surface during drying, /r (where  is the droplet interfacial tension). Assuming an 

interfacial tension of 0.050 N/m, a droplet radius of 5 μm, a Poisson ratio of 0.3 and a 

shell thickness of 100 nm, we obtained a capillary stress of 10 kPa and a critical shell 

stiffness (Ec) of the order of 5 GPa 54, our experimental results indicate that the stiffness 

of the monolayer of particles on the droplet surface was in general lower than this 

critical threshold value. Interestingly, we also observed that the particle layer forming 

the capsule shells exhibited different types of mechanical response after the critical 
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condition for buckling was achieved. Buckling of hollow capsules comprised of silica 

and alumina particles led to a brittle-like fracture of the outer shell, while buckling of 

capsules with iron oxide shells resulted in noticeable plastic deformation of the particle 

layer (Figure 7.2). 

Strengthening of the particle layers at the droplet interface is essential to form 

wet capsules sufficiently stiff to withstand the high capillary stresses developed during 

drying (E>Ec). To increase the stiffness of the capsule shell, particles at the interface 

were locked together by adsorbing an oppositely charged polyelectrolyte to the particle 

shell through electrostatic interactions 3, 12, 26, 55, 56 (see Figure 11.7-B in Appendix). The pH 

values of the solutions were chosen so that the polyelectrolytes are highly ionized and 

exhibit high opposite charges with respect to the particles. Silica shells, for example, 

were strengthened using polycations, polyethyleneimine (PEI) or poly-L-lysine (PLL), in 

aqueous solutions at pH 8. Because modified silica particles are negatively charged at 

pH 8 (see Figure 11.10 in Appendix), both polycations can readily adsorb onto the particle 

layers. For alumina particles, polyacrylic acid (PAA) solutions were added to creamed 

capsules at pH 7. At this pH, highly negative PAA molecules can electrostatically 

assemble on the positively charged alumina particles (see Figure 11.10 in Appendix). No 

desorption of modified particles from the oil-water interface was observed after the 

addition of polyelectrolytes, confirming that these molecules are not sufficiently 

surface active to displace the particles from the droplet surface. 

Strengthening of capsules with polyelectrolytes allowed for the production of 

hollow dry capsules with intact shells, as shown in Figure 7.3 for silica and -alumina 

capsules. As much as 95% of the original capsules had their structure preserved in the 

dried state. The polyelectrolyte layer covering the particle shells of the capsules were 

confirmed by electron microscopy of dry capsules, which indicated the formation of a 

smooth layer on the capsule outer surface (Figure 7.3). Increasing the polyelectrolyte 

concentration in the aqueous solution resulted in dry capsules with a denser 

polyelectrolyte layer around the particle shell, as shown in Figure 7.3.b, c for silica 

capsules strengthened by PLL. Furthermore, the formation of a polyelectrolyte layer 

onto the particle shells has been shown to decrease the permeability of the capsule by 

filling in the interstitial pores between the particles 26. Thus, adjusting the molecular 

weight and the concentration of the polyelectrolyte should enable one to tune the 

strength and the permeability of the inorganic capsules in a controlled way. 
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Figure 7.2: SEM images of dried capsules prepared after centrifugation and 

dilution of wet capsules formed by different inorganic particles. a) Broken silica 

capsule; b) Intact silica capsule; c) Broken, hollow capsule composed of -alumina 

particles; d) Intact -alumina capsule; e) Broken and stable capsules composed of 

magnetite particle shells; f) Dry β-TCP capsules obtained after dilution of wet 

capsules. 
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Figure 7.3: SEM images of dry capsules obtained after drying of centrifuged silica 

and -alumina stabilized wet capsules strengthened with different 

polyelectrolytes. a) Dry -alumina capsule strengthened with 1 mg/mL PAA at pH 

7; b) Dry silica capsule strengthened with 0.3 mg/mL PLL at pH 8; c) Dry silica 

capsule strengthened with 1 mg/mL PLL at pH 8; d) Dry silica capsule 

strengthened with 5 mg/mL PEI at pH 8. 

Besides the polyelectrolytes, we observed that the simple evaporation of the 

aqueous phase of highly diluted, unwashed emulsions also leads to the formation of a 

smooth dense layer on the capsule surface. Dilution of the particle stabilized oil-in-

water emulsions with the continuous water phase at a pH in the vicinity of the pKa 
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values of the amphiphiles, for example, resulted in intact, highly stable wet capsules 

with a smooth surface, as illustrated in Figure 7.4.a, b for -alumina and silica capsules. 

The smooth, dense layer formed on the capsule surface is considerably thinner than the 

particle diameter (80 nm) and probably results from the precipitation of Al3+ and SiO4
4- 

ions initially dissolved from the particles into the continuous phase 57. 

The morphology of these dense capsule shells could be further changed by 

adding polyelectrolytes into the continuous aqueous phase. The adsorption of the 

added polyelectrolytes onto the inorganic shells led to formation of hollow capsules 

with inorganic-organic hybrid layers of high roughness and surface area (Figure 7.4.c, 

d). Capsules with such rough surface might be advantageous in applications requiring 

fast dissolution of the hybrid wall or high density of adsorption/reaction sites on the 

capsule surface. 
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Figure 7.4: SEM images of dry inorganic capsules obtained after dilution of 

unwashed -alumina and silica stabilized wet capsules with the continuous water 

phase. a) Dry -alumina capsule after dilution 5000x with water at pH 4.75; b) Dry 

silica capsule after dilution 5000x with water at pH 10.4; c) Silica capsules 

strengthened with 1 mg/mL PLL following dilution 5000x with water at pH 10.4; d) 

Silica capsules in c at higher magnification. 
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7.4 Conclusions 

The general and versatile method described here allows for the straightforward 

fabrication of large quantities of semi-permeable inorganic capsules with different 

functionalities. Stable wet capsules were formed through the assembly of in situ 

surface modified metal oxide particles onto the surface of oil droplets in an oil-in-water 

emulsion. Different amphiphiles were used for surface modification depending on the 

surface chemistry of the oxide particles, resulting in a powerful toolbox for the 

preparation of inorganic capsules of different chemical compositions. Although only 

oil-in-water emulsions were investigated in this work, the same set of amphiphilic 

molecules can also be used for the preparation of water-in-oil emulsions 58, which 

further extends the broad applicability of this method. Strengthening of particle shells 

through the adsorption of polyelectrolytes or the deposition of inorganic ionic species 

on the droplet surface enabled the fabrication of hollow, dry capsules with structural 

rigidity upon drying of the wet capsules. In addition to the strengthening effect, 

polyelectrolytes and inorganic species should also change the permeability and surface 

roughness of the capsule walls, and impart further versatility to this approach. The 

same concepts outlined here can also be extended to other oxide particles and 

potentially metallic particles with a surface oxide layer, following the rationale 

described in our earlier investigations 39, 59. The biocompatibility, bioresorbability, heat 

resistance, chemical inertness and magnetic properties of the inorganic capsules 

produced by this simple route can potentially be explored for the fabrication of new, 

functional delivery systems in food, chemical and biochemical applications. 
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8 Rheology of Oil-in-Water Emulsions Stabilized 

by In Situ Modified Colloidal Particles 

Abstract 

The rheological properties of particle-stabilized oil-in-water 

emulsions such as viscosity, yield stress and storage modulus, and 

their dependence on amphiphile length, amphiphile concentration, 

solids content, and oil content is studied to describe possible 

mechanisms that determine the final droplet size of emulsions. 

High volume stable emulsions are prepared using in situ surface 

modified alumina particles. The surface modification of particles is 

accomplished by adsorption of short amphiphilic carboxylic acids on 

the particle surface. To evaluate the interrelation between the 

variables and the emulsion rheology, a model from literature is 

applied to the experimental data. In agreement with the model, the 

final droplet size of emulsions is tailored by the interfacial tension of 

the suspension-oil interface, the viscosity of emulsions, and the 

shear rate during mixing. The rheological properties such as 

viscosity, yield stress and storage modulus, and the interfacial 

tension of the suspension-oil interface are controlled by adjusting 

the amounts of short amphiphiles, particles, and oil phase. 
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8.1 Introduction 

Emulsions are encountered in a widespread field of applications ranging from 

food products and pharmaceuticals to cosmetics and petroleum products. It is 

therefore important to control the emulsion properties such as droplet size, long-term 

stability, and rheological behaviour which would enable new possibilities for further 

applications. 

Emulsions are complex fluids that can have a flow behaviour varying from 

Newtonian to highly viscoelastic, non-Newtonian. Despite being comprised solely of 

fluids, emulsions consisting of highly concentrated droplets can possess a remarkable 

shear rigidity that is characteristic of a solid 1, 2. Such emulsions exhibit a plastic-like 

response to shear deformations; for small deformations they resist the shear elastically, 

with the stress being linearly proportional to the strain; and for large deformations 

they yield and flow 1, 3. The change from linear to non-linear stress-strain relationship 

can be characterized by a yield stress and a yield strain, which mark the departure of 

the macroscopic droplet structure from its initial, unsheared configuration. For stresses 

higher than yield stress, the emulsion flows irreversibly; creating a residual 

deformation. During steady shear flow, the strain rate dependence of the stress reflects 

the interplay of dissipative mechanisms like fluid flow and droplet rearrangements 

with storage mechanisms like deformation. Thus, the flow properties of concentrated 

emulsions depend on the packing and deformation of the droplets, and on their 

intrinsic elasticity 3, 4. 

The elasticity of droplets and the degree of deformation were first investigated 

in the theoretical treatments derived by Taylor 5. Although other alternative approaches 
6, 7 have been proposed since then, the adaptation of the Taylor’s theoretical approach 

by Welch et al. 1 is the most suitable one for particle-stabilized emulsions. 
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Scheme 8.1: Schematic of droplet rupture under shear. 

According to this adapted Taylor model, when an undeformed spherical oil 

droplet as shown in Scheme 8.1 with viscosity i and radius R0 is sheared in a fluid 

(emulsion) of viscosity of eff, the droplet deforms into an ellipsoid or elongated cylinder 

if the applied shear stress eff  overcomes the interfacial stress /R0, where   is the 

shear rate and  is the interfacial tension (1). When the capillary number (Ca), the ratio 

between the shear stress and the interfacial stress, exceeds a critical value, Cacrit, the 

elongated droplet will rupture into smaller droplets of average radius R (2). As shown by 

Taylor 5 and Grace 8, Cacrit is a function of the ratio between viscosity of oil, i and the 

viscosity of emulsion, eff. Based on this adapted Taylor model, the trend in the final 

droplet size of emulsions (R) can be determined from Eq. 8.1 1: 

crit
eff

R Ca 
 


      Eq. 8.1 

Using Eq. 8.1, the final droplet size can be defined directly proportional to the 

critical value Cacrit, and the interfacial tension of oil-water interface (), and inversely 

proportional to the emulsion viscosity (eff) and shear rate ( ). 

When the maximum applied shear stress (eff ) is assumed to be equal to the 

yield stress (yield) of the emulsion, Eq. 8.1 can be rewritten as 

crit
Yield

Ca
R
       Eq. 8.2 
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and the influence of yield stress on the final droplet size can be described. Additionally, 

with Eq. 8.2, the elasticity of emulsions can be defined as a function of the interfacial 

stress (Laplace pressure, (/R)) of the droplet. 

Here the rheological properties of particle stabilized oil-in-water emulsions such 

as viscosity, yield stress and storage modulus, and their dependence on amphiphile 

length, amphiphile concentration, solids content, and oil content are studied to 

describe possible mechanisms that determine the final droplet size of emulsions. High 

volume particle stabilized emulsions are prepared using in situ modification of alumina 

particles with short carboxylic acids. To evaluate the interrelation between the 

variables and the emulsion rheology, the Taylor model is applied to the experimental 

data. 

8.2 Materials and methods 

8.2.1 Materials 

The -alumina particles used were purchased from Sasol North America Inc. 

(Ceralox HPA-0.5, 99.99% Al2O3, Tucson, AZ, USA). They had an average particle 

diameter, d50, of 200 nm, specific surface area of 10 m2/g, and density of 3.98 g/cm3. 

Octane (97% pure, boiling temperature Tb = 125 C, Acros Organics, Belgium) was used 

as received for the preparation of the emulsions. The short carboxylic acids used for the 

experiments were propionic acid (99% pure, Sigma-Aldrich Chemie GmbH, Germany), 

butyric acid (> 99.5% (GC) pure, Fluka AG, Buchs, Switzerland), valeric acid (99% pure, 

Sigma-Aldrich Chemie GmbH, Germany). Double deionized water with an electrical 

resistance of 18 MΩcm was used in the experiments (Nanopure water system, 

Barnstead, USA). 2 M hydrochloric acid (HCl) and 1 M sodium hydroxide (NaOH) solutions 

(Titrisol, Fluka AG, Buchs, Switzerland) were used to adjust the pH. 

8.2.2 Preparation of suspensions 

Colloidal suspensions of 58 vol% alumina were prepared by dispersing alumina 

powder in double deionized water. For alumina particles to be modified with propionic 

acid concentrations of 131 mmol/L and higher, powders were added to aqueous 

solutions containing 54 mmol/L of propionic acid. In the case of other suspensions, pH 

was maintained at values below 5 by adding small aliquots of 2 N HCl solution. 



    Rheology of Oil-in-Water Emulsions  � 131 

To de-agglomerate the colloidal particles in the aqueous phase, suspensions 

were ball-milled in polyethylene bottles for 22 h using alumina milling balls (10 mm 

diameter, ball/powder weight ratio of 2.5). After ball-milling, the slurry was transferred 

to a glass beaker and the surface modifier, dissolved in a solution of double deionised 

water, and 1 N NaOH was added dropwise to the suspension. The suspension with the 

surface modifier was then stirred using a magnetic stirrer and the pH of the suspension 

was adjusted to 4.75 by adding 1 N NaOH and/or 2 N HCl dropwise. 

8.2.3 Preparation and characterization of oil-in-water emulsions 

Once the desired solids and amphiphile contents were set, the suspension was 

put in a polyethylene (PE) beaker. Emulsification was performed by vigorously stirring 

the suspension and the oil phase for 3 min, unless mentioned otherwise, using a 

household mixer at full power (Multimix 350 W, Braun, Spain). Droplet size 

distributions were determined by evaluating a set of at least five optical microscope 

images for each composition using the linear intercept method (software Lince, TU 

Darmstadt, Germany). Average droplet sizes and 68% confidence intervals were 

obtained by fitting log-normal distributions to the experimental data. Rheology 

measurements were performed at 25 °C using a stress-controlled rheometer (Bohlin-

Rheometer CS-50, Bohlin, England) with profiled parallel-plate geometry (25 mm plate 

diameter). Experiments were carried out with a mechanically set gap of 1000 μm. A 

water trap was used to prevent evaporation during measurements. For each emulsion, 

measurements were performed three times. Oscillatory measurements were 

conducted at a constant frequency of 1 Hz by gradually increasing the maximum 

applied stress from 10 to 1000 Pa. Storage modulus (G') was determined by making a 

linear fit to the linearly decreasing part of the log G'-log shear rate curve. The yield 

stress was determined as the intersection point of the regression line obtained in the 

linearly decreasing part of the storage modulus curve and the one obtained in the 

linear viscoelastic regime. Steady-state experiments were carried out by progressively 

increasing the applied stress from 200 to 1000 Pa. For the evaluation of emulsion 

viscosity, the viscosity values were taken at a shear rate below the yield point where 

emulsion fracture does not take place 3, 4. Hence the viscosities were determined at a 

shear rate of 0.0158 1/s as no yielding was observed at this point for all samples. 
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8.3 Results and discussion 

All particle-stabilized emulsions show viscoelastic behavior with a noticeable 

yield stress. For small deformations, they resist the shear elastically and for larger 

deformations they flow irreversibly. The change from linear to non-linear character can 

be characterized by the yield stress. The typical example of an oil-in-water emulsion 

containing 35 vol% alumina particles modified with propionic acid is depicted in Figure 

4.3, Chapter 4. Under steady-state conditions, emulsions stabilized with different types 

of the particles show a typical shear-thinning behavior with a decrease in apparent 

viscosity as the shear rate is increased (Figure 4.3, Chapter 4). 

Table 8.1: Effect of amphiphile concentration on yield stress, storage modulus (G'), and viscosity 

(eff) of oil-in-water emulsions containing 72 vol% oil and aqueous suspensions of 35 vol% alumina 

particles at pH 4.75. 

Propionic Acid 
(mmol/L) 

Yield Stress 
(kPa) 

G’ 
(kPa) 

eff 
(kPa.s) 

29 0.13 2.36 8.2 
87 0.23 14.48 15.8 
131 0.49 48.37 70.7 
180 0.43 40.44 26.9 
206 0.45 33.06 26.1 

  
Butyric Acid 

(mmol/L) 
Yield Stress 

(kPa) 
G’ 

(kPa) 
eff 

(kPa.s) 
10 0.15 2.94 11.1 
30 0.20 20.28 17.9 
50 0.67 110.62 40.1 
70 0.24 19.66 16.7 
90 0.12 12.02 11.5 

  
Valeric Acid 

(mmol/L) 
Yield Stress 

(kPa) 
G’ 

(kPa) 
eff 

(kPa.s) 
10 0.21 19.21 17.0 
20 0.30 42.91 17.3 
25 0.40 70.83 28.0 
30 0.19 29.39 15.1 
40 0.21 33.31 19.1 

  

8.3.1 Effect of amphiphile concentration 

The influence of amphiphile concentration on the yield stress, storage modulus, 

and viscosity of oil-in-water emulsions containing 72 vol% oil and aqueous suspensions 
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of 35 vol% alumina particles are shown in Table 8.1 for different carboxylic acids. The 

emulsions exhibit the highest yield stress, storage modulus, and viscosity values at 

propionic acid, butyric acid, and valeric acid concentrations of 131, 50, and 25 mmol/L, 

respectively. For carboxylic acid concentrations lower and higher than these “optimum” 

amounts, the values of yield stress, storage modulus, and viscosity are decreasing. 

The increase in the viscosity of emulsions with increasing amphiphile 

concentration below these optimum concentrations is mainly due to increased 

attraction forces between the particles. As the amount of amphiphiles in the initial 

suspension is increased, the thickness of the double layer around the particles is 

reduced due to the screening of the charge on the particle surface. Thus, the attractive 

forces are more effective than the repulsive forces, leading to higher viscosities. 

However, at concentrations above the optimum concentrations, the ionic strength of 

the external phase might decrease due to partitioning of the amphiphiles from the 

external phase to the oil phase, leading to a decrease in the viscosity of emulsions. 

 

Figure 8.1: The dependence of the critical capillary number (Cacrit) on the ratio (p) 

between the viscosity of the dispersed phase (d) and the viscosity of the 

continuous phase (c) based on the data obtained from the works of Grace et al. 8 

and Janssen et al. 9. 
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According to Eq. 8.1, the final droplet size of emulsions should be proportional to 

the ratio Cacrit/eff. Critical capillary numbers (Cacrit) were calculated assuming simple 

shear conditions. The dependence of the Cacrit values on the viscosity ratio p of the 

dispersed (d) and the continuous phase (c) is depicted in Figure 8.1 and was obtained 

based on the data from the works of Grace et al. 8 and Janssen et al. 9. For p<0.12, the 

data was defined by Eq. 8.3: 

8029.05472.0  pCacrit     Eq. 8.3 

The viscosity of octane was taken as 5.42*10-4 Pas 10 and the interfacial tension 

values were taken from our previous work 11. 

Table 8.2: Initial amphiphile concentration in the suspension, interfacial tension () between 

octane-suspension, critical capillary number (Cacrit), emulsion droplet size determined from the 

experiments (d50, experimental) and the Taylor model ((Cacrit)/eff), and simplified Laplace pressure 

of the oil-in-water emulsions prepared with 72 vol% octane (oil to water volume ratio of 4) and 

35 vol% particles in the aqueous phase (particle to water volume ratio of 0.54). 

Propionic Acid  
(mmol/L) 

 
(N/m) Cacrit 

d50, experimental 
(μm) (Cacrit)/eff /R 

29 0.046 1338.16 22.69 0.0076 2058.77 
87 0.041 1915.93 20.38 0.0049 1980.81 
131 0.034 4350.00 11.62 0.0021 2909.29 
180 0.033 2563.53 10.77 0.0032 3105.05 
206 0.032 2521.53 13.35 0.0031 2430.71 

  
Butyric Acid 

(mmol/L) 
 

(N/m) Cacrit 
d50, experimental 

(μm) (Cacrit)/eff /R 

10 0.049 1579.32 13.13 0.0070 3740.29 
30 0.045 2051.33 15.94 0.0051 2808.03 
50 0.041 3189.50 15.64 0.0032 2592.71 
70 0.032 1974.90 15.94 0.0038 2012.55 
90 0.028 1610.22 17.16 0.0039 1620.05 

  
Valeric  

Acid 
(mmol/L) 

 
(N/m) Cacrit 

d50, experimental 
(μm) (Cacrit)/eff /R 

10 0.046 1994.23 19.92 0.0054 2332.00 
20 0.041 2013.42 19.56 0.0047 2086.16 
25 0.038 2620.38 16.43 0.0036 2337.29 
30 0.031 1869.00 19.03 0.0039 1645.25 
40 0.027 2125.48 15.22 0.0031 1808.30 
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Figure 8.2 Effect of amphiphile concentration on the average droplet sizes (□) and 

the (Cacrit)/eff ratios (∆) of oil-in-water emulsions prepared by mixing 72 vol% 

octane with 35 vol% alumina particles in situ surface modified with a) propionic 

acid, b) butyric acid, and c) valeric acid in the aqueous phase at pH 4.75. 
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The data for interfacial tension between octane-suspension, critical capillary 

number, and average droplet size determined from the experiments and the Taylor 

model for different carboxylic acid concentrations in suspensions are shown in Table 

8.2. The experimentally measured droplet size, R and the calculated ratio, Cacrit/eff for 

emulsions with different carboxylic acids concentrations are compared in Figure 8.2. 

The trends in all curves demonstrate that the measured droplet sizes are consistent 

with the ratio Cacrit/eff for emulsions containing different amphiphile concentrations. 

The results show a good agreement between experimental data and theoretical 

predictions. 

 

Figure 8.3: Average droplet size of oil-in-water emulsions as a function of 

(Cacrit)/eff ratios derived from the Taylor model for different carboxylic acids. 

The emulsions were prepared with 35 vol% alumina particles in the initial 

suspension and 72 vol% octane in the final emulsion. 

The correlation between the measured final droplet size of emulsions and the 

calculated Cacrit/eff ratio can be demonstrated for different carboxylic acids in a 

master curve in Figure 8.3. The linear trend in the average droplet size-Cacrit/eff ratio 

curve (Figure 8.3) shows that the viscosity of the emulsions, the interfacial tension of 

the oil-water interface, and the critical capillary number play a significant role in 
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determining the final droplet size of emulsions. The average droplet size decreases with 

increasing emulsion viscosity and decreasing surface tension. Low critical capillary 

numbers also lead to much smaller emulsion droplet sizes. 

 

Figure 8.4: (a) Yield stress, (b) Storage modulus (G') of alumina-stabilized oil-in-

water emulsions as a function of /R ratio derived from the Taylor model for 

different carboxylic acids. The emulsions were prepared with 35 vol% alumina 

particles in the initial suspension and 72 vol% octane in the final emulsion. 
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According to Eq. 8.2, the final droplet size decreases with decreasing surface 

tension and increasing applied yield stress of the emulsions. The experimentally 

measured yield stress of the emulsions containing different carboxylic acids amounts is 

plotted as a function of /R ratio derived from the Taylor model in Figure 8.4.a. The 

curve shows a good agreement with Eq. 8.2. High yield stresses correspond to higher 

/R ratios, which lead to much smaller droplet sizes. This consistency proves that the 

final droplet size of particle-stabilized emulsions can be controlled by the shearing of 

larger droplets during mixing. 

The storage modulus of emulsions with different carboxylic acids amounts as a 

function of the Laplace pressure (/R) is shown in Figure 8.4.b. The observed scaling by 

the Laplace pressure confirms the essential role of the interfacial energy on the 

elasticity of emulsions. The storage moduli increase linearly with Laplace pressure for 

all carboxylic acid concentrations. At high Laplace pressures, the storage moduli 

increase with decreasing average droplet sizes. 

Table 8.3: Effect of particle concentration on yield stress, storage modulus (G'), 

and viscosity (eff) of oil-in-water emulsions prepared at a fixed oil to water ratio 

of 4 and with a propionic acid concentration of 0.45 wt% relative to the weight of 

alumina at pH 4.75. 

Particle 
Concentration 

(vol%) 

Yield Stress 
(kPa) 

G 
(kPa) 

eff 
(kPa.s) 

15 0.21 7.87 13.12 
25 0.18 8.87 12.22 
35 0.49 48.37 70.70 
40 0.93 83.44 57.14 

  

8.3.2 Effect of particle concentration 

The yield stress, storage modulus, and viscosity values at different particle 

concentrations were investigated for oil-in-water emulsions prepared at a fixed oil to 

water ratio of 4 with a 0.45 wt% propionic acid. Rheological properties of octane-in-

water emulsions are shown in Table 8.3 for different particle concentrations. The yield 

stress, storage modulus, and viscosity of emulsions increase with increasing particle 

amount in the initial suspension. 
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Table 8.4: Effect of oil content on yield stress, storage modulus (G'), and viscosity (eff) 

of oil-in-water emulsions prepared by mixing octane with 35 vol% alumina 

suspensions containing an initial propionic acid concentration of 131 mmol/L at pH 

4.75. The amount of oil phase was calculated with respect to the emulsion total 

volume (water + particles + oil). 

Oil Content 
(vol%) 

Yield Stress 
(kPa) 

G 
(kPa) 

eff 
(kPa.s) 

30 0.16 6.36 12.25 
50 0.15 8.01 11.65 
72 0.49 48.37 70.70 

  

8.3.3 Effect of oil content 

The yield stress, storage modulus, and viscosity values at different oil 

concentrations were investigated for oil-in-water emulsions containing 35 vol% 

alumina particles and 131 mmol/L propionic acid in the initial suspension, and 30, 50, 

and 72 vol% octane in the final emulsion. The data in Table 8.4 shows that an increase 

in the oil content leads to higher yield stress, storage modulus, and viscosity values for 

the emulsions. 

8.4 Conclusions 

Average droplet size of particle-stabilized emulsions is determined by the 

rheological behaviour of emulsions and the interfacial tension between the suspension 

and the oil phase. These properties are tailored by adjusting the amount of carboxylic 

acids, particles, and oil phase. This interrelation between the average droplet size, 

rheological properties, and interfacial tension is described with the Taylor model. In 

agreement with the model, the final droplet sizes of emulsions are adjusted by the 

interfacial tension of the suspension-oil interface, the viscosity of the emulsions, and 

the shear rate during mixing. An increase in the emulsion viscosity and a decrease in 

the interfacial tension lead to emulsions with smaller average droplet sizes. The 

emulsions with small droplet sizes exhibit higher stiffness and yield stress values. 
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9 Conclusions 

A simple and general approach is developed for the preparation of stable 

particle-stabilized emulsions through the in situ surface modification of a high 

concentration of particles with different surface chemistries and for the application of 

these emulsions as templates to fabricate colloidal capsules and macroporous 

materials. 

Oil-in-water and water-in-oil emulsions are formed using colloidal inorganic 

particles that are in situ surface hydrophobized through the adsorption of short 

amphiphiles. The high solubility and critical micelle concentrations of short 

amphiphiles in liquid phases allow the in situ surface hydrophobization of high 

concentration of initially hydrophilic particles. The type of the emulsions is determined 

by the original location of the particles prior to emulsification. The continuous phase of 

the emulsions is comprised of the liquid in which the particles are originally dispersed 

and surface modified. The microstructure of the particle-stabilized emulsions is tailored 

by adjusting the composition of the initial suspensions and the amount of the 

dispersed phase. Droplet size distributions and average droplet sizes of particle-

stabilized emulsions are determined by the rheological behaviour of emulsions and the 

interfacial tension between the suspension and the oil phase. An increase in the 

emulsion viscosity and a decrease in the interfacial tension lead to emulsions with 

smaller average droplet sizes. Preparation of emulsions using this new approach 

enables the long-term stability of emulsions. For instance, octane-in-water emulsions 

containing alumina particles surface hydrophobized with short carboxylic acids show 

remarkable stability against coalescence, Ostwald ripening, and creaming for more 

than two years after emulsification. 

The particle-stabilized emulsions exhibit viscoelastic behavior with a high yield 

stress. The liquid-like behavior at stresses higher than the yield stress enables the 

injection or the deposition of the emulsions into molds or onto substrates using 

conventional technologies such as injection molding, extrusion, robocasting, ink-jet 

printing, and screen-printing. The elastic behavior obtained when the stresses are 

ceased after deposition allows for the emulsion to keep its shape without requiring any 



142  Chapter 9 

further gelation or strengthening reaction. Furthermore, slight dilution of the 

emulsions with the continuous phase enables the preparation of fluid emulsions that 

can be easily poured or used for dip coating, spin coating, or spray deposition on 

substrates. 

The long-term stability of emulsions also allows the fabrication of colloidal 

capsules that can be interesting for the encapsulation and delivery of active agents in 

food processing, pharmaceutical and agricultural industries, and biomedicine. Dilution 

of wet emulsions leads to large number of wet colloidal capsules, which can be further 

dried to harvest single inorganic hollow capsules. The structural rigidity of the capsules 

is achieved by the close-packed particle shell surrounding each droplet. The 

permeability of the inorganic capsules is defined by the interstices between the 

particles and is controlled by the size of the particles at the interface. Stabilization of 

the particle shells through the adsorption of polyelectrolytes to the capsule outer shell 

further allows for the fine tuning of the capsule permeability and results in hollow 

capsules with rigid walls. 

In addition to the high stability of emulsions, their viscoelastic behavior allows 

the processing of particle-stabilized emulsions into porous structures of various shapes 

and chemical compositions. The microstructure and the porosity of macroporous 

ceramics are tailored from homogeneous to hierarchical pore structures by changing 

the oil content in the initial emulsions. This variation in the pore structure and porosity 

is attained upon incorporation of air bubbles into the matrix of oil droplets during 

shearing of the particle-oil-water mixtures. Sintering of such mixtures result in 

macroporous structures with pore distributions at length scales differing by one order 

of magnitude. The sintered porous ceramics exhibit either completely closed pores or 

pores with interconnectivity. The interconnectivity in the pore structure is adjusted by 

changing the type of the inorganic particles or the amount of particles in the original 

suspension. Moreover, tuning the microstructure of the porous ceramics allows 

porosities within the range of 72%–96% and mechanical strength levels between 1-

13 MPa. 

The use of colloidal polymeric particles instead of inorganic particles leads to 

preparation of stable water-in-oil emulsions and macroporous polymers in the absence 

of any chemical reaction. The adsorption of polymeric particles at the oil-water 

interface is accomplished by slightly reducing the wettability of the particles in the oil 

continuous phase where they are initially dispersed. The high stability of the wet 
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polymeric emulsions also allows the harvesting of single hollow microcapsules 

composed of close-packed shells of polymeric particles. 

The method described in this thesis can be applied for the stabilization of 

emulsions with a large variety of metal oxide and polymeric particles as well as metallic 

particles. This versatile approach should thus allow for the preparation of stable 

emulsions that can be of interest in a variety of applications, including materials 

manufacturing, food, cosmetics, and pharmaceutical and agricultural products. 

Macroporous materials fabricated by this approach can be attractive as low-weight 

structural components, porous media for chemical and biological separation, thermal 

and electrical insulating materials, catalyst supports, refractory filters for gases, 

electrets and scaffolds for tissue engineering, and medical implants or vehicles for 

encapsulation and delivery of active agents. 



 



       

10 Outlook 

10.1 Monosized particle-stabilized emulsions 

Emulsions are important in a variety of applications, ranging from food and 

pharmaceuticals to cosmetics and materials manufacturing. In contrast to surfactant-

stabilized emulsions, stabilization of the emulsions with colloidal particles leads to the 

enhanced stability of emulsions. However, emulsions stabilized by particles often 

exhibit highly polydisperse droplet size distributions. Their polydispersity limits their 

use in applications that require precise control over the cell size. 

Uniformity (monodispersity) in the droplet size distribution is one of the main 

challenges in emulsion production. So far, the most viable method has been the 

Fractionation procedure developed by Bibette 1. But, this method was originally 

developed for surfactant-stabilized emulsions and requires repeated fractionation of 

emulsions. The other alternative methods are the membrane extrusion and 

microfluidic devices. However, these methods are not appropriate for mass production. 

There is no general and simple method for producing monosized particle-stabilized 

emulsions. Precise control over the cell size distribution can enable fabrication of 

macroporous materials for applications such as catalytic surfaces and supports, 

adsorbents, chromatographic materials, filters, light-weight structural materials, and 

thermal, acoustic and electrical insulators, and capsules for the delivery and release of 

active materials. Thus, a new and simple method for the production of monosized 

particle-stabilized emulsions that could be easily applied to different types of 

emulsions would be highly desirable. 

10.2 Open porous materials 

One of the main of objectives of this thesis was developing a simple and 

versatile approach to produce macroporous ceramics of various shapes and chemical 

compositions. As described in previous chapters, the emulsion templating method has 

allowed tailoring the microstructure and porosity of the porous components in a single 

step process. Macroporous ceramics produced from emulsion templates exhibit mainly 
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closed pore structures due to the coating of the emulsion droplet surface with particles. 

The windows and the pore interconnectivity were achieved by changing the type of the 

inorganic particles used and the amount of particles in the original emulsions. 

In addition to these closed and interconnected pore structures; it will be also 

interesting to produce ceramics with open pore microstructures. Open pore structures 

have become very attractive as catalyst supports, filters for gases and molten metals, 

and scaffolds for tissue engineering and medical implants materials. To obtain 

materials with open pores, one possibility can be using less concentration of surface 

modified inorganic particles together with polymeric particles in the original 

suspension. The non-adsorbed short amphiphiles present in the suspension might 

decrease the interfacial tension of the oil-water interface and thus induce the 

adsorption of polymeric particles at the interface. The inorganic particles in the 

continuous phase of the emulsions might form the three dimensional particle 

networks. Adjusting the ratio between the polymeric and inorganic particles might 

allow controlling the size of the openings in the pores of the sintered emulsions. 

Alternatively, open pore ceramics can be produced from polymer emulsions 

loaded with colloidal inorganic particles. Water-in-oil emulsions stabilized with 

polymeric particles can be additionally loaded with inorganic particles. Due to the high 

stability of the particle-stabilized emulsions, such emulsions can be dried and sintered 

without any chemical reactions. During sintering, the polymeric particles coating the 

emulsion droplets and present in the continuous phase can be burned away, leaving 

behind open pores, while the inorganic particles in the continuous phase of the 

emulsion can form the three dimensional inorganic matrix as a result of densification. 

10.3 Functional colloidal capsules 

In chapter 7 of this thesis, a method for producing colloidal inorganic capsules 

from particle-stabilized emulsions is described. As a follow up for this chapter, the 

release of these inorganic capsules can be investigated and the properties of the 

capsules can be further adjusted based on the possible potential applications. 
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10.3.1 Possible Release Mechanisms 

Functional inorganic capsules described in this thesis can be very attractive 

materials for the encapsulation of active molecules due to various possible release 

mechanisms that can be selected depending on each specific application. 

The interstitial pores between the particles forming the capsule shell and the 

possibility of tuning the pore size by locking the particles via adsorption of 

polyelectrolytes can allow for sustained release through the controlled pores. In the 

case of wet capsules, the selective permeability through the interstitial pores can be 

achieved by removing the interface between the dispersed and the continuous phase 

either via co-solvent addition or centrifugation 2. Reducing the pore size upon 

decreasing the particle size or increasing the concentration of the polyelectrolyte, or 

coating the polyelectrolyte layer with smaller particles could help to control the 

permeability and release through the particle shells. 

Alternatively, the elasticity of the capsule shells can allow for controlled release 

triggered by mechanical load or shear stress. Increasing the elasticity of the capsule 

shells by adsorbing polyelectrolytes can increase the capsule resilience and help to 

withstand much higher stresses. Moreover, using colloidal particles with different 

deformation characteristics, brittle or plastic rupture, can further control the response 

of the capsules to shear stresses. 

The use of colloidal particles and polyelectrolytes for the formation of the 

capsule shells can also provide additional release strategies. For instance, by changing 

the ionic strength the permeability through the polyelectrolyte layer can be finely 

tuned. As described in previous studies 3, 4, increasing the ionic strength leads to 

increased permeability and release rate of the polyelectrolyte layers as a result of the 

weakening of the electrostatic interactions between the polyelectrolyte molecules in 

the presence of salt ions, whereas decreasing the amount of salt ions reverses the 

condition, making them less permeable again. Similarly, the permeability and the 

release of the capsules can be adjusted by changing the pH. At pH values where the 

interactions between the polyelectrolyte molecules or between the polyelectrolyte and 

the underlying particle shell, or between the interfacially adsorbed particles and the 

surface modifiers on the particle surfaces are expected to be less favorable, the 

permeability of the capsule walls can be increased 3, 4. At completely unfavorable pH 

conditions, the release can be achieved upon destabilization of the capsule wall. 
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Alternatively, addition of charged molecules either inside the capsules or to the outside 

solution can create an internal/external osmotic pressure which can trigger the 

deflation and collapse of the capsules 3, 5. 

Additionally, the release in the case of magnetic capsules comprised of iron 

oxide particle shells can be triggered upon application of external magnetic field. As 

previously shown 6, an increase in the applied magnetic field can induce destabilization 

of the capsules, which could then provide controlled release of the encapsulated 

molecules. 

As an alternative to the stimuli responsive release mechanisms, the release of 

the inorganic capsules can be further controlled by adsorbing self-degradable 

polyelectrolytes to strengthen the capsule wall 4. The use of biodegradable 

polyelectrolytes that can degrade in vivo can open up new possibilities for biomedical 

applications of the inorganic capsules. 

10.3.2 Potential Applications 

This simple and flexible approach described here can be easily applied to a wide 

variety of other metal oxide particles. Owing to their controllable permeability and 

elasticity, inorganic capsules can be used for the encapsulation of active agents such as 

drugs, proteins, vitamins, nutrients, flavors, fragrances, and pesticides. The use of 

inorganic particles to form the capsule shells can bring additional advantages 

compared to polymeric capsules. In applications where the encapsulated molecules 

should be protected against harsh conditions such as high temperatures and corrosive 

environments, inorganic particle shells can serve as inert, rigid shields isolating the 

encapsulated molecule from the capsule environment. Thus, inorganic capsules can 

prevent degradation or loss of the encapsulated agents during processing, delivery, and 

storage and provide improved handling 7-9. 

Inorganic capsules encapsulating active agents can be of interest as potential 

vehicles for drug and vaccine delivery 10. They can address a variety of needs for both 

oral 11, 12 and pulmonary drug delivery 13. For instance, in the case of dry capsules 

(d > 1 μm), the low mass density attained as a result of the capsule porosity can permit 

efficient aerosolization and increased bioavailability of therapeutics, making the porous 

capsules attractive carriers for inhalation therapies 13-16. The sustained or controlled 

release of the therapeutic agents encapsulated by the inhaled or orally administered 
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capsules can occur either through the controlled pores or in response to external 

stimuli such as an electric or magnetic field or mechanical load, or to changes in the 

capsule environment (pH, ionic strength, internal/external osmotic pressure). 

Furthermore, direct specific targeting to tissues or antigen-presenting cells can be 

achieved by conjugating a targeting ligand or an antibody on the capsule surface 12, 17. 

Additionally, the chemical inertness and the nontoxic character of the inorganic 

particle shells could allow for the viability of capsules as bioreactors 7, 18. Immobilization 

of cells, hormones, enzymes, and antibodies inside the inorganic capsules can provide 

better protection and handling of biomolecules in various bioprocesses 7. 

Another important application possibility for inorganic capsules can be 

radiotherapy and hyperthermia treatments for cancer. Capsules with iron oxide particle 

shells can be useful as thermoseeds for inducing hyperthermia in cancers. Once they 

are injected into tumors, they can heat the cancerous cells locally by the hysteresis loss 

under an alternating applied magnetic field 19-21. Similarly, formation of capsule shells 

from a radioactive material can also allow for the production of radioactive 

microcapsules that could be used to in situ irradiate the cancerous cells during 

radiotherapy of cancer 19. 

Dry inorganic capsules with their structural rigidity can also become attractive 

materials for powder processing. The choice of different inorganic particles and the 

controllable pore structure of the dry hollow capsules can enable the production of 

porous granules and particles in different size ranges. Moreover, these porous particles 

can be further used for the consolidation of bulk porous materials 22 which might be 

used as thermal or acoustic insulators, catalytic supports, filters, separation 

membranes, scaffolds for tissue engineering, and porous electrodes for fuel cells. 
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11 Appendix 

This chapter entails the additional graphs, tables, and information from the 

previous chapters. 

11.1 Stabilization of oil-in-water emulsions by colloidal particles 

modified with short amphiphiles 

11.1.1 Particle characterization 

The particle size of the investigated powders was characterized by scanning 

electron microscopy (SEM; LEO 1530, LEO, Oberkochen, Germany) and X-ray disc 

centrifuge sedigraph (XDC; Brookhaven Instruments Corp., Holtsville, NY, USA). The 

specific surface area was determined using a Brunauer-Emmett-Teller (BET) gas-

adsorption apparatus (Nova 1000, Quantachrome, Odelzhausen, Germany). The 

isoelectric points (IEP) of the particles were measured using the electroacoustic 

colloidal vibration technique 1 (DT-1200, Dispersion Technology, Inc., Mount Kisco, NY, 

USA). Isoelectric points at pH values 9, 9.2, 1.5, and 7.8 were obtained for the -Al2O3, -

Al2O3, SiO2, and Fe3O4 powders, respectively. 

11.1.2 Confocal laser scanning microscopy 

Fluorescent silica particles and the amphiphile hexyl amine were used for the 

confocal laser scanning microscopy images. Fluorescently-labeled silica particles (d50 ~ 

500 nm) were synthesized following the procedure described by van Blaaderen and Vrij 
2. The final particles consisted of a silica core of approximately 400 nm, a fluorescent 

layer around the core of about 10 nm and an outer silica rim of 100 nm. Concentrated 

emulsions were prepared by mixing octane and a 30 vol% silica suspension containing 

50 mmol/L of hexyl amine. Emulsification was carried out at pH 10.2 using a hand 

mixer (Bodum Schiuma 3040, Bodum AG, Switzerland). Oil droplets covered with silica 

particles were obtained by diluting 20 the initial concentrated emulsions with water. 
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The silica-coated droplets could be easily harvested for imaging in the confocal laser 

scanning microscope (Zeiss, LSM 510, Germany). To improve the quality of the optical 

images, the oil droplets were immobilized by gelling the continuous aqueous phase via 

the free radical polymerization of methoxy polyethylene glycol monomethacrylate 

using the initiator ammonium persulphate and the catalyst N,N,N',N'-

tetramethylethylenediamine, as described elsewhere in the literature 3. 

11.1.3 Determination of the partition coefficient of short carboxylic acids between 

water and octane 

The partition of amphiphiles between two immiscible liquid phases occurs 

when the molecules are soluble in both liquids, as is the case for carboxylic acids in 

octane-water mixtures. At equilibrium, the ratio between the concentration of 

molecules in the oil and the aqueous phases ( eq
OH

eq
oil CC

2
) is equal to the solubility ratio 

of these molecules in the respective phases ( OHoil SS
2

). The solubility ratio OHoil SS
2

 is 

usually referred to as the partition coefficient, Kp. 

To calculate Kp, aqueous solutions of short amphiphiles (100 mL) were gently 

mixed with an equal volume of octane (100 mL) for 24 h using a magnetic stirrer to 

avoid vortex mixing. After partitioning the aqueous amphiphile solutions were titrated 

with 0.05 N KOH solution and the partition coefficient was calculated from the relation 
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eq
OH

i
OH

P C
C

Q
K      Eq. 11.1 

where Q is the ratio between the volume of oil and water ( OHoil VV
2

), i
OHC

2
 is the initial 

concentration of amphiphiles in water and eq
OHC

2
 is the concentration of amphiphiles in 

the aqueous phase after equilibration with octane. The Kp value was determined by 

taking the average partition coefficient for a series of experiments at different 

amphiphile concentrations. 
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11.1.4 Partition of amphiphiles during emulsification 

On the basis of Eq. 11.1, one can estimate the final equilibrium concentration of 

molecules in the aqueous phase ( eq
OHC

2
), as follows 4: 
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C

Q
K      Eq. 11.2 

Using Eq. 11.2, we estimated the amount of free amphiphiles transferred from 

the initial suspensions to the oil phase in the oil-in-water emulsions prepared in this 

study. For these calculations, we used the experimentally obtained partition 

coefficients of 0.173, 0.310, and 0.880 for propionic, butyric, and valeric acids. The 

results of the calculations are displayed in Table 11.1 for initial amphiphile 

concentrations (Cadd) within the range required for emulsification of mixtures 

containing 72 vol% octane prepared from 35 vol% alumina suspensions. 

The free amphiphile concentration initially present in the aqueous phase ( i
OHC

2
) 

was estimated from previously published data on the adsorption behavior of carboxylic 

acids on alumina surfaces ( in Table 11.1) 5. In these calculations, we also assumed that 

the amounts of amphiphile adsorbed at the oil-water interface and desorbed from the 

particle surface during partition are negligible compared to the amphiphile 

concentration in the bulk phases. 

Table 11.1: Estimated equilibrium concentrations of free amphiphiles in the octane (
eq
OilC ) and 

aqueous phases (
eq

OHC
2 ) for mixtures containing 72 vol% octane prepared from 35 vol% alumina 

aqueous suspensions. CAdded, , Cads, 
i

OHC
2  and fdiff are the concentration of amphiphiles initially 

added to the suspension, the amount of amphiphiles adsorbed on the alumina surface per unit 

surface area 5, the concentration of amphiphiles initially present in water that adsorb on the 

alumina surface, the initial concentration of free amphiphiles left in the aqueous phase after 

surface adsorption ( AdsAdded CC  ), and the fraction of amphiphiles initially present in the 

aqueous phase that diffuses into the oil, respectively. Under emulsification conditions, the initial 

concentration of amphiphiles in octane (
i
OilC ) is null. 
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Free Amphiphiles 
CAdded 

(mM) 

Surface 

Coverage,  

(mol/m2) 

CAds 

(mM) i
OHC

2
 (mM) eq

OHC
2

 (mM) eq
OilC  (mM) fdiff 

Propionic acid 

29 1.21 25.93 3.07 1.81 1.26 

87 2.90 62.15 24.85 14.69 10.16 

131 3.50 75.01 55.99 33.09 22.90 

180 3.80 81.44 98.56 58.25 40.31 

206 3.90 83.58 122.42 72.35 50.07 

0.41 

Butyric acid 

10 0.41 8.79 1.21 0.54 0.67 

30 1.12 24.00 6.00 2.68 3.32 

50 1.75 37.50 12.50 5.58 6.92 

70 2.17 46.50 23.50 10.49 13.01 

90 2.49 53.36 36.64 16.36 20.28 

0.55 

Valeric acid 

10 0.45 9.64 0.36 0.08 0.28 

20 0.80 17.14 2.86 0.63 2.23 

25 0.95 20.36 4.64 1.02 3.62 

30 1.01 21.65 8.35 1.84 6.52 

40 1.41 30.22 9.78 2.15 7.63 

0.78 

  

11.1.5 Partition of amphiphiles during interfacial tension measurements 

The equilibrium concentration of amphiphiles after partition between 

immiscible phases depends strongly on the oil to water volume ratio of the mixture (Q), 

as indicated in Eq. 11.2. The oil-in-water emulsions investigated in this work (72 vol% oil) 

have a Q ratio of 4. In contrast, the Q ratios that can be achieved in the pendant drop 
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technique used for the interfacial tension measurements are typically at least two 

orders of magnitude higher than that of the oil-in-water emulsions. As a result of such 

higher Q values, diffusion of free amphiphiles from the alumina suspensions towards 

the oil phase is markedly stronger during the interfacial tension measurements than 

during the emulsification process. For a Q ratio of 1133 used here for the interfacial 

tension analysis of alumina suspensions, more than 99.5, 99.7, and 99.9 % of the free 

amphiphiles initially present in the aqueous phase are transferred to the oil phase 

during measurements with propionic, butyric, and valeric acids, respectively. This 

contrasts with the fractions of, respectively, 41, 55, and 78 % expected for these 

molecules during the emulsification process (Q = 4). 

To reduce the strong partition effect that occurs during the interfacial tension 

analysis and thus reproduce the conditions encountered during the emulsification 

process, we deliberately added amphiphiles to the oil phase prior to the pendant drop 

measurements so that the fraction of free molecules that diffuse towards the oil phase 

is the same as that observed during emulsification. The concentration of amphiphiles 

initially added to the oil phase to obtain such conditions ( i
OilC ) was estimated based on 

the Q ratio used in the interfacial tension analysis, the amphiphile partition coefficient 

Kp, the initial concentration of amphiphiles in the aqueous phase i
OHC

2
 and the 

equilibrium concentration of amphiphiles in the aqueous phase under emulsification 

conditions ( eq
OHC

2
 in Table 11.1). Taking into account mass conservation during partition, 

one can estimate the concentration i
OilC  needed to achieve an equilibrium 

concentration eq
OHC

2
 in the aqueous phase, as follows: 

 
Q

CQKC
C

i
OHp

eq
OHi

Oil
22

1 
     Eq. 11.3 

The above equation reduces to Eq. 11.2 when no amphiphile is initially present in 

the oil phase ( 0i
OilC ), as is the case for the real emulsions. 

The amphiphile concentrations, i
OilC , added to the oil phase before the 

interfacial tension measurements were obtained from Eq. 11.3 taking into account the Q 

ratios used for the interfacial tension measurements with amphiphile aqueous 

solutions (Q = 486) and amphiphile-containing alumina suspensions (Q = 1133). Using 
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this procedure, we were able to characterize the oil-water interfacial tension under the 

same conditions given in the emulsification process. 

Table 11.2: Parameters of the log-normal probability density function (Eq. 2.1, 

Chapter 2) used to describe the droplet size distributions of emulsions obtained 

after different mixing times. Emulsions were prepared with 72 vol% octane, 

40 vol% alumina particles in the aqueous phase and 0.45 wt% propionic acid 

relative to the weight of alumina at pH 4.75.  

Mixing time (min)  

1 2 3 

Nber of peaks 1 1 1 

dc (m) 19.8 7.9 7.0 

 0.64 0.36 0.32 

A 1 1 1 

68 % confidence 

interval (m) 
10.4 – 37.5 5.5 – 11.3 5.1 – 9.6 

  

11.1.6 Effect of mixing time on the emulsion microstructure 

The effect of mixing time on the emulsion droplet size distribution was 

investigated on emulsions containing 72 vol% oil, 40 vol% alumina in the aqueous 

suspensions and 0.45 wt% propionic acid relative to the weight of alumina. Figure 11.1 

and Table 11.2 show that the emulsion droplet size distribution is noticeably narrowed 

and the average droplet size is decreased by increasing the mixing time up to 2 min. No 

significant difference in the droplet size distributions were observed between 

emulsions prepared after 2 and 3 min of mixing. A similar behavior was observed for 

other emulsions prepared at the conditions indicated in the emulsification region of 

Figure 2.5 (see Chapter 2). Therefore, a standard mixing time of 3 min was used for the 

emulsification of most of the compositions evaluated in this study. Emulsions prepared 

using too short amphiphiles or with insufficient amphiphile concentrations required 
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more time for complete emulsification. These compositions are indicated by the open 

symbols in Figure 2.5 of Chapter 2. 

 

Figure 11.1: Droplet size distributions (top) and optical microscope images (bottom) 

of oil-in-water emulsions obtained after different mixing times. Emulsions were 

prepared with 72 vol% octane, 40 vol% alumina particles in the aqueous phase 

and 0.45 wt% propionic acid relative to the weight of alumina at pH 4.75. The 

continuous lines correspond to the probability density functions used to describe 

the droplet size distributions. Scale bar: 50 m. 
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11.2 Simple and double emulsions stabilized by colloidal particles and 

short amphiphiles 

11.2.1 Additional graphs 

 

Figure 11.2: Droplet size distributions (top) and optical microscope images 

(bottom) of oil-in-water emulsions prepared with -alumina particles and 

different concentrations of valeric acid. Emulsions were prepared with 72 vol% 

octane and 35 vol% particles in the aqueous phase at pH 4.75. 
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Figure 11.3: . Droplet size distributions (top) and optical microscope images 

(bottom) of oil-in-water emulsions prepared with -alumina particles and 

different concentrations of valeric acid. Emulsions were prepared with 81.9 vol% 

octane and 20 vol% particles in the aqueous phase at pH 4.75. 
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Figure 11.4: Droplet size distributions (top) and optical microscope images 

(bottom) of water-in-oil emulsions prepared with -alumina particles and 

different concentrations of valeric acid. Emulsions were prepared by mixing 

83.6 vol% water with suspensions of 10 vol% alumina in oil. 
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Figure 11.5: Storage (G', ○) and loss (G", ) moduli as a function of applied shear 

stress for (a) octane-in-water emulsion containing 20 vol% -alumina particles, 

50 mmol/L valeric acid and 81.9 vol% octane, (b) water-in-oil emulsion containing 

10 vol% -alumina particles, 400 mmol/L valeric acid and 83.6 vol% water. 
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11.3 Macroporous ceramics from particle-stabilized emulsions 

11.3.1 Additional graphs 

 

Figure 11.6: Optical microscope image of a wet water-in-oil emulsion showing the 

partial coalescence of two adjacent droplets (indicated by the arrow). Partial 

coalescence results in the formation of a “connecting neck” between the droplets. 

Emulsion was prepared by mixing 70 vol% water with an oil suspension of 1 vol% 

iron oxide particles and 5 mmol/L octyl gallate for 3 min. 

 

 

 

 

 



    Appendix �  163 

11.4 General route for the assembly of functional inorganic capsules 

11.4.1 Estimation of number fraction of particles initially dispersed in the suspension 

that adsorb onto the capsule surface 

We use a simple geometrical analysis to estimate the number fraction of 

particles initially dispersed in the suspension that afterwards adsorb on the capsule 

surface. Assuming spherical droplets and particles of average diameters ddrop and dpart, 

respectively, one can show that the number fraction of particles adsorbed on the 

droplet surface f is given by: 

4
(1 )

oil part

drop part oil

x d
f

d


 


     Eq. 11.4 

where x is the surface coverage of droplets by particles, oil is the volume fraction of oil 

in the emulsion, and part is the volume fraction of particles in the initial suspension. 

Assuming hexagonal close packing of particles on the droplet surface (x = 0.90) 

and average droplet diameters of 5, 5, 10, and 10 μm for emulsions stabilized with 

alumina, silica, iron oxide and tricalcium phosphate, respectively, we obtained f values 

varying from 0.42 to 1.35 for the systems investigated in this study (Table 7.1, see 

Chapter 7). 
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11.4.2 Additional graphs 

 
Figure 11.7: Processing flowchart for the fabrication of wet and dry inorganic 

capsules from particle-stabilized emulsions. Fabrication of capsules via A: 

centrifugation of emulsions; B: centrifugation in the presence of polyelectrolytes; 

C: dilution of emulsions without centrifugation; D: dilution of emulsions without 

centrifugation in the presence of polyelectrolytes. 
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Figure 11.8: Droplet size distribution of oil-in-water emulsions (72 vol% octane) 

stabilized by α-alumina particles as a function of time after emulsification. The 

emulsions were prepared by mixing octane with 35 vol% α-alumina suspensions 

containing an initial propionic acid concentration of 180 mmol/L at pH 4.75. 
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Figure 11.9: Optical microscope images of wet capsules prepared from different 

inorganic particles following five sequential centrifugation and washing cycles. a) 

Wet capsules prepared with -alumina particles, b) Wet capsules composed of 

magnetite particle shells. 
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Figure 11.10: Zeta potentials of silica and -alumina particles after surface 

modification with short amphiphilic molecules. All suspensions were prepared 

with 2 vol% particles. Silica and -alumina particles were surface modified with 

2.27 mmol/L hexyl amine at pH 10.4 and 6.94 mmol/L butyric acid at pH 4.75, 

respectively. The zeta potential data for silica indicate that the isoelectric point of 

this oxide is lower than pH 2, which is in agreement with the range of values 

reported in the literature 6. 
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