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1. General Introduction

1.1. Colloids
Unwittingly, people encounter colloids frequently in their daily routine.
Examples of such colloids, or colloidal dispersions, include blood that flows
through our veins, milk we drink at breakfast, paint we colour our walls
with, and smoke released in case of fire. Colloid science may be considered
to find its origin with the study of colloidal gold by Michael Faraday in
1857 [1] and with the introduction of the term colloid, from the Greek word
κoλλα (glue), by Thomas Graham in 1861 [2]. The definition of colloids
is intimately linked with their size. The colloidal domain refers to a state
of matter, intermediate between molecules and bulk matter, with at least
one characteristic length scale within the size range from a few nanometers
to a few micrometers. In a colloidal dispersion, colloidal entities are homogeneously dispersed throughout a continuous phase, or dispersing medium.
Colloids can move around freely in the dispersing medium, since they are
subject to thermal or Brownian motion, as first studied theoretically by
Einstein [3] and verified experimentally by Perrin [4] in the first decades of
the twentieth century. Both the colloids as well as the dispersing medium
may be a gas, liquid or solid.
In the work reported in this thesis we employ a variety of colloids from
different materials and with varying shape. These include magnetite nanoparticles, anisotropic hematite microparticles, silica cubes and rods, zein
protein colloids and spherical silica and polystyrene colloids. We study the
interplay between colloids and interfaces. The main research topic concerns
the adsorption of colloids at fluid-fluid interfaces (either oil-water or airwater) in emulsions, foams and free-standing films. In addition, interfaces
play a dominant role in our investigations of the co-assembly of colloidal
structures inside the pores of molecular microtubes.
1.2. Colloids at Fluid Interfaces: Emulsions and Foams
The interface between two fluids (e.g. oil-water or water-air) has proven
to be an effective platform for the adsorption of colloidal particles in the
stabilization of emulsions and foams. The adsorption of particles at liquid
interfaces was first reported in 1903 by Ramsden [5]. He discovered the
capability of solid particles to act as stabilizers of emulsions:
“...an actual solid membrane forms around the globules of several
persistent emulsions, and at the contact interfaces of several pairs of
liquids capable of forming persistent emulsions.”
In his paper, Ramsden also reports for the first time the stabilizing effect
of foams by solid particles:
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Figure 1.1. (a) Oil-in-water emulsions form in the case of hydrophilic
◦
particles with θ < 90 , whereas (b) water-in-oil emulsions form with
hydrophobic particles with θ > 90◦ .

“...a bubble of air can be seen to pick up the particles in suspension
as it passes through the liquid, and to retain them obstinately when
it reaches the surface and comes to rest, so that the bubble becomes
thickly coated with solid particles,...”
Nowadays emulsions stabilized by solid particles are commonly referred to
as Pickering emulsions after Pickering’s seminal article in 1907 [6], a few
years after Ramsden’s pioneering work. Pickering wrote:
“The oil globules in an emulsion are probably prevented from coalescing by being enveloped in a pellicle consisting of particles of solid much
more minute than the globules themselves. The solid particles would
be derived from the solution, which in all cases contains a substance
with but little affinity for water, and insoluble in paraffin, it being,
therefore, precipitated in the neighhourhood of the paraffin globules.”
The position of a particle in equilibrium at an oil-water (or air-water) interface is determined by the balance between the interfacial tensions at the
oil-water (γow ), particle-oil (γpo ) and particle-water (γpw ) interface, respectively. These interfacial tensions are related through Young’s equation [7]:
cos θ =

γpo − γpw
γow

(1.1)

where θ is the three-phase contact angle, usually measured from the water
phase. Particles without a preferred wettability by either of the phases
(γpo = γpw ) have a contact angle of 90◦ . For hydrophilic particles γpo exceeds γpw and thus θ < 90◦ . Therefore, interfacial particles are primarily
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Figure 1.2. Particle desorption energy ∆Gdes plotted as a function of
(a) particle radius r at θ = 90◦ and (b) contact angle θ.

exposed to the aqueous phase, enclose oil droplets and oil-in-water emulsions are obtained (Figure 1.1a). In contrast, hydrophobic particles are
preferentially wetted by the oil phase (γpo < γpw ) and θ > 90◦ such that
the generation of water-in-oil emulsions is favored, as shown in Figure 1.1b.
For efficient emulsion stabilization, particles need to be partially wettable
by both the oil and water phase.
The adsorption of colloidal particles at interfaces is associated with a
gain in energy compared with the situation of particles in a colloidal dispersion surrounded by one continuous phase. The driving force for particle
adsorption is the reduction of the area of oil-water interface. The energy
required to remove a particle from the interface not only depends on the
interfacial tension between the two fluids and the contact angle between the
particle and both fluids, it also scales quadratically with the radius of the
particle. For a spherical particle the expression for the particle desorption
energy ∆Gdes therefore reads:
∆Gdes = πr2 γow (1 ± cos θ)2

(1.2)

in which the negative sign is associated with removal into the water phase
and the positive sign with removal into the oil phase. Once adsorbed at
the interface, particles are trapped in a deep energy well and are effectively
irreversibly adsorbed. Figure 1.2a shows that for particles with a size of 10
nm ∆Gdes ∼ 103 kT, already much larger than thermal energy, whereas it
takes ∼ 107 kT to detach a micrometer-sized particle. Hydrophilic particles
(θ < 90◦ ) are more easily detached into water than in oil, whereas the
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energy barrier for desorption of hydrophobic particles (θ < 90◦ ) is lower for
removal into the oil phase (see Figure 1.2b).
Although the phenomenon of particle-stabilization in foams and emulsions was initially recognized more than a century ago by Ramsden and
Pickering, it was not until the last few decades that it received widespread
scientific interest [8–11]. The revived interest in Pickering emulsions and
foams is driven by the stimulating combination between industrial applicability and fundamental scientific interest. Interfacial particle adsorption
is, for instance, widely employed in food, cosmetic and pharmaceutical applications and plays a pivotal role in froth flotation, which is relevant for
oil recovery and metallurgical refining. Solid particles may also be used as
environmentally friendly alternatives for commonly used surfactants. The
generality of foam and emulsion stability against coalescence provided by
the adsorption of solid particles at the fluid-fluid interface has been demonstrated by the use of many different types of particles. To date, many
factors influencing the formation and stability of solid-stabilized emulsions
have been investigated. Furthermore, many studies have been devoted to
the elucidation of the mechanisms behind particle-stabilization by focusing on, among others, the influence of particle size [12], wettability [13]
and shape [14]. In addition, Pickering emulsions may also form spontaneously [15] and can be controlled by external stimuli such as pH [16] or
magnetic fields [17].
1.3. Co-Assembly of Colloids with Molecular Microtubes
Self-assembly is ubiquitous in nature, science and technology and provides a general route to achieve order from disorder at various length
scales [18]. Extensive effort has been exerted to molecular and colloidal selfassembly, where molecules and colloids, respectively, organize into largerscale ordered structures. Although these two research areas have developed separately to a great extent, their combination would be very promising. Nature, for instance, utilizes hierarchical self-assembly across different
length scales to construct complex, dynamic functional entities such as
cells. In Chapter 7, we bridge the nano- and microscale by the hierarchical
co-assembly between molecules and colloids, where molecular self-assembly
induces the self-assembly of colloids into ordered structures.
These structures form via the spontaneous co-assembly of colloids and
confining surfactant-cyclodextrin microtubes [19], coupling molecular and
colloidal self-assembly. We introduce these microtubes as a novel versatile
platform for the self-assembly of colloid-in-tube structures, as schematically depicted in Figure 1.3. Microtube precursors sodium dodecyl sulfate

6

1. General Introduction

Figure 1.3. Schematic representation of the thermo-reversible coassembly of colloid-in-tube structures. Sodium dodecyl sulfate (SDS)
and β-cyclodextrin (β-CD) self-assemble into microtubes which enclose
and structure colloids by cylindrical confinement.

(SDS) and β-cyclodextrin (β-CD) are mixed with colloidal particles at elevated temperatures to obtain isotropic mixtures. The microtubes form
upon cooling to room temperature and, simultaneously, the colloids coassemble inside the microtubes into ordered, chain-like structures throughout the sample volume. The basic building block of the straight and rigid
microtubes consists of one SDS molecule and two β-cyclodextrin molecules,
forming an aqueous inclusion complex (Figure 1.3). These in turn assemble
into multiple curved SDS/β-CD bilayers, forming the microtubes. The colloidal structures are induced by the microtubes which act as a cylindrically
confining environment for the colloids.
The interplay between the colloids and the microtube walls results in the
co-assembly of colloids into a variety of ordered structures, including helices,
within the microtubes [20]. In Chapter 7 we demonstrate that colloid-intube assembly is generic for colloids with different materials, shapes and
is tunable with the ratio between microtube and colloid size. Unique features of our co-assembly approach are the ability to observe colloid-in-tube
structures in-situ including their thermo-reversible assembly and disassembly, the presence of colloidal structures throughout the sample volume and
its facile upscaling. The colloidal chains constitute an interesting model system to further investigate the assembly, structure and dynamics of a wide
variety of colloids confined in 1D. Moreover, the co-assembly approach provides a novel route to the temperature-sensitive alignment and release of
particles.

1.4. Scope of this Thesis
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1.4. Scope of this Thesis
The common theme of the work presented in this thesis is the interplay
between colloids and interfaces.The adsorption of colloids at fluid-fluid interfaces is the main topic and covers Chapters 2-6. In Chapter 2 we will
focus on the conditions under which Pickering emulsions may form spontaneously. We investigate the effect of particle shape anisotropy in the
stabilization of emulsions by employing for the first time cubic, ellipsoidal
and peanut-type hematite microparticles in Chapter 3. The interfacial
packing and orientation of these anisotropic microparticles are revealed at
the single particle level by direct microscopic observations. In Chapter
4 we generate surfactant-free Pickering foams with anisotropic hematite
microparticles and investigate their dependence on ionic strength. Moreover, we use solid-stabilized air bubbles as scaffolds for the creation of freestanding particle films that are, in fact, inorganic bilayers that only consist
of cubes. In Chapter 5 we discuss the self-assembly of colloidal silica cubes
at oil-water interfaces. We present solid-stabilized emulsions from natural
resources by using colloids prepared from the corn protein zein and soy bean
oil in Chapter 6. Finally, we introduce a thermo-reversible colloid-in-tube
co-assembly approach that couples molecular self-assembly with colloidal
self-assembly in Chapter 7. We demonstrate that colloid-in-tube assembly
is generic for colloids with different materials, shapes and is tunable with
the ratio between microtube and colloid size.
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2
Conditions for Equilibrium Solid-Stabilized
Emulsions
Particular types of Pickering emulsions can be thermodynamically stable as evidenced by their spontaneous formation and monodisperse
droplet size. Here we investigate the conditions under which these
equilibrium solid-stabilized emulsions form by systematically studying
the effect of the aqueous phase with ions and the oil type used on the
emulsification process. We find that the spontaneous formation and the
stability of the Pickering emulsions of varying composition are achieved
by a collective effect of solid particles, amphiphilic ions and interfacial
tensions of the bare oil-water interface of ∼ 10 mN/m or below. The
observed stability and formation of emulsions of different composition
point to a new class of solid-stabilized meso-emulsions.
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2.1. Introduction
The first clear description of solid particles acting as stabilizers of emulsions can be found in the century-old work of Ramsden [5] and Pickering [6].
In principle, these so-called Pickering emulsions are thermodynamically unstable [9, 11], as they require energy input to increase the energetically
costly oil-water interface area. The interfacial adsorption of colloidal particles reduces the free energy of the system by reducing the unfavourable
oil-water interface. The particles at the interface act as a kinetically stabilizing, mechanical barrier against coalescence into two macroscopic phases.
Until now only microemulsions, mixtures of oil and water stabilized by
surfactants and cosurfactants, were considered to be thermodynamically
stable [15, 21]. They form spontaneously without the need for additional
energy input and are characterized by very low interfacial tensions.
Recently, however, a particular type of Pickering emulsion was discovered
that exhibits thermodynamic stability. Oil-in-water emulsions were formed
from a particular oil, 3-(methacryloxypropyl)trimethoxysilane (TPM), water, and stabilizing colloidal particles such as magnetite, cobalt ferrite and
Ludox silica [15, 22]. Surprisingly, emulsions formed spontaneously with
rather monodisperse droplet sizes. Thermodynamic stability was deduced
from mixing two emulsions with different droplet sizes that spontaneously
evolved to an intermediate droplet size [15]. It was also reported that the
order of addition of the different components does not influence the outcome. Moreover, the monodisperse droplet size ranges between 30 and 150
nm and can be tuned by the mass ratio of TPM and colloidal particles.
Droplet sizes increase linearly at first with the oil-colloid mass ratio, but
reach a plateau value above a certain ratio. In the latter regime excess oil
is expelled as a separate phase, in analogy to microemulsions [21]. In two
complementing theoretical models, one in the absence and the other in the
presence of an excess oil phase, possible mechanisms underlying thermodynamic stability in solid-stabilized emulsions are discussed [23, 24].
Here we investigate the generality of the thermodynamically stable emulsions.∗ One may wonder whether the stability is due to a specific chemical
composition, and therefore unique for a TPM oil phase and certain stabilizing colloids, or, whether it can indeed be ascribed to more general physical
parameters. We attempt to unravel the molecular origins of the thermodynamic stability of these Pickering emulsions by studying the effect of the
different components on the stability in detail. Specifically, we focus on the
∗ After publication of our work, it was predicted that Janus particles can also give thermodynamically stable Pickering emulsions, see R. Aveyard, Soft Matter, 8(19):5233-5240, 2012.

2.2. Experimental section
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following three aspects: (1) emulsion stability in the absence of colloidal
particles, (2) ions present in the aqueous phase, and (3) the nature of the
oil.
2.2. Experimental section
2.2.1. Colloidal dispersions
Colloidal magnetite (Fe3 O4 ) dispersions were prepared following Massart’s co-precipitation method [25]. A 1 M aqueous solution of FeCl3 .6H2 O
(40 mL; Sigma-Aldrich, purum p.a.) was mixed with 10 mL of a 2 M
FeCl2 .4H2 O (Fluka, p.a. > 99%) aqueous acidic (2 M HCl; Merk, 35%) solution. After brief ultrasonication this mixture was quickly added to 500 mL
of 0.7 M ammonia (Acros Organics, extra pure, 25%) under vigorous stirring. The mixture turned black immediately, forming a magnetite dispersion. After stirring for at least 10 minutes the resulting magnetite nanoparticles were collected with a magnet and subsequently redispersed overnight
in 50 mL of a 1 M solution of a quaternary ammonium salt. To vary the
type of ions present in the colloidal dispersion, magnetite dispersions were
prepared with either a tetramethylammonium hydroxide (TMAH; Aldrich,
25%) or a tetraethylammonium hydroxide solution (TEAH; Aldrich, 25%).
Finally, magnetite particles were transferred to ∼ 50 mL Millipore water
via magnetic decantation. The final dispersion contained non-aggregated,
negatively charged magnetite colloids with an average diameter of 11 nm
(28% (TMAH stabilized) and 12 nm (30% (TEAH stabilized).
Ludox AS-40 silica dispersions (DuPont) containing 50 wt% amorphous
colloidal silica with a diameter of 25 nm ± 18% in an aqueous ammonium
hydroxide solution were diluted with Millipore water to 10.36 wt%. A
100 mL volume of this silica dispersion was dialyzed against demi water
for 5 days during which the water was changed four times. After filtration
through 0.2 µm Millipore filters and further dilution, an aqueous dispersion
of 2.85 wt% non-aggregated silica was obtained.
Water used for synthesis and experiments was purified by filtration through
Millipore filters.
2.2.2. Emulsion preparation
Emulsions were generally prepared in a screw-capped 20 mL glass vial
by adding a certain volume of oil to an aqueous phase of 10 mL containing magnetite or silica colloids. Samples were mixed by gentle swirling
and were stored on a vibration-free table in a dark, temperature-controlled
room at 20◦ C. Especially when oils containing an acrylic group, such as 3(methacryloxypropyl)trimethoxysilane (TPM, Acros Organics), were used
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as the oil phase, exclusion of light as well as elevated temperatures are
important in order to avoid spontaneous polymerization upon exposure to
UV light or heat. Pickering emulsion droplets of oils containing an acrylic
group were polymerized by addition of 60 µL of a 10 mM potassium persulfate (KPS) initiator to 1.5 mL aliquots of samples to obtain a final KPS
concentration of 0.4 mM, and heating for at least 12 hours in a pre-heated
oil bath at 70◦ C.
Absence of colloids. The necessity of colloidal particles for the emulsion
formation was investigated by addition of different volumes of TPM oil (50,
100, 150, 200, and 250 µL) to 10.0 mL of an aqueous 6 mM TMAH solution.
The concentration of TMAH corresponds to pH 9 as measured.
Nature of salt. To investigate the effect of the nature of ions present
in the system, we prepared several series containing dialyzed Ludox silica
colloids (12.0 g of 1 wt% colloidal silica per sample) and 1 mL of Millipore
water, 1 mL of 0.1 M NaOH, 1 mL of 0.1 M TMAH, 1 mL of 0.1 M TEAH,
or 1 mL of 0.1 M tetrapropylammonium hydroxide (TPAH), respectively.
These salts were chosen in order to test whether hydroxide molecules that
hydrolyze TPM, and thereby induce low interfacial tensions, are sufficient
for emulsion stability. The concentrations of ions were chosen such that
the pH in the final solution was 9-10. For each series we prepared four
samples with increasing concentrations of TPM, such that the respective
weight ratios mT P M /mcolloid were 0.9, 1.5, 2.2, and 2.9.
Nature of oil. 3-(Methacryloxypropyl) trimethoxysilane (TPM) was used
as received from Acros Organics in different concentrations as described in
the respective experiments. Besides TPM, other oils were added to aqueous
TMAH-stabilized magnetite dispersions to explore the influence of different
chemical moieties on spontaneous emulsification. The methacrylate group
of TPM allows for polymerization of the oil by radical initiators or UV light.
The methoxy groups can be hydrolyzed in the presence of hydroxide to
render the silane group negatively charged, thereby creating an amphiphilic
molecule. All oils used in mixtures with TPM were tested for macroscopic
mixing with TPM to exclude possible phase separation of the two oils.
Dodecane/Octane/Cyclohexane: TMAH-magnetite stabilized emulsions
were prepared with dodecane (99%, Acros Organics), octane (99%, Acros
Organics) and cyclohexane (p.a., Mallinckrodt Baker) at an oil-colloid weight
ratio mT P M /mcolloid = 7. These experiments were conducted to determine
whether alkanes and cycloalkanes can form thermodynamically stable emulsions. DLS measurements were performed 1 day after preparation. Then,
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10 wt% TPM with respect to the total oil mass was added to the emulsions. DLS measurements were performed again after one and six days of
equilibration.
(3-Methacryloxypropyl) triethoxysilane (MPTES): Furthermore, MPTES
was used as received from ABCR, an oil with a chemical structure equivalent to TPM, but with three ethoxy groups instead of three methoxy groups
attached to the silane moieties. The ethoxy groups of the oil are more resistant to hydrolysis while MPTES is still having a chemical structure similar
to TPM. From these experiments the influence of the hydrolyzation product
on thermodynamic stability can be determined.
(3-Mercaptopropyl) trimethoxysilane (McPTMS): In addition, emulsions
were prepared from McPTMS (Sigma Aldrich) with an oil-colloid weight
ratio mT P M /mcolloid = 6.4. McPTMS has chargeable trimethoxysilane and
apolar propyl group in common with TPM, but contains a mercapto instead
of the methacryloxy group. Here, the influence of the molecular specificity
of the apolar tail group was investigated.
(3-Mercaptopropyl) triethoxysilane (McPTES): Similarly, emulsions were
also prepared from McPTES (tech., > 80%, Sigma Aldrich) at mT P M /
mcolloid = 6.4. McPTES is an oil with a chemical structure similar to that
of McPTMS, only with the methoxy groups exchanged for ethoxy groups.
Combined with the experiment on McPTMS, use of this oil should elucidate any correlation between emulsion stability and the mercapto group,
as well as the necessity of the methoxy/ethoxy group for thermodynamic
stability, respectively.
2.2.3. Characterization
Transmission electron microscopy. Polymerized emulsion droplets were
imaged by transmission electron microscopy (TEM) using a Philips Tecnai
10 or Tecnai 12 microscope operating at an acceleration voltage of 100 kV
or 120 kV, respectively. Samples were prepared by drying a drop of diluted
dispersion on a Formvar-coated copper TEM grid sputter-coated with carbon. Average droplet diameters and polydispersity were determined, based
on measurements with SIS iTEM image analysis software of at least 100
droplets.
Dynamic light scattering. Dynamic light scattering (DLS) was performed
on diluted emulsions at 25◦ C using an argon ion laser (λ = 641.7 nm, 400
mW, Spectra Physics). Samples were diluted just before measurement to
minimize any effect of dilution on the thermodynamic state of the emulsion.
Spinning drop tensiometry. The interfacial tensions of various oils embedded in a 6 mM aqueous TMAH phase were determined at 25◦ C using
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a home-built spinning drop tensiometer. The samples were prepared by
first filling glass tubes with the denser phase, after which droplets of the
lighter phase were injected. Mixtures of MPTES and TPM at mass ratios
70/30, 50/50, and 30/70 with densities close to 1 g/cm3 were measured
against an aqueous phase containing 75 wt% D2 O (density of the mixture
1.08 g/cm3 ). For mixtures of TPM/MPTES at mass ratio 10/90, 50 wt%
D2 O was used in the aqueous phase to obtain a density of 1.05 g/cm3 . The
angular velocity of the spinning tube was measured using an optical sensor. The droplet size was measured by observation through a microscope.
The interfacial tension was determined from the droplet deformation in the
centrifugal field as a function of the rotational speed, using the Vonnegut
equation: γ = ∆ρω 2 r3 /4, which is valid if 2rl > 4. Here, ∆ρ is the density
difference between the heavy and the light phase, r is the droplet radius
perpendicular to the axis of rotation, and l is the droplet length along the
axis of rotation. The change in density of the aqueous phase upon addition
of ions was taken into account.

2.3. Results and discussion
2.3.1. Emulsion stability in the absence of colloidal particles
Pickering emulsions can be regarded to consist of four constituents: an
aqueous phase containing ions, an oil phase and stabilizing solid colloidal
particles. Upon gently agitating mixtures of an aqueous magnetite dispersion and a particular oil, 3-(methacryloxypropyl)trimethoxysilane (TPM),
spontaneous emulsification into monodisperse oil droplets covered with
magnetite particles is observed (Figure 2.1a-c). The droplet size initially
increases linearly with the oil-colloid weight ratio moil /mcolloid , but remains
constant at higher ratios where an excess oil phase is found, see Figure 2.1d.
To systematically determine the influence of all individual constituents
on emulsification, we first investigated the ability of mixtures of TPM and
aqueous TMAH solutions in the absence of colloidal particles to stabilize
emulsion droplets. TMAH probably acts as a catalyst in the hydrolysis of
TPM, which is also promoted by the alkaline conditions. Triethylamine,
similar in chemical structure to the positive tetramethyl ammonium ion,
was found to catalyze the hydrolysis of TPM, but also to promote the
self-condensation of the formed silanols into siloxane linkages [26]. Once
hydrolyzed, TPM can dissociate and form negatively charged amphiphilic
molecules that adsorb at the oil-water interface and lower the interfacial
tension. Without colloids, samples containing volume fractions of TPM between 0.5 and 2.5 (v/v)% at 6 mM TMAH turned turbid within a day after
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Figure 2.1. (a) Schematic representation and (b) photograph of spontaneous formation of a magnetite-stabilized oil-in-water emulsion upon
gently swirling a mixture of an aqueous magnetite dispersion and
TPM oil. (c) TEM image of polymerized emulsion droplets for
moil /mcolloid = 20. (d) Droplet diameters determined from polymerized emulsion samples as a function of the oil-colloid weight ratio.

gentle mixing, see Figure 2.2a. The turbidity increased with the TPM volume and droplets were very poyldisperse. After several days, the emulsions
became unstable and macroscopic phase separation occurred.
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Figure 2.2. (a) Emulsion samples containing different amounts of
TPM in an aqueous 6 mM TMAH solution. Just after preparation,
TPM oil is visible on the bottom of the vials. One day after preparation a turbid emulsion has formed. (b) Even though mixtures of TPM
in 6 mM aqueous TMAH solution are not stable, emulsion droplets
show an approximately linear increase with the TPM concentration
one day after mixing.

Despite the system being a thermodynamically unstable emulsion, before phase separation the average droplet size increases approximately linearly with the TPM volume fraction φ, as shown in Figure 2.2b. Since
the concentration of TMAH was kept constant throughout the emulsion
series, the concentration of hydroxide ions, and hence the concentration of
hydrolyzed TPM is in first approximation constant in all emulsion samples. Therefore, the area of oil-water interface Aoil that can be covered
by negatively charged TPM surfactant molecules is constant as well. The
radius of the droplets should then scale linearly with the volume of the
oil
oil phase, since R = 3V
Aoil , as can be seen in Figure 2.2b. Why the system chooses this unusual path of emulsification and phase separation is
unclear. The emulsions may have formed by self-emulsification, but these
are generally metastable [27]. In contrast, in the presence of colloidal particles, significantly smaller, monodisperse and stable droplets were found.
Thermodynamic stability was demonstrated by mixing two emulsions with
different droplet sizes that spontaneously evolved to an emulsion with an
intermediate droplet size [15]. We therefore conclude that for the formation
of equilibrium solid-stabilized emulsions self-emulsification may play a role
in the initial emulsification, but is not the reason for its thermodynamic
stability. Hydrolyzing ions, an oil and aqueous phase are not sufficient for
stability, but another component is required.

2.3. Results and discussion
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2.3.2. Ions present in the aqueous phase
It has been hypothesized that tetramethylammonium ions play a role in
the stabilization of emulsions [28], not only by raising the pH and catalyzing
the hydrolysis of TPM, but possibly also by adsorbing onto the colloidal
particles and the oil-water interface [24].
To investigate the influence of salts on thermodynamic stability, we dialyzed Ludox silica colloids and employed them to prepare emulsions without
salt, 7.7 mM NaOH, TMAH, TEAH, or TPAH, respectively. Samples with
added ions had pH ∼ 9, whereas the sample without salt was at neutral
pH. At this pH value, hydrolysis of TPM takes place on the time scale of
24 h without leading to rapid self-condensation of the oil and significant
dissolution of the silica colloids. In the presence of quaternary ammonium
salts (TMAH, TEAH, and TPAH), emulsification started rapidly as the
mixtures quickly turned turbid. The sample containing sodium hydroxide
only slightly increased turbidity and had a clear phase consisting of TPM at
the bottom of the flask. In the absence of any of those salts at neutral pH,
no emulsification occurred, which is clearly visible by the transparent white
aqueous phase and the white TPM phase at the bottom. Photographs of
the samples that illustrate the effect of added salt on emulsification are
shown in Figure 2.3a.
All samples were imaged by transmission electron microscopy (TEM) after polymerization of a fraction of the emulsion phase. Without the addition
of salt, many free silica particles as well as small clusters are observed (Figure 2.3c). Upon adding sodium hydroxide to the aqueous phase the silica
colloids are either free, clustered, or attached to small droplets, see Figure 2.3d. In the presence of quaternary ammonium salts (TMAH, TEAH,
and TPAH), free silica particles were not encountered. In contrast, all colloids are adsorbed at the interface of emulsion droplets, as can be seen in
Figure 2.3e and f. Even though the pH values in all samples containing salts
were equal, only in the presence of quaternary ammonium salts significant
spontaneous Pickering emulsification was observed. Therefore, this experiment clearly shows that TPM-hydrolyzing hydroxide molecules alone are
insufficient for stabilization. Surface tension measurements between TPM
and water containing either NaOH or TMAH showed no significant difference 24 h after preparation (Table 2.1). Even if TMAH acts as a catalyst
in the hydrolysis of TPM, it does not lead to a difference in the interfacial tension on the time scale of emulsion formation. Similarly, Bindzil
silica colloids only formed monodisperse Pickering emulsion droplets in the
presence of TMAH, not with NaOH.
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Figure 2.3. (a) Mixtures of dialyzed Ludox AS 40 silica colloids,
TPM, and water, NaOH, or TMAH. Without ions, a white sediment is
observed, whereas for NaOH most of the oil remains on the bottom of
the flask. In the presence of TMAH, emulsification occurs, indicated by
an increase in turbidity. (b) Linear dependence of the droplet diameter
on the mass ratio between oil and silica as a function of added quaternary ammonium salt: 7 mM TMAH (), TEAH (), and TPAH (◦).
With increasing length of the alkyl group, the droplet size increases at
a given oil-colloid weight ratio. Emulsions of 2.85 wt% dialyzed Ludox
silica dispersions and TPM were prepared using (c) no salt, (d) 7.7
mM NaOH, (e) 7.7 mM TMAH, or (f) 7.7 mM TEAH. Emulsions are
formed in the presence of (e,f) quaternary ammonium salts, but not
(c) without salt or (d) with NaOH. Transmission electron micrographs
are shown for TPM-silica mass ratio 2.2. Scale bars are 200 nm.
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Due to their amphiphilic nature, the positively charged tetramethylammonium ions are more likely to adsorb on the interface. As a result, they
reduce both the negative colloidal as well as interfacial charge from surfaceactive TPM molecules more efficiently than ions in solution alone. This
behavior is not expected for sodium ions and could therefore explain the
difference in stability.
It should be noted that the TPM droplets stabilized by silica colloids and
quaternary ammonium salts change size depending on the oil-colloid weight
ratio moil /mcolloid in the single-phase region (Figure 2.3b). The linear size
increase with moil /mcolloid is in contrast with previous observations on Ludox silica colloids in an aqueous ammonium hydroxide solution that was
used as received [22]. In those experiments, emulsification occurred spontaneously above moil /mcolloid = 1.3, and the droplet size remained constant
upon further increase of the oil concentration. Below an oil-colloid weight
ratio of 1.3, electron micrographs showed uncovered TPM droplets and free
silica colloids. Using silica colloids with salt added after dialysis, we also
found spontaneous emulsification at a ratio moil /mcolloid = 0.9.
Interestingly, at a given oil-colloid weight ratio, the droplet size increases
with the length of the alkyl group of the ions (Figure 2.3b). A longer alkyl
group implies stronger interfacial adsorption of the ions, which apparently
is more efficient in reducing the negative charge of the colloidal particles and
surface-active TPM molecules upon adsorption at the interface. The better
the charge between the colloidal particles is screened, the smaller the surface
area they occupy is and the larger the droplet size at equal oil volumes must
be. However, the net surface charge of the emulsion droplets remains low.
For a TPM emulsion stabilized by magnetite (moil /mcolloid = 10, diameter
152 ± 3 nm) the zeta potential was measured to be -1.5 kB T /e, equal to
roughly 350 negative elementary charges for an ionic strength of 7 mM.
Such direct comparisons of droplet sizes obtained from different batches of
magnetite or cobalt ferrite stabilized by TMAH and TEAH cannot be made.
This is related to the lack of control over ion removal during the magnetic
separation steps of the colloid synthesis. Therefore, different batches can
contain different concentrations of quaternary ammonium salts.
2.3.3. Nature of the oil
TPM plays an important role in the spontaneous emulsification as it
can form its own surfactant after hydrolysis and subsequent dissociation.
Next, we investigate whether the thermodynamic stability is specific to
the chemical structure of TPM or if a common physical property can be
identified. In the case of the latter, other oils with similar properties should
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Figure 2.4. Dynamic light scattering (DLS) data showing the radii of
the emulsion droplets as a function of the scattering angle. (a) Radii
for magnetite stabilized emulsions containing dodecane, octane and
cyclohexane measured 1 day after mixing of the components. Emulsion
droplets are polydisperse in all cases. (b) Addition of 10 wt% TPM
to the emulsions leads to monodisperse emulsion droplets after 1 day
as measured by DLS. (c) DLS data for magnetite stabilized emulsions
containing McPTMS and McPTES. The oil containing methoxy groups,
McPTMS, forms monodisperse emulsions whereas the ethoxy group
containing McPTES shows polydisperse droplets.

also lead to spontaneous emulsification into monodisperse particle-covered
emulsion droplets.
First, mixtures consisting of TMAH-stabilized magnetite dispersions and
octane, dodecane or cyclohexane were investigated. Within 24 h the samples did not turn turbid. They remained phase separated with a separate oil
phase floating on the dispersion. To enhance emulsification, the samples
were gently agitated and after 1 day dynamic light scattering was performed on diluted samples. As expected from the macroscopic appearance,
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all samples contained polydisperse droplets, indicating a thermodynamically unstable emulsion (Figure 2.4a). None of these oils can form charged
amphiphilic molecules by hydrolysis or dissociation, and interfacial tensions
against water are above 40 mN/m (see Table 2.1 and 2.2), even in the presence of 6 mM TMAH in the aqueous phase. For comparison, interfacial
tensions of TPM against water and 6 mM aqueous TMAH were measured
to be 8.2 and 5.8, respectively. The emulsification failure at such high
interfacial tensions is also in agreement with theoretical predictions [23].
Further support comes from emulsification experiments with (3-mercaptopropyl)trimethoxysilane (McTMS) and TMAH-stabilized magnetite particles. McTMS is an oil with hydrolyzable trimethoxysilane moiety, but with
a mercaptopropyl group as the apolar tail. After 1 day, the mixture showed
a significant increase in turbidity and DLS measurements on an unpolymerized sample revealed droplet sizes of 43 nm (Figure 2.4c). Surface tension
between the oil and aqueous TMAH was as low as 3.1 mN/m after 24
h, further supporting the correlation between low interfacial tensions and
emulsion stability. Using (3-mercaptopropyl)-triethoxysilane (McTES) as
the oil phase, again exchanging the methoxy for ethoxy groups, together
with TMAH-stabilized magnetite particles yielded a sample without increased turbidity and polydisperse droplets and further corroborates the
absence of thermodynamic stability (Figure 2.4c). Even though McTMS
can form partially hydrolyzed molecules that exhibit surface-active properties due to the chargeable silane group and the mercaptopropyl tail much
faster than the ethoxy variant of the oil, interfacial tension of McTES in
the presence of TMAH was measured to be 3.8 mN/m immediately after
mixing. However, within a few hours the sample turned very turbid making
interfacial tension measurements after 24 h impossible.
From the emulsification experiments and interfacial tension measurements, we conclude that even though low interfacial tensions play an important role as emulsification was never observed for interfacial tensions
above roughly 10 mN/m, they are in itself not sufficient for stability. The
quaternary ammonium ions only have a small effect on the interfacial tension in the absence of colloidal particles. Surface tensions of alkanes and
cyclohexane against aqueous TMAH were slightly lower than against pure
water. Yet, only the combination of colloidal particles, quaternary ammonium ions, and the surface-active TPM molecules is sufficient for emulsion
stability. We propose that a collective effect between all those three components leads to a much lower interfacial tension and therefore stability.
This collective effect is in analogy to significantly lower interfacial tensions
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Table 2.1. Interfacial tensions of different oils against water (γow ) or
water containing 6 mM salt (γow−Salt ) measured immediately (0 h) and
24 h after mixing of oil and water phase by spinning drop tensiometry.
To test for spontaneous emulsification, colloidal magnetite was used in
all cases except for TPM against NaOH where dialyzed Ludox silica
colloids were employed.

Oil phase

γow
γow−Salt
(mN/m) (mN/m)
0 h 24 h

Salt
Stable
(6 mM) emulsion?

Cyclohexane
Dodecane
Octane
TPM
TPM
MPTES
McPTMS
McPTES

44
45
46
8.2
8.2
19
7.3
3.0

TMAH
TMAH
TMAH
TMAH
NaOH
TMAH
TMAH
TMAH

42
41
45
8.5
8.5
17
7.6
3.8

42
41
45
5.8
6.9
7.0
3.1
too turbid

No
No
No
Yes
No
No
Yes
No

Table 2.2. Interfacial tensions of different oils plus 10 wt% TPM
against water (γow ) or 6 mM aqueous TMAH (γow−T M AH ) measured
immediately (0 h) and 24 h after mixing of oil and water phase by
spinning drop tensiometry.

Oil phase

Cyclohexane/TPM
Dodecane/TPM
Octane/TPM
MPTES/TPM

γow
γow−T M AH Stable
(mN/m)
(mN/m)
emulsion?
0 h 24 h 0 h 24 h
90/10
90/10
90/10
90/10

18
16
18
17

18
16
18
15

18
11
11
17

9.6
8.7
9.6
9.8

Yes
Yes
Yes
Yes

achieved by a combination of surfactants and cosurfactants in microemulsions. Theoretical frameworks that find an equilibrium droplet size explicitly consider this adsorption of quaternary ammonium ions at the interface
in the single-phase region [24]. Also, in the presence of an excess oil phase
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this collective effect can be understood as follows [23]: a decrease in the
net surface charge by adsorption of the positively charged quaternary ammonium ions allows for further ion dissociation from the colloidal particles.
The dissociation yields a gain in ion entropy that can compensate for the
more unfavorable oil-water tensions.
If only the partially hydrolyzed and dissociated molecules are playing a
significant role in lowering the interfacial tensions, then stabilization should
also be achieved in the presence of a small number of such molecules that
adsorb at the oil-water interface. This can be tested by using oil mixtures of
an oil that does not spontaneously emulsify and one that does, for example,
TPM.
Therefore, we added 10 wt% TPM to the emulsions containing dodecane,
octane, or cyclohexane, agitated the samples gently, and remeasured the
droplet size with DLS after 1 day. All droplet sizes became monodisperse
and significantly decreased (see Figure 2.4b). The sample containing an
oil mixture of cyclohexane and 10 wt% TPM was remeasured after 4 days.
The emulsion droplet size decreased further to 35 nm. Also, a mixture
of MPTES and 8 wt% TPM spontaneously emulsified in the presence of
magnetite colloids, yielding a droplet size of 64 ± 2 nm by DLS. Emulsion
stability for all mixtures of an inert oil and 10 wt% TPM agrees with significantly smaller interfacial tensions against an aqueous TMAH phase on
the order of 10 mN/m (Tables 2.2 and 2.3) compared to interfacial tensions
of the inert oil phase against aqueous TMAH. Without TPM, interfacial
tensions are roughly 45 mN/m for octane, dodecane, and cyclohexane, and
19 mN/m for MPTES. The lower interfacial tensions and observed spontaneous emulsification into monodisperse droplets clearly link hydrolysis and
subsequent dissociation of TPM into surface-active molecules with emulsion stability. However, no stability is achieved in the absence of colloidal
particles (see section 2.3.2). Only a combination of low interfacial tensions,
amphiphilic ions, and colloidal particles yields equilibrium solid-stabilized
emulsions.
If low interfacial tensions are caused by hydrolysis of the methoxy groups
and subsequent adsorption of the resulting amphiphilic molecules, slower
emulsification should occur for (3-methacryloxypropyl)triethoxysilane (MPTES). MPTES has a similar molecular formula as TPM, but with ethoxy
instead of methoxy groups. Those groups undergo partial hydrolysis much
less readily and are therefore an ideal test for the impact of the hydrolysis product on the thermodynamic stability. Indeed, MPTES mixed with
TMAH stabilized magnetite suspension did not form stable emulsions within
24 h. Surface tension measurements against water and 6 mM aqueous
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Figure 2.5. Emulsions containing magnetite particles and an oil phase
consisting of MPTES and TPM show a correlation between interfacial
tension of the bare oil-water interface and emulsion droplet size. No
excess oil phase was present in these samples. (a) Radii of emulsion
droplets measured by dynamic light scattering (DLS) as a function
of the relative amount of TPM in the oil phase (left) and interfacial
tension of TPM-MPTES mixtures against 6 mM aqueous TMAH as
measured by spinning drop tensiometry in the absence of colloidal particles (right). (b) The inverse droplet size scales quadratically with
the interfacial tension of the bare oil-water interface (fit: R−2 = 2.12 ×
1015 -1.10 × 1017 J−1 γow ).

TMAH yielded 19 and 17 mN/m immediately after preparation of the
samples. Within 24 h the interfacial tension decreased to 7 mN/m in the
presence of TMAH. Yet, no emulsification was observed on the same time
scale in the presence of magnetite colloids. This difference may be due to
better mixing and therefore a larger contact area between the oil and the
water phase during spinning drop measurements which speeds up hydrolysis. This agrees with the significantly larger time of 7 days necessary for
spontaneous emulsification, which is in line with the 6-10 times longer time
scale of hydrolysis [29].
Mixtures of MPTES and TPM have interfacial tensions in between the
values of pure TPM and pure MPTES (Figure 2.5a), indicating that the
composition of the mixture at the droplet surface equals the bulk composition. Spontaneous emulsification occurs at all TPM/MPTES volume ratios
in the presence of magnetite colloids. DLS measurements 5 days after mixing show that the droplet radius decreases with an increasing percentage
of TPM in the oil phase, see Figure 2.5a. The sample with the smallest
fraction of TPM (8 wt%), was measured again 15 days after mixing. The
droplet size slightly decreased over this period of 10 days from 64±2 to 59±1
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Table 2.3. Interfacial tensions of different against water (γow ) or 6
mM aqueous TMAH (γow−T M AH ) measured immediately (0 h) and 24
h after mixing of oil and water phase by spinning drop tensiometry.

Oil phase

TPM
MPTES/TPM
MPTES/TPM
MPTES/TPM
MPTES/TPM
MPTES/TPM
MPTES

γow
γow−T M AH
(mN/m)
(mN/m)
0 h 24 h 0 h 24 h
10/90
30/70
50/50
70/30
90/10

8.2
9.9
15
15
17
17
19

7.0
12
14
15
16

8.5
6.4
13
14
16
17
17

5.8
6.4
9.9 (4 h)
10 (2 h)
9.0
9.7
7.0

nm. This decrease in droplet size might be due to the onset of the slower
partial hydrolysis of MPTES. The droplet size and interfacial tension measurements on TPM-MPTES mixtures further support the hypothesis that
the hydrolyzed fraction of TPM molecules forms surface-active molecules
that consecutively occupy the droplet surface. The larger the fraction of
TPM in the bulk oil phase, the more hydrolyzed TPM molecules are generated and the lower the interfacial tension of the bare oil-water interface.
Hence, more interface between oil and water can be created and the droplets
shrink. Fitting the data presented in Figure 2.5b, we find a linear relation
between the inverse square of the radius and the bare oil-water interfacial
tension, R−2 = 2.12 × 1015 − 1.10 × 1017 J −1 γow . This indicates, indeed,
that more total droplet surface area, which scales with R2 , can be created
when the interfacial tension between the oil and water phase is lower. The
contribution of the bare oil-water interface to the formation energy of one
droplet would be 4πR2 (1 − s)γow , where R is the radius of the droplet, s is
the fraction of the droplet surface covered with colloidal particles, and γow
is the interfacial tension of the bare oil-water interface. Filling in typical
values for such an emulsion, R = 30 nm, s = 0.7, and γow = 10 mN/m, the
energy per droplet would be on the order of 105 kB T , way larger than the
thermal energy which should be the dominating energy scale.
Therefore, we hypothesize that the interfacial tension of the emulsion interface in the presence of colloidal particles, surface-active TPM molecules,
and surface-active quaternary ammonium ions is orders of magnitude lower
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Figure 2.6. Schematic representation of the emulsion interface depicting the constituents necessary to achieve thermodynamically stable Pickering emulsions. A combination of adsorption of negatively
charged colloidal particles, surface-active molecules, and amphiphilic
ions at the oil-water interface leads to stable emulsions.

than between TPM and aqueous TMAH only. We conjecture a collective
effect between the colloidal particles, surface-active molecules, and ions in
analogy to microemulsions [30], as schematically outlined in Figure 2.6.
To test whether such a collective interfacial tension exists, we measured
interfacial tensions between an (excess) oil phase and an emulsion phase
with pendant and spinning drop tensiometry. The values measured for the
effective interfacial tensions, however, were still on the order of mN/m,
whereas only values in the µN/m range can account for spontaneous emulsification. Perhaps we did not succeed in creating a macroscopic interface
that is similar to the microscopic situation of individual emulsion droplets.
2.4. Conclusions and Outlook
We have identified the conditions required for the spontaneous formation
of equilibrium solid-stabilized emulsions from systematic variations of the
main components of a Pickering emulsion: ions in the aqueous phase, colloids and the oil phase. In the initial experiments on thermodynamically
stable Pickering emulsions, TPM was used as the oil phase. TPM hydrolyzes in the presence of quaternary ammonium salts and results in a low
interfacial tension. After dissociation, hydrolyzed TPM molecules become
surface-active, adsorb at the oil-water interface and lower the interfacial
tesnion. By systematically changing the side groups of TPM, we could
attribute emulsification to the hydrolyzable part of the molecules. Using
mixtures of hydrolyzable and inert oils in combination with amphiphilic
ions and colloidal particles, we obtained stable emulsions for a variety of oil
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mixtures. Only interfacial tensions lower than 10 mN/m are required, for
a variety of compositions of the oil phase that contained at least a fraction
of TPM-like molecules. However, low interfacial tensions of the oil-water
interface in the absence of colloids are not sufficient for spontaneous emulsification. Emulsion stability also requires the presence of surface-active ions
such as quaternary ammonium ions since emulsification was not achieved
at low interfacial tensions in the presence of sodium hydroxide. In conclusion, spontaneous formation and stability of Pickering emulsions require a
set of three conditions: low interfacial tensions between the oil-water interface below 10 mN/m, amphiphilic ions that can adsorb at the droplet
interface, and colloidal particles. Stable emulsions were not obtained in the
absence of one of those components and only the collective effect of all those
conditions gave rise to equilibrium emulsification. This general mechanism
was found in many different oil-colloid systems, pointing to a new class of
equilibrium solid-stabilized emulsions.
Acknowledgements
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3
Shape Anisotropy in Pickering Emulsions: Cubic,
Ellipsoidal and Peanut-Type Microparticles
We have investigated the effect of particle shape in Pickering emulsions
by employing, for the first time, cubic, rounded-ended ellipsoidal and
peanut-shaped microparticles. These anisotropic hematite microparticles adsorb irreversibly at the oil-water interface in monolayers and
form solid-stabilized emulsions via the process of limited coalescence.
Emulsions were stable against further coalescence for at least one year.
We found that inverse average oil droplet sizes scaled linearly with
particle concentration. Furthermore, we verified a linear correlation
between droplet size and the side length d of microparticles with a cubic shape. In addition to macroscopic examination of the emulsions,
direct microscopic observations allowed for studying the packing and
orientation of anisotropic microparticles at the oil-water interface at
the single particle level. We found that cubes assembled at the interface in dense monolayers with packing intermediate between hexagonal
and cubic. Cubes exclusively orient parallel with one of their flat sides
at the oil-water interface, while ellipsoids attach parallel with their long
side. Finally, peanut-shaped microparticles assemble in locally ordered,
interfacial particle stacks that may interlock, while their long axis is
parallel with respect to the interface. The observed stable orientations
of cubes, ellipsoids and peanuts do not require deformations of the
interface and, hence, long-range capillary interactions were not found.
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3.1. Introduction
The first clear description of solid particles acting as stabilizers of fluidfluid interfaces can be found in the seminal, century-old work of Ramsden
in 1903 [5] and Pickering in 1907 [6]. The recent resurgence of RamsdenPickering emulsions and foams is the stimulating combination between industrial applicability and fundamental scientific interest. Interfacial particle adsorption is, for instance, widely employed in food, cosmetic and pharmaceutical applications and plays a pivotal role in froth flotation, which is
relevant for oil recovery, metallurgical refining and paper recycling. Solid
particles may also be used as environmentally friendly alternatives for commonly used surfactants.
To date, many factors influencing the formation and stability of solidstabilized emulsions have been investigated. For instance, different materials have been employed for emulsion stabilization [9], including silica,
polystyrene, Teflon, iron oxide, metal sulfate and clay particles. In a number of studies, the use of particles from naturally available materials was
explored [32–34]. Particle size [12] and wettability [13] are important parameters governing stabilization of Pickering emulsions, which may also
form spontaneously [15, 30, 31] and can be controlled by external stimuli
such as pH [16] or magnetic fields [17].
For efficient emulsion stabilization, particles need to be partially wettable by both the oil and water phase. Upon mixing oil, water and solid
particles the latter adsorb irreversibly at the oil-water interface. Initially
the interfacial particle coverage is insufficient to halt droplet coalescence.
As droplets grow in size, the degree of particle coverage increases until a
dense interfacial particle layer is formed that inhibits further coalescence.
This process is known as limited coalescence [35–37] and generates kinetically stable emulsions with relatively narrow droplet size distributions. In
a similar manner, so-called bijels were generated by arrested coarsening
of demixing binary liquids via interfacially adsorbed particle layers [38].
In recent work the coalescence behavior of two contacting particle-covered
interfaces was investigated [39, 40].
More than half a century ago, in 1954, Wiley reported the first systematic study dedicated to limited coalescence in emulsions [35]. He derived
expressions underlying limited coalescence of oil droplets in the presence
of emulsifier particles. Interestingly, it was assumed that the interface was
covered with a close-packed monolayer of cubes. With this study we provide the first experimental realization of Wiley’s prototypical model system,
using particles with a cubic shape.

3.2. Experimental section
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This is in contrast with most Pickering emulsion studies, where spherical
particles are used as solid stabilizers. Recently, the interfacial behavior of
particles with anisotropic shapes has received widespread attention. The
increasing availability of anisotropic particles offers the possibility to study
their influence on particle interactions at the interface, orientations and
packing densities, as well as their effect on emulsion and foam stability.
However, anisotropic particles that have been used to study Pickering-type
stabilization of fluid interfaces are often polydisperse [41–44]. A limited
number of systems exploiting the interfacial self-assembly of monodisperse,
anisotropic particles have been investigated, including millimeter-scale objects with complex shapes [45], and sharp-tipped ellipsoids with varying
aspect ratios [14]. Sharp-tipped ellipsoids [46–50] and cylinders [51, 52]
are of particular interest as their anisotropic shape induces long-range attractive capillary interactions between interfacial particles. In this way the
so-called coffee-ring effect may be suppressed [53], which may assist uniform
particle deposition in, for instance, inkjet printing and paints.
Here we study particle shape anisotropy in Pickering emulsions by employing, for the first time, particles with a well-defined cubic, roundedended ellipsoidal and peanut-type shape [54,55]. Our ellipsoids with rounded
ends are different from the previously studied ellipsoids with sharp tips
[14, 46–49], both in shape and interfacial behavior. We investigate not previously studied packings of the anisotropic microparticles at the oil-water
interface at the single particle level. The packings from cubes are of special interest as they allow for a denser surface coverage than possible for
spheres. Moreover, we reveal that the cubes, rounded-ended ellipsoids and
peanuts all display an exclusive interfacial orientation.

3.2. Experimental section
3.2.1. Materials
Iron(III)chloride hexahydrate (ACS reagent, puriss. p.a., 98.0-102%),
decane (≥ 99%), styrene, n-dodecane (> 99%), hexadecane, and isopropylmyristate (98%) were obtained from Sigma-Aldrich. Sodium sulfate (anhydrous, 99%), 2,2’-azobis(2-methyl-propionitrile) (AIBN, 98%), n-octane
(> 99%), tetradecane (99%) and methyloctanoate (99%) were purchased
from Acros. Sodium hydroxide pellets were obtained from Merck and hydroquinone (≥ 99%) from Riedel-de Haën. All chemicals were used as
received. Water used in all experiments was purified by filtration through
Millipore filters.
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3.2.2. Synthesis of hematite cubes, ellipsoids and peanuts
Uniform cubic hematite microparticles were prepared following the gelsol method proposed by Sugimoto et al. [54]. In a typical synthesis, 100
mL of 5.4M NaOH was slowly added in approximately 5 minutes to 100
mL of a magnetically stirred 2.0M FeCl3 solution. Subsequently, the obtained condensed iron hydroxide gel was aged at 100o C for 8 days. The resulting precipitated particles were then purified by threefold centrifugation
and redispersion in 200 mL water. Cubes of different sizes were synthesized by varying the excess concentration of Fe3+ ions relative to hydroxide
ions [54,56], their size increasing with [Fe3+ ]. To modify the morphology of
the hematite microparticles from cubic to ellipsoidal or peanut-shaped, sulfate ions were introduced [55]. The preparation of ellipsoids and peanuts
was similar to the procedure for the cubes, except that 90 mL of 6.0M
NaOH and 10 mL 0.82M or 0.25M sodium sulfate were added to the ferric
hydroxide gel, respectively. The growth of the microparticles is inhibited in
the direction normal to the c-axis through sulfate ions that strongly adsorb
to hematite faces parallel to the c-axis [57].

3.2.3. Emulsion preparation
Emulsions with varying concentrations of hematite microparticles, expressed in weight percentage, were prepared. To this end aqueous hematite
dispersions were sonicated in an ultrasonic bath for 30 minutes prior to
emulsification to ensure that particles were well dispersed. Then, desired
amounts of aqueous dispersions with known particle concentrations were
added to a glass bottle and, if necessary, were adjusted with water to a volume of 2 mL. The particle concentrations mentioned are all based on this
aqueous phase of the emulsions. Typically, 2 mL of oil was added and the
emulsions were formed by vigorous manual shaking for at least 1 minute.
Hence, emulsions were prepared in a 1:1 volume ratio with a total volume
of 4 mL. After emulsification samples were allowed to equilibrate over time
through limited coalescence to reach their final droplet size distribution.
For most emulsions decane was used as the oil phase. However, to enable
SEM imaging of microparticles at the oil-water interface styrene-in-water
emulsions were prepared and solidified. To inhibit the initiation of polymerization from the water phase, 10 µL of an aqueous 9 mM hydroquinone
solution was added. The aqueous phase also contained 37 mM AIBN which
acts as a radical polymerization initiator. Once generated, emulsions were
polymerized in an oil bath for 24 hours at a temperature of 80◦ C.
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3.2.4. Characterization
Optical microscopy. To study the packing of hematite microparticles at
the interface of emulsion droplets, emulsion samples were imaged with a
Nikon Eclipse Ti inverse optical microscope. The microscope was equipped
with a 20, an extra-long working distance 40 and an oil immersion 100
Nikon objective. Images were taken with a Lumenera InfinityX CCD camera. Drops of diluted emulsion samples were placed on microscopic cover
slides, which were capped with a closed glass cylinder to prevent evaporation.
Transmission electron microscopy. The size and shape of the synthesized particles were analyzed by taking transmission electron microscopy
(TEM) photographs using a Philips Tecnai 12 microscope operating at an
acceleration voltage of 120 kV. Average particle dimensions with standard
deviations were determined, based on measurements with SIS iTEM image
analysis software of at least 100 particles. For each sample a drop of diluted
dispersion was placed on a Formvar-coated copper grid sputter-coated with
carbon.
Scanning electron microscopy. To observe the arrangement and orientation of the anisotropic hematite microparticles at the oil-water interface,
particle-covered styrene emulsion droplets were polymerized and examined
with scanning electron microscopy (SEM). Samples were studied with a
Philips XLFEG30 or a FEI Phenom scanning electron microscope. Individual solidified polystyrene droplets were glued to a copper grid with a
conducting carbon paste. Prior to SEM inspection, samples were sputtercoated with a platinum layer of 8-12 nm thick.
Contact angle measurements. Three-phase contact angles θow between
oil, water and hematite were measured with a DataPhysics OCA15 setup.
To determine θow , a polished hematite surface was placed in a continuous oil phase. Then, small (∼1 mL) water droplets were formed in the oil
phase at the tip of a needle and brought into contact with the hematite
surface. Subsequently, the needle was gently retracted, leaving behind a
water droplet at the hematite surface. Three-phase contact angles were determined automatically, approximating the contour of the imaged droplets
with a Laplace-Young fit. Measurements were averaged over eight droplets.
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Droplet size measurements. Average oil droplet diameters were measured
for various Pickering emulsion concentration series. As droplets were visible to the naked eye, droplet sizes could be determined from photographs
taken after at least 1 day of equilibration. Emulsions had reached a stable
droplet size distribution through limited coalescence. For each emulsion,
up to 200 droplets were measured with SIS iTEM image analysis software
to determine their surface-weighted average droplet diameter D, which is
defined as:
P
ni Di3
(3.1)
D = Pi
2,
i ni Di
with ni the number of droplets with diameter Di .

3.3. Limited coalescence
It is well-known that a layer of interfacially attached solid particles may
provide a mechanical barrier against coalescence of emulsion droplets. A
related phenomenon termed limited coalescence is relevant in the creation
of Pickering emulsions [37], as schematically outlined in Figure 3.1 for cubic
particles. Upon vigorously mixing two immiscible fluid phases, the interfacial area increases strongly as many small emulsion droplets are generated.
When solid particles with appropriate wettability meet the interface of a
droplet, they adsorb irreversibly at the oil-water interface. However, these
small emulsion droplets only display partial particle coverage of the interface that is insufficient to restrain droplets from coalescence. As the droplets merge and grow in size, the free oil-water interfacial area decreases and
the interfacial particle coverage increases. This process continues until the
interface is covered by particles to such an extent that further coalescence is
halted. Emulsions generated through limited coalescence generally display
a relatively uniform droplet size distribution. In Figure 3.2 the process of
limited coalescence is followed in time for two emulsions with different particle concentrations. The final droplet size is set by the amount of added solid
particles. Higher particle concentrations result in smaller droplet sizes, as
the total interfacial area occupied by the particles is larger. In other words,
the degree of surface coverage required for droplet stabilization is satisfied
for smaller droplets.
The first clear description of the phenomenon of limited coalescence in
emulsions was given by Hardy in 1928 [58], who formulated his observation
as follows:
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Figure 3.1. Schematic representation of limited coalescence in Pickering emulsions with cubic microparticles.
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Figure 3.2. The process of limited coalescence followed in six consecutive snapshots during the formation of o/w emulsions stabilized with
2 wt% (left) and 6 wt% (right) cubes with side length d = 2.64 µm.

“It was a stable emulsion whose droplets were uniformly
three millimeters in diameter. By shaking it violently, the
droplets could be broken but, on standing, they reverted slowly
to standard size–three millimeters in diameter.”
Some decades later, Wiley investigated limited coalescence in more detail
[35]. He derived a relation between the limiting, fairly uniform droplet
size in solid-stabilized emulsions and the amount and size of adsorbed solid
particles and volume of emulsified phase. Wiley’s derivation was based
on the assumption of monolayer adsorption, which holds for our Pickering
emulsions stabilized by anisotropic hematite microparticles.
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The total oil-water interface area of the emulsion droplets Adrop is given
by:
6Voil
Voil
πD2 =
,
(3.2)
Adrop = Nd πD2 = 1
3
D
6 πD
where Nd is the number of emulsion droplets with diameter D and Voil is the
oil
total oil volume. Hence, the average diameter of the droplets D = A6Vdrop
.
tot
The total interface area Ap occupied by the (cubic) particles is given by:
mtot
p
,
(3.3)
dρp
where Np represents the number of particles adsorbed at the interface, Ap
the interface area per particle, d is the side length of the cubes, mtot
p is the
total mass of the adsorbed particles and ρp is the density of the hematite
particles (ρF e2 O3 = 5.2 gcm−3 ). The interfacial coverage C indicates the
extent to which the interface is covered by particles:
2
Atot
p = Np Ap = Np d =

C=

mtot
Atot
p D
p
=
.
Adrop
6dρp Voil

(3.4)

Rewriting this results in the following relation for the droplet diameter
6dρp Voil C
6dρp Voil C
D=
=
,
(3.5)
tot
mp
Np mp
with mp the mass per particle. Therefore, it is expected that the average
droplet diameter D scales inversely linearly with the mass of adsorbed
Np
particles mtot
p and particle concentration Voil and linearly with the cube
side length d.
3.4. Results and discussion
3.4.1. Pickering emulsions with cubic microparticles
Solid-stabilized emulsions were prepared by mixing oil, water and hematite microparticles with varying size and shape. In contrast with many other
solid stabilizers, hematite microparticles displayed intrinsic surface activity
as no additional surface modification or chemical pretreatment was required
for their adsorption at the interface. Emulsions were usually prepared with
decane or styrene as the oil phase. Nevertheless, stable Pickering emulsions
were also obtained with alkanes with different carbon chain lengths (8-16)
and esters (methyl octanoate and isopropyl myristate). After emulsification, equilibrated emulsions remain very stable against further coalescence
into two macroscopic phases. Emulsions displayed stable droplet size distributions upon storage for at least more than a year. It was also possible
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Figure 3.3. Transmission electron microscopy pictures of cubic hematite microparticles with mean side lengths d of (a) 0.85 µm±13%, (b)
1.27 µm±4.8%, (c) 1.29 µm±7.2% and (d) 2.64 µm±4.8%.

to shake equilibrated emulsions and restart the limited coalescence process
with a reproducible droplet size distribution.
To date, cubic particles were not used before to stabilize emulsions. We
synthesized uniform hematite cubes with different sizes, as shown in Figure 3.3, mean side lengths d varying from 0.85 µm to d = 2.64 µm. Since
the cubes exhibit rounded edges their shape closely resembles a superellipsoid, which is described by: (x/a)m + (y/a)m + (z/a)m = 1. Superellisoids
undergo a shape deformation from a sphere to a perfect cube upon changing the shape parameter m from 2 to infinity [59]. The rounded edged
cubes we use in our experiments have intermediate m values between 3.5
and 4. The stabilization of emulsions succeeded for cubic microparticles
regardless their size. Figure 3.4a shows an emulsion series with different
concentrations of stabilizing hematite cubes with d = 0.85 µm. With this
series we confirm the expected decrease of droplet size with the concentration of added solid particles. If only small amounts of microparticles are
present, the total interfacial area that can be covered is limited and very
big droplets are obtained. At very low particle concentrations, 0.4 wt% for
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Figure 3.4. Concentration series in weight% of Pickering emulsions,
containing 2 mL decane and 2 mL aqueous dispersion, stabilized by
cubic hematite microparticles with mean side lengths d of (a) 0.85 µm
and (b) 2.64 µm. (c) Magnetic field applied to emulsions containing
cubes with d = 2.64 µm and 0.85 µm, respectively.

instance, very large oil droplets with diameters approaching the centimetre
range could be created. The solid content in these samples just sufficed to
prevent full macroscopic phase-separation. In contrast, at higher particle
concentration there exists a maximum concentration beyond which droplets
do not become smaller anymore. This depends for instance on the intensity
of the applied shear to create the emulsions, which sets the size of the initially generated droplets. Since we use relatively large and heavy particles
kT
(ρF e2 O3 ∼ 5.2 gcm−3 ), their gravitational length Lg = ∆mg
is much smaller
than their own mean side length ( 10−3 d). Despite some inevitable sedimentation of a small fraction of microparticles to the bottom of the vessel,
even large cubes with d = 2.64 µm acted as efficient particle-stabilizers of
emulsions, as shown for three emulsion samples in Figure 3.4b. From left to
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right the particle concentration increases and, concomitantly, the average
oil droplet diameter decreases.
As the hematite microparticles are magnetic, we tested their response
to the application of a magnetic field using a NdFeB magnet of 1.33 T.
The fraction of microparticles that was not adsorbed at the oil-water interface, but had sedimented to the bottom of the vessel, was attracted by
the applied magnetic field. However, the emulsion droplets fully covered by
magnetic hematite microparticles showed no response to the magnetic field,
irrespective of particle concentration, size and shape. This is in contrast
with Pickering emulsions stabilized by superparamagnetic iron particles [17]
that can undergo macroscopic phase separation upon application of an external magnetic field with similar strength. The particles are trapped in a
deep energy well that strongly binds them at the interface. For our hematite
microparticles, the energy associated with interfacial attachment is much
higher (∼ 107 kT ) than the magnetic force experienced by the particles.
Hence, particle detachment from the interface did not occur. In addition,
the dense packing of interfacial monolayers of microparticles does not allow
rearrangements such that magnetic moments align with the applied field.
Wiley derived expressions underlying limited coalescence of oil droplets
in the presence of emulsifier particles, relating droplet size with the amount
and size of adsorbed solid particles and volume of emulsified phase [35].
Interestingly, it was assumed that the interface was covered with a closepacked monolayer of cubes. With this study we provide the first experimental realization of Wiley’s prototypical model system, employing particles with a cubic shape. We have measured the surface-weighted average
oil droplet diameter D in emulsions stabilized by cubic microparticles. Figure 3.5a plots the inverse average droplet diameter D−1 against the weight
percentage (wt%) of hematite cubes for different mean side lengths d. We
verified a linear relation between D−1 and the wt% of added particles. This
is a general feature of limited coalescence in solid-stabilized emulsions [37]
and is in agreement with the equations derived in the previous section for
cubic particles. It should be noted, however, that this linear scaling behavior does not hold in the limit of complete phase-separation at very low
wt%. Similarly, at very high wt% the homogenization rate limits the minimum achievable droplet size. It should be noted that the slopes of the
corresponding linear correlations increase linearly with inverse mean cubic side lengths d1 , consistent with Eq. 3.5. The same plot is redrawn in
Figure 3.5b, but now for D−1 against the particle number concentration
Np
3
Voil . Realizing that the mass per particle mp ∼ ρp d and substitution in
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Figure 3.5. Inverse average oil droplet diameters 1/D plotted against
(a) weight% and (b) particle concentration of stabilizing hematite microcubes. (c) Average oil droplet diameters D (◦) and surface coverage
determined from D (∗) and microscopic particle packings (N) plotted
against mean cubic side length d at 4 wt%.
N d2

p
−1 should scale with d2 in this
Eq. 3.5 yields D−1 = 6Voil
C . Hence, D
representation, which is confirmed by the manifest increase in slope steepness with particle size. These findings are compatible, since larger particles
have a high surface area per particle and fewer particles are necessary to
stabilize emulsions with similar droplet size (Figure 3.5b). At the same
time, larger cubes display a lower surface-to-volume ratio and relatively
higher particle weight concentrations are required to cover the same surface area. Although these plots were not corrected for sedimented particles,
generally ≤ 15% of the added hematite microparticles, they display the expected linear trends in a qualitative way. Moreover, we also accounted for
unadsorbed microparticles and corroborated the linear dependence of the
average droplet diameter D with side length d more accurately, as shown
in Figure 3.5c for 4 wt%.
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We employ cubes to investigate for the first time how close their arrangement approximates a 100% interfacial coverage and to reveal their
preferred orientation with respect to the interface. The stability of the
emulsions and the size of the interfacial microparticles allow for in-situ microscopic observations at the single particle level. Figure 3.6 presents an
overview of the microscopic data obtained for cubic hematite microparticles at the oil-water interface of decane droplets. The turbidity of the
emulsion samples, however, obscured clear visualization of emulsion droplets and attached particles. Therefore, emulsions were diluted with water
which enabled detailed imaging of emulsion droplets floating at the waterair interface. The integrity of the droplets was not affected by dilution or
evaporation, which was minimized. The spherical shape of the oil droplets
is illustrated in Figure 3.6a and b. Already at intermediate magnifications,
individual microparticles can be distinguished. Upon changing the focal
depth, different parts of the particle-covered interface can be imaged owing
to the inherent curvature of the oil droplets, as shown for a small droplet in
Figure 3.6c. Hence, consistent with the concept of adsorbed solid particles
providing a barrier against droplet coalescence, optical imaging confirms
the particle coverage all over the droplet’s surface. The limited coalescence
process is often rationalized with the assumption of monolayer adsorption.
Our observations indeed confirm the presence of only a single layer of microparticles stabilizing the emulsions.
The arrangement of the cubes that extends over the complete interface
is displayed in Figure 3.6c-g. The cubes are organized in domains with a
packing varying from cubic to hexagonal. The observed arrangement corresponds with the shape of the cubes exhibiting rounded edges: their shape is
intermediate between a sphere which favors hexagonal packing and a perfect cube which would prefer a cubic packing. The order is more local as
compared with perfect hexagonally or cubic close packed structures. Due
to their intermediate shape and flexibility in packing, particle defects are
difficult to identify. In contrast, crystals from spheres contain characteristic
point and line defects which indicate crystal grain boundaries. For small
droplets, at small cube/droplet size ratios, defects become more apparent
as curvature becomes an important factor constraining the packing (Figure 3.6c). The fact that ordered domains can be indicated implies a high interfacial coverage by the microparticles (Figure 3.6d-h). Theoretically, the
densest surface packing for perfect cubes is 100%. For our rounded edged
cubes, superballs with m between 3.5 and 4, the maximum 2D packing
density varies between 94 and 95% [60]. This is a higher coverage than can
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Figure 3.6. Optical microscopy images of emulsion droplets displaying the assembly and arrangement of cubic particles at the oil-water
interface. The cubes have mean side lengths of (a-d,f) 1.27 µm, (e)
1.29 µm and (g,h) 2.64 µm. Scale bars are 10 µm.
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be realized for spheres (90.7%). Surface coverages were determined macroscopically from average emulsion droplet diameters D and from microscopic
microparticle packings (Figure 3.5c). Generally, the surface coverage varied between 80% and 90% for cubes with different sizes. Interestingly, local
domains were encountered with packing densities higher than theoretically
possible for spheres. In addition, the minimum areal fraction of residual
oil-water interface for densest sphere packings is 9.3% for three phase contact angles θow of exactly 90◦ and is very sensitive to θow . This results
in much higher fractions of particle-free interface in most situations. In
contrast, the fraction of oil-water interface that remains upon adsorption
of a densest packing of cubes can be lower than 9.3%, not for one specific
contact angle, but for a range of θow values. This is associated with the
exclusive parallel orientation of the cubes, to be discussed in the following
paragraphs. For cubes with d = 2.64 µm the packing is somewhat lower
(72%) and open spots are more frequently observed (Figure 3.6g and h),
resulting in slightly smaller droplet sizes than expected. Figure 3.6f shows,
however, that in the same sample some areas display higher packing densities. These observations may be related to the less cubic shape and slower
dynamics of larger particles that may result in a suboptimal, jammed state.
We have also investigated the packing and orientation of particles at
the oil-water interface with scanning electron microscopy. To enable imaging, styrene emulsion droplets decorated with cubic microparticles were
polymerized. Despite solidification of the emulsion droplets, interfacial
particle packings consistent with the optical microscopy observations were
preserved, as shown in Figure 3.7a and b. Some interfacial regions, however, are free from particles. Although samples were carefully prepared
for SEM imaging, particle release from polymerized droplets was inevitable
and occurred even upon gentle droplet transfer. Upon close inspection of
the electron micrographs we observed characteristic dimples, corresponding
with imprints of previously attached cubes.
We will now discuss the orientation of cubes residing at the oil-water interface. Interfacial particles have stable orientations if Young’s law, which
results in a three phase contact angle θow , is satisfied all around the particle’s surface. In contrast with spherical particles, several recent studies
revealed that θow for several anisotropic particles can only remain constant if the interface is distorted by undulations of the three phase contact
line [46, 47, 51–53]. As a consequence the system wants to minimize these
interfacial distortions, which give rise to long-range capillary interactions
between the particles. Surprisingly, despite their anisotropic particle shape,
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Figure 3.7. Arrangement and orientation of cubes (d = 1.27 µm) at
the interface of polymerized emulsion droplets, as visualized by scanning electron microscopy. (a,b) SEM pictures showing the arrangement
of colloidal cubes. (c) Sketch of the parallel orientation of a cube attached to the oil-water interface. (d) Three-phase contact angle θow
for a water droplet in styrene on a polished hematite surface. (e) SEM
pictures confirm that cubes orient parallel with respect to the oil-water
interface, with the majority of the cube surface exposed to the water
phase.

our cubic microparticles display a stable orientation upon adsorption without the need for interfacial deformations. Hence, the presence of strong
capillary interacions was not observed. The exclusive orientation of the
cubes at the oil-water interface is sketched in Figure 3.7c. All cubes are
oriented with one of their flat sides parallel with the oil-water interface.
When viewed from the top in Figure 3.7a and b, or the OM images in Figure 3.6, this is confirmed as one of the flat faces of the cube is observed. The
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rounded edges ensure that a wide range of values for θow can be satisfied all
around the particle’s surface in this parallel orientation, while the interface
remains flat. In fact, the particles can be regarded as cubes with curved
edges and corners that largely determine their wetting behavior. The three
phase contact angle θow between oil, water and hematite was 75◦ ± 7◦ for
styrene, see Figure 3.7d. Similar values were obtained for decane (73◦ ±5◦ ),
hexadecane (73◦ ± 6◦ ) and isopropyl myristate (71◦ ± 6◦ ). The majority of
the cube’s surface is exposed to the aqueous phase, which coincides with
θow < 90◦ . When viewed from the side, the parallel orientation of the
cubes becomes even more clear (Figure 3.7e). For single particles the parallel orientation of cubes is indeed thermodynamically most favorable, but
stable tilted orientations are possible as well [61]. The observation of an
exclusive parallel orientation and absence of metastable, tilted orientations
in our system may partly be a consequence of multiparticle effects such as
capillary bridging.

3.4.2. Pickering emulsions with ellipsoidal microparticles
Since hematite microparticles can easily be prepared with several anisotropic shapes, we additionally prepared ellipsoidal microparticles and used
them as solid stabilizers of emulsions, as depicted in Figure 3.8a. Although
the effect of particle shape in solid-stabilized emulsions was investigated
previously for ellipsoids with sharp tips (spindles) [14], we emphasize that
our ellipsoids exhibit rounded ends, display different interfacial behavior
and were not studied previously. We employed uniform ellipsoids with an
aspect ratio of 1.5, as shown on a representative transmission electron micrograph in Figure 3.8a, for the generation of Pickering emulsions with
concentrations of added particles varying from 1 to 5 wt%. It was reported before that sharp-tipped hematite ellipsoids with aspect ratios of
3.6 and below did not yield stable emulsions [14]. Nevertheless, we succeeded in stabilizing emulsions with our rounded-ended ellipsoids, which
have a lower aspect ratio and are heavier, at the same particle concentration. After vigorous manual homogenization, these emulsion samples
are also subject to the process of limited coalescence. Emulsion samples
reached their final droplet size distribution when the interface of the oil
droplets was fully covered by ellipsoids such that further coalescence was
prevented. Emulsions were stable upon storage for at least more than a
year. The surface-weighted average oil droplet diameters D were measured
and, again, a linear relationship was found between the inverse average
diameter D−1 and the ellipsoid concentration.
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Figure 3.8. (a) Concentration series of ellipsoid-stabilized Pickering
emulsions. (b) Transmission electron microscopy picture of ellipsoidal
hematite microparticles of 2.03 µm±4.4% by 1.36 µm±4.1%. (c) Inverse average oil droplet diameters 1/D plotted against weight%.

Optical microscopy images of oil droplets covered with hematite ellipsoids
from diluted emulsion samples are shown in Figure 3.9a-d. The two touching, but non-merging, droplets in the inset of Figure 3.9a illustrate that the
particles at the interface provide a mechanical barrier against coalescence.
Due to the curved droplet surface different regions of the droplet surface
with adsorbed particles can be visualized with changing focal depths, as
illustrated for two pictures of the same droplet in Figure 3.9c. Therefore,
larger particle areas can best be visualized near the droplet’s centre. Ellipsoids occupied the interface in monolayers with relatively high interfacial
coverages of ∼ 68%, minimizing the residual oil-water interface area. The
ellipsoidal shape of the microparticles can be inferred from the packings
revealed by optical microscopy. Hence, ellipsoids are oriented with their
long axis parallel with respect to the oil-water interface. The ellipsoids
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Figure 3.9. (a-d) Ellipses assembled at the decane-water interface, as
visualized by optical microscopy at different magnifications. Sketch and
scanning electron micrograph of the orientation of ellipsoids attached
to the oil-water interface, as viewed from (e) aside and (f) above.

do not display ordered arrangements, although ellipsoids may form local
side-to-side stacks of a limited number of particles (Figure 3.9d). We further corroborated the interfacial orientation of the ellipsoids with scanning
electron microscopy. Figure 3.9e and f present the preferred parallel orientation of the ellipsoids with views from the side and the top, respectively.
The majority of the ellipsoid surface is in contact with the aqueous phase,
which is consistent with θow < 90◦ . Alternatively, the ellipsoids could also
adsorb with their long axis perpendicular with the interface. However, this
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Figure 3.10. (a) Concentration series of Pickering emulsions stabilized
by peanut-type microparticles. (b) Transmission electron microscopy
picture of peanut-type hematite microparticles of 1.59 µm±4.1% by
0.59 µm±5.1%. (c) Inverse average oil droplet diameters 1/D plotted
against weight%.

orientation was not found as the parallel orientation is associated with a
larger energy gain upon interfacial adsorption per particle, since a larger
oil-water interfacial area is occupied.
3.4.3. Pickering emulsions with peanut-shaped microparticles
The effect of particle anisotropy was further exploited by the creation of
Pickering emulsions with peanut-shaped microparticles, as shown in Figure 3.10a. The addition of sulfate ions in the gel-sol method modifies the
growth of microparticles via adsorption perpendicular to their (long) caxis [57]. In this way we obtained peanut-shaped microparticles with an
aspect ratio of 2.7 with small indentations perpendicular to the c-axis of
the particles (Figure 3.10b). Consistent with the limited coalescence process, emulsion droplet sizes were tunable with particle concentration. The
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Figure 3.11. (a) Pickering emulsion droplets stabilized by peanutshaped microparticles, as visualized by optical microscopy. (b,c)
Peanuts assemble at the oil-water interface in interdigitating stacks.
(d) Sketch and scanning electron micrographs of peanuts oriented parallel with their long axis with respect to the oil-water interface.

linear dependence of inverse average droplet size on weight% of hematite
microparticles is plotted in Figure 3.10c.
Direct microscopic observations of peanut-covered emulsion droplets are
displayed in Figure 3.11. Due to the high particle coverage of the interface, approximately 79%, droplets remain intact for long times even when
touching. Peanuts assemble in particle stacks with their long axis parallel
with each other, see Figure 3.11b and c. The wide ends and indentations
of the peanuts in those locally ordered stacks may interlock. There is, however, no clear correlation between orientations of different peanut stacks.
Peanut-shaped particles only oriented with their long axis parallel with
the oil-water interface, which was also confirmed with SEM observations
(Figure 3.11d). In principle, Young’s law can also be satisfied in a perpendicular orientation, but is less favorable due to its lower energy gain upon
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adsorption. In agreement with their wetting characteristics (θow < 90◦ ),
peanuts were primarily exposed to the water phase.
3.5. Conclusions
We have investigated the effect of novel particle shapes in Pickering emulsions by employing cubic, rounded-ended ellipsoidal and peanut-shaped
particles. These anisotropic microparticles display interfacial packings and
orientations that were not studied before. Emulsions stabilized by monolayers of anisotropic hematite microparticles were formed via limited coalescence of particle-covered oil droplets. Droplets were stable against further
coalescence for at least one year. With this study we provide the first experimental realization of limited coalescence of solid-stabilized emulsions with
cubes, analogous to Wiley’s seminal work in which an interfacial packing
of cubes was assumed [35]. For instance, we verified a linear relationship
between emulsion droplet size and the side length d of interfacial cubes.
The packing and orientation of anisotropic microparticles at the oil-water
interface was studied with microscopy at the single particle level. Cubes
assembled at the interface in monolayers with a packing intermediate between hexagonal and cubic, with average densities between 80% and 90%
and local densities higher than possible for spheres. Moreover, cubes exclusively oriented parallel with one of their flat sides at the oil-water interface,
while ellipsoids assembled parallel with their long side. Peanut-shaped microparticles organized locally in interdigitating stacks, oriented with their
long axis parallel with respect to the interface. We did not find indications
for long-range capillary interactions. Instead, the observed interfacial orientation of cubes, ellipsoids and peanuts can be realized without the need
for interfacial deformations.
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4
From Soapfree Pickering Foams to Free-Standing
Microparticle Films
Surfactant-free Pickering foams were generated using anisotropic hematite microparticles with cubic, ellipsoidal and peanut-like shape. Foam
formation depends strongly on the ionic strength of the hematite dispersions, since at higher salt concentrations the electrostatic barrier
against interfacial particle adsorption is decreased. Simultaneously,
the value for the three-phase contact angle θaw increases at higher
ionic strength and promotes the irreversible attachment of particles
to the interface. The microparticles cover bubbles by densely packed
monolayers that provide high stability against disproportionation and
coalescence. Cubes assemble at the interface in monolayers with a packing intermediate between hexagonal and cubic, whereas peanut-shaped
microparticles assemble in interfacial particle stacks that may interlock.
Moreover, we used Pickering foams with bubble sizes of several millimetres as scaffolds for the creation of free-standing particle films. Those
self-supporting membranes are free from cracks, extend over large areas
of ∼ 0.5 cm2 and retain their structural integrity for at least one year.
Interestingly, they exhibit a uniform thickness of two layers of cubic microparticles. The close-packed cubes display face-to-face arrangements
within one layer and between the two layers, resulting in bilayers with
very high mechanical strength. The cubic bilayers may be regarded as
an inorganic analogue of naturally abundant lipid bilayers.

51

52

4. From Soapfree Pickering Foams to Free-Standing Microparticle Films

4.1. Introduction
Foams are mixtures of immiscible fluids in which a vapor phase is dispersed as bubbles in the continuous phase of a liquid [62]. Surfactants and
proteins are most commonly used to cover the vapor-liquid interface, usually between air and water, preventing collapse of the foam. In analogy
with Pickering emulsions, however, the ability of solid particles to stabilize foams has received widespread attention over the last decade [8,63,64],
after the seminal work of Ramsden in 1903 [5]. These Pickering foams
are more resistant against coalescence and disproportionation and display
longer lifetimes than surfactant-stabilized foams. The main driving force
for adsorption at the interface is the reduction of energetically costly airwater interface area upon interfacial particle attachment. Solid-stabilized
foams have been generated using a variety of particles with appropriate
wettability [43, 65–71], including silica, (bio)polymer and magnetic particles. Foam stabilization by solid particles is relevant in froth flotation of
minerals, enhanced oil recovery and finds application in food and cosmetic
formulations.
Once attached at the interface, solid particles are usually unable to desorb from it since they are trapped in a deep energy well. However, before
interfacial attachment particles need to overcome an electrostatic adsorption barrier. This barrier originates from the fact that any charged object
in a medium approaching the interface with a medium with lower dielectric
constant experiences repulsive image charge forces [72]. Similarly, charged
colloids in water ( = 80) experience repulsion upon approaching the interface with air ( = 1). Additional charges in the aqueous phase screen the
image-charge repulsion. Hence, this barrier depends on the ionic strength
of the solution and can be significantly reduced by adding salt [73]. The
colloid-interface interactions, interestingly, resemble the classical picture of
colloid-colloid interactions in bulk from the DLVO theory [73]. In both
cases, there is a repulsive and salt-dependent energy barrier at larger distances that prevents particles from being pulled into a deep, short-range
attractive well. This implies that adding salt may cause aggregation of a
colloidal dispersion and, similarly, may facilitate the adsorption of particles at the air-water interface. Moreover, the effective hydrophobicity of
particles may be increased at higher ionic strength. The addition of salt
may, for these reasons, also result in increased foamability and foam stability [70, 74–76]. It was recently demonstrated that ionic strength may also
be used as a stimulus for nanoparticles to transfer from water to oil [77].
Here we investigate the generation of Pickering foams and its dependence
on ionic strength, employing for the first time uniform microparticles with
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cubic, ellipsoidal and peanut-type shape. We previously introduced these
shape-anisotropic particles as effective solid stabilizers of emulsions [78]. In
a limited number of studies solid-stabilized foams have been generated with
anisotropic particles such as microrods [43, 79] and nanodiscs [80, 81]. Materials from Pickering foams usually rely on the highly porous foam structure, endowing them with high mechanical strength. In this way, reinforced
polymeric nanocomposite materials [82, 83] and macroporous ceramics [84]
were obtained. In contrast, we propose a novel self-assembly strategy for
the creation of soapless free-standing particle films derived from Pickering foams. Apart from particles, other components are usually required to
form free-standing particle membranes. Composite particle films have been
generated, where particles are embedded in a supporting polymeric matrix [85–90]. Free-standing films solely composed of particles were obtained
in a limited number of studies using spherical particles [91–94], primarily
with nanoscale dimensions. In this study we isolate particle-stabilized bubbles and use them as scaffolds for the creation of extended free-standing
films that are assembled from cubic microparticles only. Those large-area
free-standing films consist of ordered double layers of microparticles and,
therefore, represent an inorganic analogue of naturally abundant lipid bilayers, as encountered in the cell membrane.
4.2. Experimental section
4.2.1. Synthesis of hematite microparticles
Uniform cubic hematite (α-Fe2 O3 ) microparticles were prepared following Sugimoto’s gel-sol method [54]. In a typical synthesis, 100 mL of 5.4
M NaOH (Merck) was slowly added in approximately 5 minutes to 100 mL
of a magnetically stirred 2.0 M FeCl3 (Sigma-Aldrich, puriss. p.a.) solution. Subsequently, the obtained condensed iron hydroxide gel was aged at
100◦ C for 8 days. The resulting precipitated particles were then purified by
threefold centrifugation and redispersion in 200 mL Millipore water. The
preparation of ellipsoids and peanuts [55] was similar to the procedure for
the cubes, except that 90 mL of 6.0 M NaOH and 10 mL 0.82 M or 0.25 M
sodium sulfate (Acros, 99%) were added to the ferric hydroxide gel, respectively. Sulfate ions strongly adsorb to hematite faces parallel to the (long)
c-axis, inhibiting particle growth in the direction normal to the c-axis [57].
4.2.2. Preparation of Pickering foams and free-standing films
To prepare particle-stabilized aqueous foams, a known volume of hematite dispersion with a certain wt%, pH and [NaCl] was brought into a glass
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vial. Subsequently, aqueous dispersions were first shaken by hand and were
further aerated for 5 minutes by mixing with an Ultra Turrax homogenizer
with a dispersing head operating at 10,000 rpm. Pickering foams with large
bubble sizes were used to create free-standing particle films. Closed-band
frameworks of copper or brass were immersed in particle-stabilized bubbles
and were carefully pulled out. Opposing sides of particle-stabilized bubbles
touched so that no air was enclosed anymore. The particle-stabilized interfaces formed a free-standing particle membrane inside the framework. A
beaker was put upside down to shield the free-standing films and all water
was left to evaporate.
4.2.3. Characterization
Contact angle measurements. Three-phase contact angles θaw between
air, water and hematite were measured with a DataPhysics OCA15 setup.
To determine θaw , small (∼1 µL) water droplets with varying [NaCl] were
formed at the tip of a needle and brought into contact with a polished hematite surface. Subsequently, the needle was gently retracted, leaving behind a
water droplet at the hematite surface. Three-phase contact angles were determined automatically, approximating the contour of the imaged droplets
with a Laplace-Young fit. Measurements were averaged over eight droplets.
Surface tension measurements. Surface tensions were measured via pendant drop tensiometry with a DataPhysics OCA15 setup. Droplets (∼15
µL) of water or hematite dispersion with varying [NaCl] were formed at
the tip of a needle (outer diameter 1.65 mm) using a syringe. The shape
of the droplet reflects the balance between gravitational and surface forces.
Images of the droplets were recorded over time, typically 2 hours, and surface tensions were calculated based on Laplace-Young fits of droplet shape
contours.
Optical microscopy. Pickering foams and free-standing microparticle
films were imaged with a Nikon Eclipse Ti inverse optical microscope. The
microscope was equipped with a 20, an extra-long working distance 40 and
an oil immersion 100 Nikon objective. Images were taken with a Lumenera InfinityX CCD camera. Drops of diluted foam samples were placed on
microscopic cover slides, which were capped with a closed glass cylinder to
prevent evaporation.
Scanning electron microscopy. Foams and free-standing films were examined with scanning electron microscopy (SEM) to observe the arrangement
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of the anisotropic hematite microparticles. Before imaging, foam samples
were left to dry. Samples were studied with a Philips XLFEG3 scanning
electron microscope. Prior to SEM inspection, samples were sputter-coated
with a platinum layer of 6 nm thick.
4.3. Results
4.3.1. Pickering foams
Hematite microparticles with anisotropic shapes can act as effective stabilizers of the air-water interface in the absence of any surfactants, which
is of particular interest for applications where the use of surfactants should
be avoided or minimized. Despite the fact that hematite is a very abundant
material in nature, to our knowledge it has not been used before to stabilize
the air-water interface. Solid-stabilized foams were generated upon vigorously mixing dispersions of hematite microparticles. In comparison with
the addition of fixed volumes of oil in Pickering emulsions, it is harder to
control the volume of encapsulated air in foams. One of the most relevant
parameters for foam formation is particle hydrophobicity, which is reflected
by the contact angle θaw between air, water and the particle surface. Contact angles . 90◦ are most effective for the generation of solid-stabilized
foams. It has been shown that hydrophobicity of the particle surface can
be tuned by, for instance, the addition of short-chain amphiphiles [67, 95]
or surface modification prior to foaming, as widely employed for silica particles [66]. The formation of particle-stabilized foams may also depend
on the pH of the aqueous phase, the particle concentration and salt concentration. Foams were formed at pH values between 3 and 7, whereas
at pH 9 air bubbles were not stabilized. Foams were prepared using dispersions with the aqueous phase fixed at pH 5, where the ζ-potential is
approximately +40 mV. The isoelectric point of the hematite microparticle dispersions is close to 8.5-9. Since we employed heavy, micron-sized
particles with very small gravitational lengths ( 10−3 particle size), high
particle concentrations (≥ 10 wt%) were necessary for appreciable foaming.
At low particle concentrations particles could only adsorb at the already
present macroscopic air-water interface. An increase in particle concentration enhances the contact between the air-water interface and hematite
microparticles upon aeration of dispersions and promotes their attachment
to the air-water interface.
However, dispersions obtained straight after synthesis did not yield stable Pickering foams. The transition of a nonfoaming aqueous dispersion
to a particle-stabilized foam was accomplished by the addition of salt, as
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Figure 4.1. Pickering foams stabilized by (a) cubic and (b) ellipsoidal
hematite microparticles with different concentrations of salt. The side
length d of the cubes is 1.29 µm ± 7.2%, while the dimensions of the
ellipsoids are 2.03 µm±4.4% by 1.36 µm±4.4%. The initial dispersions
contained 22 wt% cubes and 10 wt% ellipsoids, respectively. (c) Foam
volume versus NaCl concentration for different hematite microparticle
dispersions.

shown in Figure 4.1a and b. This is in accordance with previous studies [75, 76]. Upon approach of the air-water interface, particles experience
an electrostatic repulsion due to image charge effects. This electrostatic
barrier is sensitive to ionic strength and can be significantly reduced by
the addition of salt to facilitate interfacial particle adsorption [73, 74]. At
ionic strengths of 10−3 M or lower, foams were not formed. Nevertheless,
particle monolayers were present at the macroscopic air-water interface in
some samples. At higher ionic strength image charge repulsion becomes increasingly screened and the rate of adsorption increases. Having overcome
the adsorption barrier, microparticles adhere to the interface and become
irreversibly trapped in a deep energy well of ∼ 107 kT . After aeration of
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Figure 4.2. (a) Three-phase contact angle θaw determined for water
droplets with varying [NaCl] in air on a hematite surface. (b) Interfacial tension followed in time for a droplet of aqueous 1 wt% hematite
dispersions in air.

the dispersion, partially covered bubbles coalesce until the particle coverage
is sufficient to prevent further coalescence. Typically, foams generated at
the lowest salt concentrations where particle-stabilized bubbles were found
had large diameters of several millimetres. At higher salt concentrations,
foam volumes increased (see Figure 4.1c) and bubble sizes decreased with
sub-millimetre diameters, both facilitating an increasing amount of interfacially adsorbed particles. At very high salt concentration foam volumes
may again decrease, since particle dispersions become unstable.
In addition to lowering the energetic adsorption barrier, the surface of the
particles becomes more hydrophobic with increasing ionic strength. Figure 4.2a shows that the contact angle θaw increases from 55◦ at 10−3 M to
values between 70◦ and 77◦ for salt concentrations of 0.1 M and higher, further assisting particle adsorption. These contact angles are all < 90◦ , meaning that the majority of the particle surface is exposed to water. Therefore,
foams are favoured where hematite microparticles encapsulate air bubbles
in a continuous aqueous phase. Moreover, we measured the interfacial tension in the presence of hematite microparticles in time, see Figure 4.2b. A
decrease in the interfacial tension was observed, signifying the adsorption
of particles at the interface of the aqueous droplet.
Once formed, foams remained stable to coalescence and disproportionation for more than three months. The enormous stability of the Pickering
foams is due to the formation of rigid shells around the bubbles that consist
of dense, incompressible particle monolayers. Moreover, particle-stabilized
bubbles were isolated from the aqueous subphase and were even found to be
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Figure 4.3. Foam stabilized by hematite cubes with side length d =
1.29 µm ± 7.2% at 2 M NaCl isolated from the aqueous subphase (a)
in the wet state, (b) after drying and (c) in the form of flakes after
breaking. (d-f) Scanning electron micrographs of cube-stabilized foam
structures.

stable to drying (Figure 4.3a-c), a property that is unknown for foams stabilized by surfactants. SEM investigations on dried and fractured Pickering
foams show that cubic microparticles are densely packed at the (former)
air-water interface, see Figure 4.3d-f. Particles lacking any ordered 2D
interparticle structure were also found. These were probably present in
the continuous aqueous phase before drying and do not contribute to the
stabilization of the air-water interface.
In-situ observations with optical microscopy, as shown in Figure 4.4,
reveal that air bubbles are stabilized by a densely packed shell that consists
of a monolayer of hematite microparticles. Figure 4.4a displays that the
bubble shape may substantially deviate from a perfect sphere. Although
bubbles generally adopt a spherical shape, exhibiting the minimal surface
area for a given volume, dense interfacial particle monolayers may support
the stability of nonspherical structures [96]. The interfacial monolayers act
as a mechanical barrier against coalescence, since bubbles remain intact
upon touching (Figure 4.4b,c). In some cases particle bridging between
bubbles was observed, which may be related to the magnetic nature of the
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Figure 4.4. (a-e) Optical microscopy images of Pickering foams stabilized by densely packed monolayers of cubes with mean side lengths
of d = 1.51 µm ± 5.0%. Scale bars are 10 µm.

microparticles, but this was hard to visualize in detail. The cubic particle
shape with rounded edges, intermediate between a sharp-edged cube and a
sphere, is manifested in the particle packing. Hematite cubes are organized
in domains with a packing varying from cubic to hexagonal. The roundededged cubes, superellipsoids with shape parameter m between 3.5 and 4,
have a maximum 2D packing density varying between 94% and 95% [60].
This is a higher surface coverage than can be realized for spheres (90.7%),
but is lower than 100% for perfect cubes.
Pickering foams were also generated with the aid of ellipsoidal and peanutshaped hematite microparticles, previously used as solid stabilizers of emulsions [78]. Figure 4.5a and b display microscopy images of air bubbles stabilized by a monolayer of uniform hematite ellipsoids with an aspect ratio
of 1.5. Only a part of the interfacial particle layer was visualized in Figure 4.5a, due to the curved bubble surface. Ellipsoids are oriented with
their long axis parallel with respect to the air-water interface. The ellipsoids do not display ordered arrangements, although ellipsoids may form
local side-to-side stacks of a limited number of particles. An alternative
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Figure 4.5. Optical microscopy images of Pickering foams stabilized
by (a,b) ellipsoids of 2.03 µm ± 4.4% by 1.36 µm ± 4.1% and (c,d)
peanuts of 1.59 µm ± 4.1% by 0.59 µm ± 5.1%. Scale bars are 10 µm.

orientation would be one where ellipsoids adsorb with their long axis perpendicular with the interface. However, this orientation was not found as
the parallel orientation is associated with a larger energy gain upon interfacial adsorption per particle, since a larger area of air-water interface area
is occupied. Anisotropic peanut-shaped microparticles were also employed
to form stabilizing particle shells around air bubbles. Direct microscopic
observations of peanut-covered bubbles are displayed in Figure 4.5c and d.
Peanuts assemble locally in interfacial particle stacks with their long axis
parallel with each other. The wide ends and indentations of the peanuts in
those ordered stacks may interlock. We did not observe a clear correlation
between orientations of different peanut stacks. Peanut-shaped particles
displayed an exclusive interfacial orientation, that is, with their long axis
parallel with the air-water interface. A perpendicular orientation is not
found, despite satisfying Young’s law, since it is associated with a lower
energy gain upon adsorption. In agreement with their wetting characteristics (θaw < 90◦ ), both ellipsoids and peanuts were primarily exposed to the
continuous water phase of the foams.
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Figure 4.6. Free-standing films composed of cubic hematite microparticles only, with side lengths (a) d = 1.51 µm ± 5.0% and (b) d = 0.85
µm ± 13%, formed via self-assembly at the water-air interface.

a

b

Figure 4.7. (a,b) Optical microscopy images displaying the arrangement of cubes (d = 1.51 µm ± 5.0%) in free-standing films. Scale bars
are 10 µm.

4.3.2. Free-standing films
Pickering foams were also used as scaffolds to create free-standing particle films. The self-assembly of surfactants in soap films has been thoroughly
investigated [62], also in the presence of colloidal particles [97]. In a variety
of self-supporting composite films, particles still need the additional support of a polymer matrix [85–90]. Free-standing, soapfree films that only
consist of particles were obtained in a limited number of studies using spherical nanoparticles [91–93]. To our knowledge, the work by Gu et al. [94]
represents the only study where self-supporting colloidal crystal films were
formed using microspheres. We prepared free-standing particle films from
uniform cubic hematite microparticles, as shown in Figure 4.6. Closed-band
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Figure 4.8. (a-d) Free-standing films solely composed of cubic microparticles (d = 1.51 µm ± 5.0%) as visualized by scanning electron
microscopy. Scale bars are 5 µm.

frameworks of copper or brass were immersed in particle-stabilized bubbles
with diameters of at least several millimetres and were carefully withdrawn.
Opposing sides of particle-stabilized bubbles touched so that no air was enclosed anymore. The particle-stabilized interfaces formed a free-standing
film of ∼ 0.5 cm2 inside the framework. A beaker was put upside down
to shield the free-standing films and all water was left to evaporate. The
remaining particle membranes show clear Bragg colours, indicating the periodicity of the cubic microparticles. The films display a high mechanical
strength and adhere in the framework for a number of weeks. The particle
membranes retained their structural integrity for more than a year.
The arrangement between the particles in self-supporting membranes is
very similar to the structures observed at the surface of particle-stabilized
bubbles, the cubes displaying a packing intermediate between cubic and
hexagonal. Figure 4.7 and 4.8 show, respectively, optical microscopy and
scanning electron microscopy images of the free-standing films from densely
packed cubes. The colloidal cubic crystal films are free from cracks and
extend over several millimetres. When viewed from the top one of the flat

63

4.3. Results

a

b

c

d

e

Figure 4.9. (a-e) SEM side view of free-standing films solely composed
of cubic microparticles with (a,e) d = 1.51 µm ± 5.0% and (b-d) 1.27
µm ± 4.8%), revealing their bilayer structure. Scale bars are 2 µm.

faces of the cubes is visualized. All cubes are oriented with one of their flat
sides parallel within the particle film. This parallel orientation was also the
exclusive orientation of the cubes that stabilize air bubbles, the rounded
edges ensuring that θaw can be satisfied all around the particle’s surface.
When viewed from the side, it becomes clear that the free-standing films
consist of a uniform double layer of cubic microparticles (Figure 4.9). Both
layers are closely stacked on top of each other and all cubes are lying parallel
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within the bilayer. Therefore, cubes only touch cubes in the other layer
via contact with their flat faces. Our self-supporting double particle layer
membranes may be regarded as an inorganic analogue of natural bilayers in
biological membranes. Most lipid bilayers are composed of phospholipids
that contain a hydrophilic head group and two hydrophobic tails. Bilayered
structures can also assemble from other types of surfactants. In aqueous
environment, bilayers are formed with all head groups exposed to water
and all tails pointing toward the interior of the bilayer. These bilayered
barriers are encountered in the cell membrane of every cell.
We believe that the mechanical robustness of the cubic bilayers is related to the stability of the foams that eventually form the free-standing
films. It is evident that these membranes provide superior stabilization as
compared with any surfactant-stabilized film that ruptures upon drying.
As demonstrated in the previous paragraph, the Pickering foams display
a high interfacial particle coverage. Due to a lack of well-defined model
systems for particle-stabilized foam films in the absence of surfactants [64],
explaining the stability of Pickering foams, results can be compared with
particle-stabilized emulsion films. Horozov et al. [98] showed that particles in emulsion films with low particle concentration cannot resist the
hydrodynamic flow inside the thinning film and are dragged away from the
film centre, leaving the thinnest part of the film unprotected and vulnerable to rupture. In contrast, they demonstrated that close-packed particle
monolayers at the film surfaces can oppose the drag and film thinning is
slowed down. Stabilization of films could be provided by bilayers or bridging
monolayers [98, 99]. However, all emulsion films [98], eventually ruptured
via a transition from a bilayer to a bridging monolayer. The high particle coverage of the bubbles, that eventually form our free-standing films,
also prevents drainage and thinning. In addition, the particle membranes
only contained small amounts of water that slowly evaporated. We only
observed bilayered structures and no bridging monolayers nor rupture of
the films that rather retained their mechanical integrity. It is known that
bilayers are more stable against rupture than monolayers [100], since they
can resist higher capillary pressures.
The cubic particle shape also contributes to the immense stability of
the self-supporting inorganic bilayers. Initially, water between the densely
packed cubes acts as a capillary bridge. Upon evaporation from those thin
capillaries the cubes become locked in by each other, strengthening the
film due to a nearly perfect fit. This results in face-to-face contacts between
cubes within the same layer and between the two layers. Films created from
hematite ellipsoids were only stable for several minutes against rupture.
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The ellipsoids are more flexible for rearrangements than the cubes and have
a much smaller contacting area. An order of magnitude approximation of
the van der Waals attraction between cubes within the bilayers was made,
based on the interaction energy U101 between two infinite half-spaces at a
101
. A101 represents the Hamaker constant
distance h, using: U101 = −A
12πh2
between two similar surfaces in vacuum, which varies from 92 to 232 zJ
(22-56 kT) for hematite [101]. Assuming a perfect cubic packing and a
contact area of 1 µm per face, the interaction strength of a cube within a
bilayer is 6 − 15∗103 kT at h = 10 nm and 6 − 15∗105 kT at h = 1 nm. The
strong attraction between the densely packed cubes is an important factor
for the stability and strength of the free-standing inorganic bilayers.
4.4. Conclusions
We have shown that Pickering foams can be generated employing anisotropic hematite microparticles with cubic, ellipsoidal and peanut-type
shape without the addition of any surfactant. Foam formation depends
strongly on the concentration of added salt, which decreases the electrostatic barrier against interfacial particle adsorption. Moreover, at higher
ionic strength the value for the three-phase contact angle θaw increases
and promotes the irreversible attachment of particles to the interface. The
microparticles stabilize bubbles by densely packed monolayers that prevent their disproportionation and coalescence. Moreover, for the first time
large-area, free-standing particle films were prepared using Pickering foams
as scaffolds. Those self-supporting membranes are free from cracks, retain
their structural integrity for at least one year and are composed of two
layers of cubic microparticles. The close-packed cubes display face-to-face
arrangements within one layer and between the two layers, resulting in
bilayers with very high mechanical strength. The cubic bilayers may be
regarded as an inorganic analogue of naturally abundant lipid bilayers.
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5
Self-Assembly of Colloidal Cubes at the Oil-Water
Interface
We explore the interfacial attachment of colloidal particles with a cubic shape. For this purpose, we have synthesized uniform micron-sized
cubic silica particles which adsorb at the oil-water interface of oil-inwater emulsions. Polydisperse emulsion droplets are obtained, with
either partial or full interfacial particle coverage. A combination of optical and laser scanning confocal microscopy enables the in-situ study
of both the packing as well as the orientation of the colloidal cubes
at the interface. Single layers of cubic particles arrange in ordered domains, displaying a packing intermediate between cubic and hexagonal.
Moreover, the cubes show a preference for orienting parallel with the
interface, regardless whether oil-in-water or water-in-oil droplets are
formed.
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5.1. Introduction
The interface between two fluids (e.g. oil-water or water-air) has proven
to be an effective platform for the self-organisation of colloids into largerscale ordered structures. Ramsden and Pickering were the first to recognize
the phenomenon of particle adsorption at fluid interfaces [5,6]. The adsorption of colloidal particles at interfaces is associated with a gain in energy as
compared to the situation of particles in a colloidal dispersion solely surrounded by one continuous phase. This adsorption energy not only depends
on the interfacial tension γow between the two fluids and the contact angle
θ between the particle and both fluids, it also scales quadratically with the
radius r of the particle. The expression for ∆Gads in the case of spherical
particles therefore reads ∆Gads = πr2 γow (1 ± cos θ). For particles with a
size of 10 nm, the adsorption energy is 103 kT, already much larger than
thermal energy. For a micrometre-sized object it is even on the order of
107 kT. Therefore, once particles are adsorbed at the interface, desorption
in most cases is very unlikely to occur. Most studies to date regarding particle adsorption have been primarily devoted to particles with a spherical
shape [9, 12, 102, 103].
Over the last couple of years a number of systems exploiting the selfassembly of monodisperse, anisotropic particles at fluid interfaces have
been investigated. This is related to the growing availability of anisotropic
building blocks that may subsequently self-organize into intricate higher
level ordered structures [104–108]. Bowden et al. [45] initiated the attention for the interfacial organization of millimeter-scale objects with complex
shapes and wetting properties, which inspired the examination of similar
phenomena on the microscale where gravitational forces are usually negligible. Disc-like clay particles can for instance serve as efficient Pickering
emulsifiers [41], but they are generally not very uniform in size and shape.
Alargova et al. demonstrated the capability of polymeric microrods to stabilize foams [43], whereas Vermant’s group reported a strong dependence
of emulsion stability on particle shape by systematically varying the aspect
ratio of ellipsoidal particles [14]. The interfacial assembly of ellipsoidal particles is of particular interest [46,47,49,50]. Due to their anisotropic particle
shape, Young’s equation - implying a constant three-phase contact angle θ
around the particle’s surface - can only be satisfied by undulations of the
contact line which give rise to local distortions of the interface. These in
turn induce strong, anisotropic and long-ranged attractive capillary interactions between the particles, which organize into more extended particle
aggregates. Capillary interactions between cylindrical particles gave rise to
end-to-end particle chains at the interface [51, 52]. Moreover, Yunker and
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collaborators [53] showed that the so-called coffee-ring effect may be suppressed by using capillary attractions stemming from interfacially adsorbed
anisotropic particles. These findings have a great potential for technological applications where uniform particle deposition is desired, e.g. for inkjet
printing and paints. The interfacial assembly of anisotropic colloids allows
the investigation of novel particle interactions, interfacial orientations and
packing densities, as well as their influence on emulsion, foam and film
stability.
Here we study for the first time the adsorption of uniform particles with
a cubic shape at the oil-water interface. From simple geometric considerations it follows that cubes can in principle display full packing and hence
reduce the residual free oil-water interface to a minimum. Moreover, in
order to satisfy Young’s equation, anisotropic cubic particles are expected
to exhibit a nontrivial orientation with respect to the interface and interface mediated capillary interactions may arise. In fact, to our knowledge
the only experimental investigations involving cubic particles at interfaces
is reported by Dippenaar [109]. He reported on the mechanism of aqueous film rupture in the presence of adsorbed galena (PbS) cubes with sizes
of a few hundred µm, which is relevant for froth flotation. The particles
either displayed a horizontal or a diagonal orientation with respect to the
water-air interface. These observations have been confirmed by simulations
considering single cubic particles at fluid-fluid interfaces [110–114]. In this
study, we present a direct visualisation of the packing and orientation of
cubic particles attached onto the oil-water interface on a single particle
level, employing a combination of conventional light microscopy and laser
scanning confocal microscopy (LSCM).
5.2. Experimental section
5.2.1. Materials
Iron chloride hexahydrate (ACS reagent), tetraethoxysilane (TEOS, ≥
99.0%) and 3-(aminopropyl)triethoxysilane were obtained from Fluka. Polyvinylpyrrolidone with an average Mw of 10, 000 g/mol (PVP-10), rhodamine-B isothiocyanate (RITC, mixture of isomers), fluorescein isothiocyanate,
a 25 wt% tetramethyl ammonium hydroxide aqueous solution (TMAH) and
Pluronic-F127 were purchased from Sigma-Aldrich. Ethoxylated trimethylolpropane triacrylate (ETPTA) was kindly provided by Sartomer. Ethanol
p.a. and hydrochloric acid 37 wt% were purchased from Acros. Sodium
hydroxide p.a. was obtained from Merck. All chemicals were used without
further purification. Water used in all experiments was purified by filtration
through Millipore filters.
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5.2.2. Synthesis of colloidal cubes
Uniform hematite cubic core particles were prepared with a high yield
following Sugimoto’s gel-sol method [56]. In a typical synthesis, 100 mL
of 5.4M NaOH was slowly added in approximately 5 minutes to 100 mL
of a magnetically stirred 2.0M FeCl3 solution. Subsequently, the obtained
condensed iron hydroxide gel was aged at 100o C for 8 days. The resulting
precipitated particles were then purified by threefold centrifugation and
redispersion in 200 mL water. In the next synthesis step, a silica layer
was grown around the hematite core, following Rossi et al. [115]. To this
end, the hematite particles were first coated with a sterically stabilizing
layer by adding PVP to an aqueous hematite dispersion while stirring.
The dispersion was stirred overnight and was washed with ethanol. The
amount of added PVP roughly provided 60 PVP molecules per nm2 of
particle surface [116]. To provide the eventual particles with a fluorescent
dye, 0.0285 mmol of rhodamine-B isothiocyanate (RITC) and 7.22 mmol
of 3-aminopropyltriethoxy silane (APS) were mixed with 20 mL ethanol.
The dye solution was stirred overnight in the dark. The silica coating
was performed in a 3 L round bottom flask under mechanical stirring and
ultrasonication. A mixture of 1 L ethanol, 100 mL water and 10 mL of a
1 wt% TMAH solution was prepared and 10 g of 10 wt% PVP-stabilized
hematite dispersion in ethanol was added. Subsequently, TEOS solutions
were added using a Gilson Minipuls 3 peristaltic pump operating at 16
mL/h. The first solution contained 10 mL TEOS, 8 mL of dye solution and
2 mL ethanol, whereas the second solution was undyed and prepared by
mixing 10 mL TEOS and 10 mL ethanol. To prevent aggregation, a solution
of 20 g PVP in 100 mL water was added to the dispersion, which was then
sonicated for 2 more hours and stirred overnight. The silica-coated particle
dispersion was washed several times with ethanol and then with water.
Next, the hematite cores were selectively removed by etching with an 8
M hydrochloric acid solution while stirring. The hematite particles were
fully dissolved after 6-24 hours when the initial dark red turbid solution
had turned into a bright yellow-orange iron chloride solution. Finally, the
hollow silica cubes were washed several times with water and then with
ethanol.
5.2.3. Emulsification procedure
A dispersion of cubic silica particles in ethanol was added to ethoxylated
trimethylolpropane triacrylate (ETPTA), an index-matching oil. Ethanol
was selectively removed from the mixture by supplying the sample with
a continuous N2 -flow overnight and then heating it at 70◦ C for 2 h in a
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convection oven. The volume fractions of silica suspensions in ETPTA
were kept at 1.5 v%. Dispersion flasks were wrapped in aluminium foil and
stored in the dark. Typically, emulsions were formed by adding 50 µL of 1.5
v% particle dispersion in ETPTA to 2 mL water or water containing 1 wt%
Pluronic F127. In some cases the aqueous phase was dyed with FITC for
confocal imaging. Subsequently, samples were either homogenized manually
or shaken with a LaboTech vortex mixer for 1 minute and emulsions were
formed.

5.2.4. Characterization
Electron microscopy. The size and shape of the synthesized particles were
analyzed by taking transmission electron microscopy (TEM) photographs
using a Philips Tecnai 12 microscope operating at an acceleration voltage
of 120 kV. For each sample a drop of diluted dispersion was placed on a
Formvar-coated copper grid sputter-coated with carbon. Electron micrographs were taken for hematite cores, silica-coated hematite particles as
well as for hollow silica cubic particles.
Pendant drop tensiometry. The interfacial tension between ETPTA and
Millipore water was evaluated for 24 hours using a DataPhysics OCA 15
setup. The interfacial tension was determined from a Young-Laplace fit,
which closely matched the contour of an ETPTA droplet in water.
Optical microscopy. Emulsion samples were imaged with a Nikon inverse
optical microscope equipped with a 10×, an extra-long working distance
40× and an oil immersion 100× Nikon objective. Images were taken with a
Lumenera InfinityX CCD camera. Drops of emulsion samples were placed
between 0.17 mm cover slides.
Laser scanning confocal microscopy. Thin 2D cross sections of emulsion
droplets were imaged with a Nikon TE 2000U laser scanning confocal microscope equipped with a Nikon C1 scanning head in combination with an
Ar-ion laser (488 nm, Spectra Physics), a HeNe laser (543.5 nm, Melles
Griot) and an oil immersion lens (100 Nikon Plan Apc, NA 1.4). Emulsion
samples were placed in small screw-capped vials. The bottom of the vial
was removed and replaced by a microscope cover glass (Chance Propper
Ltd, 0.11 mm), which was attached to the vial using Araldite epoxy glue.
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a
Add to water
1 min. shaken
by hand

Cubes in oil

b

Oil-in-water Pickering emulsion

c

200 µm
Figure 5.1. (a) Schematic overview of the emulsification procedure by
which (b,c) oil-in-water emulsions form and particles self-assemble at
the oil-water interface.

5.3. Results and discussion
5.3.1. Emulsification with colloidal cubes
The silica particles, dispersed in oil, were added to a continuous water
phase and then samples were shaken by hand. In this way, emulsion droplets were formed and the particles subsequently migrated to the oil-water
interface where they become trapped in a deep energy well. This emulsification procedure is schematically outlined in Figure 5.1a. Pictures of
typical emulsion samples containing oil-in-water droplets decorated with
colloidal cubes are shown in Figure 5.1b and c. Due to the straightforward,
inhomogeneous manner of emulsification, oil droplets with widely divergent
sizes were generated varying from ten up to a few hundred micrometers.
The biggest oil droplets were even observable by eye.
In our experiments, we used three batches of silica cubic particles with
different sizes. Figure 5.2 shows the particles, both with and without hematite cores. Although the same synthesis route was applied for the preparation of hematite cubes [56], we observed significant batch-to-batch size
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variations. The synthesized hematite cubes had mean edge (i.e. face-toface) lengths between roughly 1 and 2.5 µm. These size differences might be
explained by the sensitivity of the synthesis to the concentration of excess
Fe3+ ions [54]. Unexpected variations in [Fe3+ ] might, for instance, easily
be introduced due to the hygroscopic nature of the iron chloride hexahydrate precursor. Nevertheless, for all preparations uniform cubic particles
were obtained with a polydispersity of around 5%.
To exclude undesired magnetic interactions between the particles, the
cores were selectively removed by etching with a concentrated HCl solution. The remaining silica cubes had a uniform shell thickness. The dimensions of the cubic particles and their shell thickness are given in Table 5.1.
Upon closer inspection, one notices that the particle shape deviates from a
straight-edged cube. Instead, our cubic colloids have rounded edges while
their faces are still perpendicular with respect to each other. More accurately, this particle shape is described by the formula for superellipsoids:
(x/a)m + (y/a)m + (z/a)m = 1, which deform from a sphere to a cube upon
changing the shape parameter m from 2 to infinity [59]. The particles we
use in our experiments have intermediate values with m∼ 3.5.
Silica is the most frequently studied material in the self-assembly of colloidal particles at fluid interfaces. However, when it comes to uniform
anisotropic particles, other materials such as polymers and minerals have
generally been employed until now. Recent investigations revealed that unmodified silica particles allow for the stabilization of oil-in-water Pickering
emulsions [117], if relatively polar oils with oil-water interfacial tensions
below 15 mN/m are used. We use ethoxylated trimethylolpropane triacrylate (ETPTA), an oil with an oil-water interfacial tension of 9.3 mN/m,
to create emulsions with particles attached to the interface, as was previously shown for spherical silica particles [118]. Since the particles are
initially not suspended in the continuous phase, but rather in the eventual droplet phase, the resulting emulsions are classified as anti-Bancroft
emulsions [119]. A clear benefit of particles with interfacial preference in
the disperse phase is that short diffusion lengths and times allow for fast
and efficient interfacial anchoring. The particles migrate from within the
droplets to the interface, where they become trapped by reducing the interfacial area between oil and water. With a microfluidic approach, Kim et al.
elegantly demonstrated the selective adsorption of silica colloids depending
on their hydrophobicity and the nature of the contacting liquids [120]. It
was shown that bare hydrophilic silica particles, dispersed in ETPTA, attach strongly to the ETPTA-water interface, but do not adsorb between
ETPTA and an apolar fluorocarbon oil. The combination of ETPTA oil
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a

500 nm
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c

Figure 5.2. Silica cubes with (left) and without (right) hematite cores
with edge lengths of (a) 1297 ± 4.0% nm, (b) 1656 ± 4.5% nm, and (c)
2794 ± 4.7% nm, and silica layers with thickness of, respectively, 128,
75, and 77 nm.

with our cubic silica colloids provides a novel model system. The particles
assemble at the oil-water interface, while their µm size enables direct observations with respect to their arrangement and interactions on a single
particle level. Moreover, the minor refractive-index mismatch between particles (nSiO2 = 1.45) and oil (nET P T A = 1.4689) endows the system with
optical transparency, a useful feature in determining the interfacial particle
orientation.
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5.3.2. Optical microscopy
Although a narrow droplet size distribution is desired for many applications, the applied emulsification procedure yields very polydisperse oil
droplets. Nevertheless, this does not limit the study of the cubic particles
residing at the oil-water interface. Optical microscopy pictures confirm
that oil-in-water Pickering emulsion droplets, with the colloidal cubes selfassembled at the interface, were formed (see Figure 5.3). We were unable
to monitor the actual interfacial attachment of particles, as this happened
on a too short time scale. Once adsorbed, particles did not escape the
interface agreeing with their entrapment being associated with a reduction
of energy per adsorbed particle several orders of magnitude higher than
thermal energy.
The droplets exhibited an interfacial coverage varying from densely to
partly covered. The extent of particle coverage follows a general trend,
related to the size of the oil droplets. That is, larger droplets usually display
a higher surface coverage. Considering that the particles are suspended
in the disperse phase, this is in agreement with the fact that the area-tovolume ratio scales with R1 [119]. Hence, when a sample with a fixed particle
concentration contains droplets with varying size, the particle coverage is
expected to be higher for larger droplets. However, the inhomogeneous
shearing applied during emulsion preparation accounts for the, albeit less
frequent, observation of fully covered small droplets and non-fully covered
larger droplets as well. Figure 5.3a-f depict droplets of different sizes with
a high degree of coverage. Although particles are attached all over the
interface, only a small fraction of the particles may be visualized for large
droplets, as displayed in Figure 5.3e and f, due to their size and curvature.
The observation of very dense packings is not surprising, regarding that
the cubic shape allows, in principle, for more efficient arrangements than for
Table 5.1. Cube edge length d and shell thickness determined from
TEM pictures

Batch

d Core (nm)

d Core-shell (nm)

Shell thickness (nm)

I
II
III

1041 ± 4.3%
1507 ± 5.0%
2640 ± 4.8%

1297 ± 4.0%
1656 ± 4.5%
2794 ± 4.7%

128
75
77
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Figure 5.3. (a-f) Optical microscopy pictures of oil droplets with sizes
varying from 10 µm to macroscopic. The oil-water interface is fully
covered with cubic particles. (g) Anisotropic and (h,i) partly covered
oil droplets are also observed. The cubes displayed here have mean
edge lengths of 1297 nm or 2794 nm (d). Scale bars are 10 µm.

spheres. The densest two-dimensional packing for spheres still leaves ∼10 %
of the oil-water interface unoccupied. Despite the apparent faceted nature
of the particles, it is hard to retrieve the exact particle shape from the
microscopy data. The cubic shape of the particles may, however, be deduced
from the presence of domains with a cubic arrangement. Furthermore, as
a result of the cubic shape with rounded edges, domains with a hexagonal
packing and ones with a packing intermediate between cubic and hexagonal
are observed as well. In addition to entrapment at the oil-water interface,
particles at fully covered interfaces are also caged by neighboring particles
and, hence, severely restricted in their motion.
It should be noted that even anisotropic droplets were generated (Figure 5.3g), all showing a high interfacial coverage. This phenomenon might
be explained by local, high particle concentrations in combination with
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the not very well-controlled shearing process. Generally, spherical droplet
shapes are energetically most favorable, but droplets may adopt irregular
shapes when an excess of particles with high affinity for the interface are
available. Once such anisotropic droplets have been formed, the droplet
is unable to relax to a spherical shape. The accompanied dense packing
renders the particles relatively immobile and does not allow the reduction
of the interfacial area [96, 121]. The required detachment into one of the
phases is, obviously, highly unfavorable.
In contrast, droplets only partly covered by particles are encountered
as well. Several studies have confirmed the stability of Pickering emulsion
droplets with colloids only moderately covering the interface [102,103,122].
In the case of droplets with a low surface coverage, few single particles were
observed at the interface. The majority of the particles rather attach to
others and self-organize in larger clusters and, at the same time, areas free
from particles are found. Particles in such clusters clearly display Brownian motion and are more mobile than the ones attached to densely covered
surfaces. Without breaking away from the cluster, particles retain their
freedom to move relatively independently of each other. Capillary interactions arising from the anisotropic particle shape and associated interface
distortions, assuring uniform wetting of the particle surface, possibly play
a role here. Nevertheless, we were unable to observe the formation of such
clusters by the attachment of single particles or smaller clusters.
5.3.3. Laser scanning confocal microscopy
Since conventional optical microscopy is only capable of imaging the
outer surface of the oil droplets and particles, it is hard to visualize the
cubes at the interface in detail. Therefore, we complementarily employed
laser scanning confocal microscopy (LSCM) for a clear determination of the
orientation of the cubes with respect to the oil-water interface. Since the oil
is refractive index-matched with the particles, it is possible to image slices
at specific heights through particles and particle-covered droplets. Confocal
transections of particles yield signal from the outer, fluorescent silica layer
and render their cubic shape with rounded edges. For large droplets we
were still able to image individual particles at the interface at least 50 µm
into the sample volume. Cross-sections through two particle-covered oil
droplets of different size are imaged at different heights of the droplet, as
can be seen in Figure 5.4a-d. Close to the sample wall many particles can be
observed, since a large part of the droplet’s surface can be captured in the
focal plane. Going deeper into the sample, rings consisting of particles are
observed. The radius of these rings of particles continues to increase with
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Tilted cubic

Figure 5.4. (a-e) Cross sections through a particle-covered oil droplet
at different heights imaged by laser scanning confocal microscopy. Scale
bars are 10 µm. (f) Cubes arrange in ordered domains with a cubic,
tilted cubic or hexagonal packing.

focal depth until the actual radius of the oil droplet is reached. Thus, the
position of the oil-water interface is indicated by the presence of interfacially
adsorbed, tracing particles, even without the addition of a fluorescent dye
in the aqueous phase.
As expected, our micrometer-sized particles only adhered in single layers
to the interface, which is evidently demonstrated in Figure 5.4d. The finite
interface position effectively restricts a second layer of particles to become
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trapped in the same deep energy well particles experience at the interface.
In accordance with the high desorption barrier, we did not observe the
detachment of particles from the interface in our system.
Although no long-range order was present, the cubic particles evidently
pack in domains with a regular arrangement (see Figure 5.3 and 5.4).
Ordered domains with the same crystal packing typically contained ∼1020 particles. Some domains display a pronounced simple cubic packing,
where particles lie face-to-face with four other particles, resulting in bigger
square patterns. Hexagonally packed domains consisting of particles surrounded by six nearest neighbors, were also found. However, in many cases
particles favor a cubic packing with slightly tilted particle rows, intermediate between cubic and hexagonal. The flexibility in adopting a variety of
two-dimensional crystalline lattices is a consequence of their rounded cubic
shape. The packing density in these ordered areas exceeds the maximum
two-dimensional packing for spheres. In fact, in efficient cubic particle
packings the only residual oil-water interfacial area is related to the empty
spaces that remain because of the rounded particle edges.
The observation that ordering only takes place on a local scale may be explained by the short time scale associated with particle adsorption. Locally,
the particles are able to find their preferred arrangement, but due to the
high surface fraction the mobility of the particles is suppressed. Therefore,
the growth of larger-scale domains with unified, energetically favorable configurations is hindered. Moreover, the curvature of the interface complicates
the ordering and the allocation thereof and induces a mismatch with the
most efficient packing on a flat surface. Experiments on crystalline packings
of spherical particles assembled on curved surface geometries revealed the
existence of excess defects in so-called grain-boundary scars [123], resolving
the century-old Thomson problem. Unfortunately, the crystalline domain
sizes obtained with our cubic particles are too small for the investigation
of defects.
We have studied the orientation of cubic particles at the oil-water interface from LSCM images of cross-sections through particle-coated droplets,
as illustrated in Figure 5.5. It was found that the orientation of the particles can be determined most clearly when oil droplets are sliced through
their centre, i.e. when the radius of the ring of particles corresponds with
the actual droplet radius. To assure that the measured particle orientation
matches the three-dimensional orientation, multiple cross-sections through
the same particle at slightly different heights in the sample were carefully
examined. The orientation of the particles was quantified by measuring at
least 200 cubic colloids for three different particle sizes.
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Figure 5.5. (a) Orientation angle φ of cubes with respect to the oilwater interface. (b-d) LSCM images of cross-sections through particlecovered oil droplets with different sizes. (e) Distribution of particle
orientations averaged over 200 particles for cubes with edge lengths of,
respectively, 1297, 1656 and 2794 nm.

To analyze the orientation of the cubes, we introduce the orientation
angle φ, which may vary between 0° and 45°. The orientation angle φ is
defined as the deviation of the cube’s side from the tangent with respect
to the oil-water interface, so φ may also be determined for curved interfaces. Particles may display an orientation with their flat side parallel with
the oil-water interface (φ = 0°), whereas in the other extreme case particles
have a tilted orientation (φ = 45°), as shown in Figure 5.5a. Configurations

5.3. Results and discussion

81

intermediate between those two are possible as well. Figure 5.5e shows the
relative distributions of particle orientations for particles with different edge
lengths. For all of these particle sizes, a strong preference for orientations
with small φ is observed, as the cubes presumably displayed configurations
with their sides approximately parallel with the interface. In this configuration, particles occupy a large part of the oil-water interface and are at the
same time able to accommodate to the presence of other parallel-oriented
particles without the need for energetically costly reorientations.
Interestingly, the preference of cubes for parallel interfacial attachment
did not change with the size of the covered droplet, as can be seen in
Figure 5.5b-d. Because of geometrical constraints, the oil-water interface
cannot be fully occupied for small droplets. Since the majority of the particle surface is exposed to the droplet phase, a mismatch with face-to-face
particle alignment is unavoidably observed. For somewhat larger droplets,
apart from small triangular free spaces between the cubes, the particles
nearly lie face-to-face. If the size of the droplet is much larger than the
cubic particles (R > 10d), the curvature of the oil-water interface significantly decreases on the particle scale. Therefore, the cubes can maximize
the interfacial coverage and favor a close face-to-face packing.
It should be noted that the wetting behavior and, hence, the particle
orientation depends on the three-phase contact angle θ. In a similar system, using silica particles with a spherical shape, Kim et al. reported a
contact angle of 70° measured from the ETPTA phase [120]. In a similar
way, the majority of the cubic particle’s surface is exposed to the oil phase.
This observation can be understood by the fact that the cubic shape with
rounded edges can facilitate a wide range of wetting angles to be satisfied
if the cube adopts a parallel orientation. In particular, if one more closely
inspects a single particle (see Figure 5.5a), it is evident that the rounded
corners and edges can be considered as partial spheres (and cylinders). The
radius of these imaginary spheres corresponds approximately with a quarter of the cube edge length. Hence, in a parallel orientation three-phase
contact angles θ until 90° can be realized. The additional fact that the
allowed parallel attachment can easily be achieved upon approach of the
interface contributes to its nearly exclusive occurrence. In contrast with
tilted orientations, there is no need for adjustment of the particle’s orientation after its initial attachment. Although particles have some freedom
to move along the interface, we only detected translational motion but no
changes in particle orientation.
During the emulsification process some water droplets formed within
the oil droplets. Interestingly, these water droplets are covered by cubic
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Figure 5.6. (a) LSCM image of a particle-covered water droplet inside
a bigger oil droplet showing particle orientations of cubes with respect
to the interface. (b) Distribution of particle orientations averaged over
200 particles.
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Figure 5.7. LSCM images of (a,b) oil-in-water and (c) water-in-oil
droplets covered by cubic particles. Scale bars are 2 µm.

particles, while the majority of the particle’s surface is again exposed to
the oil phase. Figure 5.6 shows a typical example of a water-in-oil droplet
cut through its centre, fully covered with cubic particles. In a similar way
the orientation of the particles was determined. Although the phases are
inverted, the cubes residing at the interface of water droplets presumably
exhibit a parallel orientation with small φ, consistent with the previously
described particle orientation for oil droplets. To further ascertain the
robustness of the particle orientation, spherical particles were added to the
system (Figure 5.7). Again, both oil-in-water and water-in-oil droplets were
observed. The droplets displayed a high interfacial coverage and the cubes
retained their parallel orientation, while the spherical particles due to their
relatively small size acted as tracer particles that indicate the position of
the interface.

83

5.4. Conclusions

a

c

b

toluene/ETPTA

o
w

d

o

e

f

w

Figure 5.8. LSCM images of (a-d) oil-in-water and (e,f) water-inoil droplets covered by cubic particles. The oil phase consists of a
toluene/ETPTA mixture (50/50 v%). The particles are now primarily
immersed in the aqueous phase. Scale bars are 1 µm.

When using a toluene/ETPTA mixture (50/50 v%) we observe that the
cubic particles are still attached at the interface, but are now exposed to
the aqueous phase with a larger part of their surface. Due to the addition of
toluene, the oil phase becomes more hydrophobic and the cubes are pushed
more towards the aqueous phase, see Figure 5.8. We observe this behavior
for interfacially attached cubes in both oil-in-water and water-in-oil droplets. Moreover, we find no preference for a particular interfacial particle
orientation, as both tilted (Figure 5.8b and c) and parallel orientations
(Figure 5.8d) are found.
5.4. Conclusions
We have demonstrated the self-assembly of microparticles with a cubic
shape at the interface of oil-in-water emulsion droplets. Using a combination of optical and laser scanning confocal microscopy, we were able to
study both the arrangement as well as the (preferred) orientation of the colloidal cubes at the interface. The cubes display a high interfacial packing
density and organize in domains with cubic, hexagonal or an intermediate
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packing. Cubes were oriented predominantly in a parallel orientation with
respect to the interface, in both oil-in-water and water-in-oil droplets.
With a better control of droplet size and surface coverage by cubic particles, colloidosomes [124] with a dual pore size may be developed. These
pores are related to the interparticle spaces due to the rounded edges of
the cubes and, on the other hand, to the hollow character of the particle
shells. With our investigations considering the adsorption of cubes at the
oil-water interface, we have extended the research dedicated to the interfacial assembly of anisotropic particles. We anticipate that, considering the
rapid advancement in particle synthesis, many other particles with anisotropic shape will provide novel model systems to study a plethora of fascinating phenomena occurring at the interface. For instance, the interfacial
behavior of doublet particles [125] and Janus particles [126] was recently investigated. The combination of interfacial self-organization of anisotropic
particles with interface curvature acting as an external directing field to
position colloids with preferred orientations and at exact locations on the
surface were also recently reported [127, 128].
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6
Pickering Emulsions Stabilized by Colloids from
the Water-Insoluble Protein Zein
Few fully natural and biocompatible materials are available for effective particle-stabilization of emulsions since strict requirements, such as
insolubility in both fluid phases and intermediate wettability, need to
be met. Here, we demonstrate the first use of water-insoluble proteins,
employing the corn protein zein as a representative of this family, as
effective particle-stabilizers of oil-in-water emulsions of natural oils and
water. For this purpose, we synthesized zein colloidal particles through
an anti-solvent precipitation procedure and demonstrated their use in
the formation of stable oil-in-water Pickering emulsions as a function
of particle concentration, pH and ionic strength. We confirmed that
the wetting properties of zein, studied as a function of pH and ionic
strength, strongly favor interfacial particle adsorption with oil-in-water
three-phase contact angles θow close to 90. We found that unmodified
zein colloidal particles can produce stable, surfactant-free o/w emulsions with droplet sizes in the range of 10-200 µm under experimental
mixing conditions (2 min with Ultra Turrax homogenizer at 13,500
rpm) at pH above and below the isoelectric point of zein, for low to
moderate ionic strengths (1-10 mM). Under conditions where the particle volume fraction is low (< 0.2 wt%) or at low pH, the resulting emulsions are not stable against coalescence. At a higher ionic strength, the
zein particles have a tendency to aggregate and the resulting emulsions
flocculate, forming an emulsion-gel phase.
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6.1. Introduction
Stabilization of fluid-in-fluid dispersions, such as foams and emulsions,
can be realized by the addition of surface active particles [10]. Particles
with partial wettability can adsorb strongly at the fluid-fluid interface of
immiscible fluids. The energy barrier ∆Gads that should be overcome to
remove a spherical particle from the interface into one of the bulk phases
depends on the contact angle θ, the particle radius r, and the oil-water
interfacial tension γow :
∆Gads = πr2 γow (1 ± cos θ)

(6.1)

Estimates of this energy show that even for particles as small as a few
tens of nanometers, the energy barrier for particle desorption is higher than
the kinetic energy of Brownian motion ( kB T ), which makes the adsorption effectively irreversible. Although particles can be used as alternative
emulsifiers and provide superior stabilization compared to conventional low
molecular weight surfactants and proteins, they also have a major drawback. Usually a relatively higher concentration of particles (>1 wt%) is
necessary to assure good stabilization against coalescence. The main reasons for this difference are related to the much larger size of the particles in
comparison with those of molecular surfactants: the kinetics of adsorption
are slower due to the larger amount of material that is needed to cover the
same droplet surface, there is a high adsorption barrier and a very high
desorption energy [129].
Although the phenomenon of particle-stabilization in foams and emulsions was initially recognized more than a century ago by Ramsden and
Pickering [5, 6], it was not until the last few decades that it received widespread scientific interest. Over this period, the generality of foam and
emulsion stability against coalescence provided by the adsorption of solid
particles at the fluid-fluid interface has been demonstrated by the use of
many different types of particles. Furthermore, many studies have been
devoted to the elucidation of the mechanisms behind particle-stabilization
by focusing on, among others, the influence of particle size, hydrophobicity
and shape [12–14]. The effect of pH on the formation and stability of Pickering emulsions and particle-stabilized foams has also been investigated for
several systems [76,122,130–136]. The current challenge entails translating
the knowledge about emulsion stabilization by solid particles into useful
industrial applications. Most of the particles used in these studies are,
however, synthetic, often inorganic materials (e.g. silica) that have limited applicability in, for example, pharmaceutical, agricultural, food and
cosmetic formulations.

6.1. Introduction
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Therefore, the development of environmentally friendly systems based
on fully natural resources is desirable. However, the requirements to serve
as a particle-stabilizer, such as insolubility in both fluid phases and intermediate wettability, are so challenging that to date not many available
natural materials fulfill them. In a limited number of studies, colloidal
particles of biological origin, such as spore particles [32], chemically modified starch granules [137] and cellulose particles [33, 138, 139], have been
employed to stabilize emulsions. Nevertheless, the following drawbacks are
frequently encountered and need further research: the particles are often
highly polydisperse, need additional chemical treatment to assure interfacial attachment, have colloidal and wetting properties that are poorly
characterized, systems are not fully natural or have a very limited applicability. For instance, the required concentration of food micronutrients,
nutraceuticals and additives is usually low and therefore limits their application as particle-based stabilizers [140]. Proteins find wide applications as
emulsifiers and can be used in high concentrations. The vast majority of
proteins are water-soluble and are usually considered as an emulsifier type
distinct from solid particles [129].
In this study, we introduce water-insoluble proteins as a novel class of
fully natural particle-stabilizers of emulsions. The class of proline-rich proteins, prolamins, is characterized by a limited solubility in water, but a
good solubility in some organic solvents containing water (e.g. ethanolwater mixtures) [141, 142]. These solubility properties, as compared to
those of water-soluble proteins, have prevented their use as emulsifiers until now. We used zein as a representative for water-insoluble proteins acting
as particle emulsifiers. Zein is an extensively studied, food grade and abundant material extracted from corn and there have been many attempts to
commercialize it in various industrial applications [141, 142]. The solubility behavior of zein is determined by the high proportion of hydrophobic
amino acids, like e.g. leucine, proline and alanine, and its relative deficiency of basic or acidic amino acid residues [143]. This makes zein relatively hydrophobic, while its degree of hydrophobicity can be controlled by
the degree of ionization of basic and acid amino acid groups. Four classes
of zein are known as α-, β-, γ- and δ-zein, based on their different solubility behavior and sequence [144]. The low solubility of zein in both water
and oil allows for the controlled fabrication of colloidal particles through
anti-solvent precipitation. Precipitation of the protein can be controlled by
several parameters such as temperature, mixing efficiency, protein concentration and the presence of stabilizers such as surface active molecules and
polymers. Zein colloidal particles have been studied for delivery [145, 146]
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and encapsulation, but their use in stabilization of fluid-in-fluid dispersions
has not yet been explored.
Here, we demonstrate the fabrication of surfactant-free, biodegradable
and edible oil-in-water Pickering emulsions based on fully natural renewable
resources using relatively monodisperse colloidal zein particles as the emulsifier. As an additional advantage with respect to applicability and scalability, we show that zein colloidal particles, as opposed to many other natural
particle-stabilizers, display intrinsic surface activity. In other words, unmodified particles adsorb at the oil-water interface and require no additional
chemical surface modification or pretreatment. The role of parameters such
as particle concentration, pH and ionic strength on emulsion formation and
stability against coalescence was studied and these observations are related
to the colloidal and wetting properties of zein.
6.2. Experimental section
6.2.1. Materials
Zein from corn (batch]: 057K0156) was obtained from Sigma. 1N HCl
and 1N NaOH solutions were obtained from Merck Co. (Germany) and
were used to control the pH. Absolute ethanol (99.9%) was obtained from
VWR BDH Chemicals, UK. Sodium chloride was obtained from Sigma and
was used to control the ionic strength. Water purified by a MilliQ system
was used for all the experiments. Soy bean oil was obtained from Fluka
(Soy oil from Glycine max ). All ingredients were used without further
purification.
6.2.2. Synthesis of zein colloidal particles
In a typical synthesis of zein colloidal particles, 10.0 g zein was dissolved
in an aqueous ethanol mixture (80 (v/v)% EtOH), prepared by mixing 320
mL ethanol with 80 mL MilliQ water. 1200 mL MilliQ water was put in a
beaker and stirred vigorously. The zein solution was added in 2-3 minutes
to this beaker in a controlled way using a syringe. A turbid dispersion
with a yellow, milky color was formed with 20 (v/v)% EtOH. To obtain an
aqueous dispersion, ethanol was removed under reduced pressure by rotary
evaporation. Approximately three quarters of the solvent was removed
such that the dispersion was concentrated to 2.5 wt%. If more solvent is
removed, the particles may become susceptible to aggregation. Finally, the
dispersion was centrifuged for 10 minutes at 1000 rpm to remove (possible)
larger aggregates. The final dispersion had a pH around 4.0. Dispersions
were stored in the refrigerator at 5◦ C.
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6.2.3. Particle characterization
Transmission electron microscopy. The size and shape of the synthesized
particles were analyzed by taking transmission electron microscopy (TEM)
photographs using a Tecnai 200 (FEI Company, The Netherlands), operating at 200 kV. The particles were dispersed in MilliQ water (pH adjusted to
4.0 using HCl solution) and one drop of the diluted dispersion was placed
on a 200-mesh carbon-coated copper grid.
Particle size measurement. The volume-weighted particle size was measured by dynamic light scattering (DLS) using a Zetasizer Nano (Malvern
Instruments Ltd, UK) after appropriate dilution to avoid multiple particle
effects. Particle sizes were measured after diluting samples with MilliQ
water of the same pH as the original dispersion (e.g. by diluting with regular MilliQ water without pH adjustment with HCl, the dispersion starts
to flocculate as the isoelectrical point is approached). All measurements
were carried out at 25◦ C and the results reported are averaged over three
readings. The apparent diameter of the particles was also determined from
the TEM micrographs by taking the average over measurements on 150
particles.
Zeta potential measurements. The ζ-potential of the particles was measured with the ZetaSizer Nano (sample preparation was similar to that for
particle size measurement). The surface charge properties of the particles
were investigated by zeta potential measurements as a function of pH, employing cuvettes equipped with an electrode, using the Smoluchowski or
Hckel equation for converting measured mobilities. At least two separate
measurements were used for each pH value.
6.2.4. Contact angle measurements
A 1 wt% zein solution in an aqueous ethanol mixture (90 (v/v)% EtOH/)
was prepared by magnetic stirring at room temperature. Homogeneous zein
films were deposited onto pre-cleaned glass substrates by heating zein solutions at 70◦ C for 15 minutes. Before further use, these zein films were
stored in a desiccator. The static contact angle was measured using a DataPhysics OCA15 setup. To determine the oil-in-water three-phase contact
angles θow , glass substrates coated with zein films were placed on top of an
aqueous subphase with a certain [NaCl] and pH. Next, oil droplets (1-2 µL)
were formed in the aqueous phase at the tip of a bended needle, which was
brought into contact with the substrate. Subsequently, the needle was gently retracted, leaving behind an oil droplet at the zein film. Furthermore,
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water-in-air three-phase contact angles θwa were measured by depositing
water droplets (1-2 µL) with a certain [NaCl] and pH onto zein films under
an ambient atmosphere. Contact angles were determined automatically,
approximating the contour of the imaged droplets with a Laplace-Young
fit. Measurements were averaged over at least five droplets.
6.2.5. Preparation, stability and characterization of emulsions
For all emulsions, zein colloids with a diameter of 82 ± 16 nm were used.
To prepare an emulsion, 5 mL of zein dispersion of a certain wt%, pH and
[NaCl] was brought into a glass vial. 5 mL of soy bean oil was slowly added
to the dispersion, while mixing with an Ultra Turrax homogenizer with a
dispersing head operating at 13,500 rpm. After all the oil was added, the
sample was mixed for 2 additional minutes. pH adjustments were made
with HCl and NaOH solutions. The samples were stored in a refrigerator
at 5◦ C.
The emulsion type (oil-in-water or water-in-oil) was determined qualitatively by checking the miscibility in a pure water or oil phase. A drop
of each emulsion was added to a volume of either pure oil or pure water.
Water continuous (oil continuous) emulsions dispersed in water (oil) and
remained as drops in oil (water). The emulsion volume fractions were followed in time by measuring the position of the interface 1 hour, 3 days and
2 weeks after sample preparation. Photographs of vessels were taken with a
Nikon digital camera. Samples were imaged, both 30 minutes and 2 weeks
after preparation, with a Zeiss Axioplan (Carl Zeiss) optical microscope
equipped with a video camera (Scion Corp.). A drop of emulsion was diluted with its continuous phase on a microscopic slide and carefully covered
with a cover slip. This technique was used to estimate the mean droplet
diameter. The characteristics of the prepared emulsions are summarized in
Table 6.1.
6.3. Results and Discussion
6.3.1. Particle characterization
The synthesis of surfactant-free zein colloidal particles is based on classical anti-solvent precipitation, a method widely used for fabrication of
various organic colloidal particles [147]. The method comprises the preparation of a solvent mixture containing water and an organic solvent (e.g.
ethanol and acetone), in which zein powder is dissolved. Next, the zein
solution is poured into an aqueous phase under continuous vigorous mixing
such that zein precipitates as fine particles in a colloidal dispersion. In
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Figure 6.1. (a) Transmission electron micrograph of zein colloidal particles and (b) their volume averaged particle size distribution. (c) ζpotential and (d) particle volume averaged diameter of aqueous zein
colloidal particles as a function of pH at 1 mM NaCl. Close to the
isoelectric point of zein (pH∼ 6.5) the particles become unstable and
aggregation takes place. (e) Particle volume averaged diameter and (f)
ζ-potential as a function of [NaCl] at pH 4.0. Above 10 mM the system
becomes unstable and aggregation takes place.
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the final step the organic solvent is removed by evaporation to obtain an
aqueous dispersion containing 0.1-2.5 wt% colloidal particles.
Although this preparation method allows the synthesis of particles with
different sizes, to avoid sedimentation in the suspensions we decided to
work with particles that were not too large (i.e. particles of 500 nm will
already trigger sedimentation in aqueous dispersions) and not too small
in order to have sufficient energy for attachment at the oil-water interface
(i.e. the energy of attachment should be much higher than the thermal
energy kB T ). The use of nanoscale colloidal particles, in principle, should
also allow stabilization of droplets against coalescence with sizes in the
micrometer range, which are comparable to the sizes of most commonly
used (industrial) emulsions [12].
Figure 6.1a shows a TEM image of zein colloidal particles with an apparent number-averaged diameter of 70 ± 13 nm, which confirms that they
are fairly monodisperse with a spherical morphology. Due to drying of the
sample and the vacuum environment needed for electron microscopy, the
particles probably have shrunk somewhat. Using dynamic light scattering
measurements, a volume weighted particle diameter of 82 ± 16 nm was
measured (Figure 6.1b). The ζ-potentials of the particles determined by
electrophoretic mobility measurements are plotted against the pH of the
aqueous dispersion in Figure 6.1c. On lowering the pH to 3, the particles
become strongly positively charged (ζ > +60 mV), with the isoelectric point
close to pH 6.5. On increasing the pH, the particles become strongly negatively charged (ζ > -50 mV). The averaged particle diameters (Figure 6.1d)
below pH 6 and above pH 8 are constant (∼ 85 nm with a polydispersity
of around 15-20%), reflecting that the system is stable and the particles
within this pH range are well dispersed and discrete. Close to the isoelectric point of zein (pH ∼ 6.5), at which the net particle charge is zero and
the electrostatic repulsion is decreased, the dispersion becomes unstable.
The particle diameters become several micrometers and the polydispersity
increases drastically. This apparent increase is due to aggregation of the
particles. The displayed particle sizes stem from measurements immediately after pH adjustment and therefore relate to an average aggregated
dimension that continues to change until macroscopic aggregation and sedimentation at the bottom of the vessel are observed.
As the ionic strength is varied at constant pH of 4.0, the apparent diameters (Figure 6.1e) initially remain constant (∼ 85 nm with a polydispersity
of around 15-20%) up to 10−2 M NaCl. Under these conditions, the system
is stable and the particles are well dispersed and discrete. The particles at
these ionic strengths are positively charged, as can be seen in Figure 6.1f,
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Figure 6.2. Soy bean oil droplets attached to zein films immersed in
an aqueous subphase. Oil-in-water contact angles θow (see insets) were
determined for aqueous phases with (a) 1 mM NaCl at pH 4.0, (b) 1
M NaCl at pH 8.6, (c) 1 mM NaCl at pH 8.6 and (d) 1 M NaCl at pH
8.6.

although the ζ-potential decreases with [NaCl] to values below +30 mV
at 0.1 M NaCl. At ionic strengths above ∼ 10 mM NaCl, the particle
diameter increases sharply due to screening of the electrostatic repulsion
force at higher ionic strengths, with a further decrease of the ζ-potential,
forming large, very polydisperse aggregates of several microns. Again, the
measured sizes immediately after ionic strength adjustment relate to an average aggregated dimension that may continue to change until macroscopic
aggregation is reached. The aqueous dispersions at this ionic strength become unstable and show signs of sedimentation at the bottom of the vessel.
6.3.2. Wetting properties
Changes in the hydrophobicity of the particles affect their interfacial
wetting properties. The changes may be accomplished by pH and ionic
strength variations, as studied extensively with the use of macroscopic solid
films [148–153] This effect was explored for zein colloidal particles and
used to control their ability to stabilize emulsions. The wetting properties
of zein particles were investigated by direct measurements of oil-in-water
three-phase contact angles θow on zein films. Figure 6.2 shows images of
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oil droplets attached to zein films immersed in an aqueous phase with a
pH below or above the isoelectric point and an ionic strength of either 1
mM or 1 M NaCl. It is assumed that the zein film is fully hydrated by
the continuous water phase and therefore closely resembles the microscopic
situation at the interface of the emulsions. The measurements of θow clearly
demonstrate that zein is a very suitable material for interfacial adsorption,
considering that its value is close to 90°, irrespective of the exact conditions
in the aqueous phase. Hence, bare zein colloidal particles could serve well
as Pickering emulsifiers. At low ionic strength (1mM NaCl), zein has a
slight preference for wetting by the aqueous phase. This is the case at both
pH 4.0 with θow = 98°±3°(Figure 6.2a) as well as at pH 8.5 with θow =
95°±3°(Figure 6.2c). However, zein becomes somewhat hydrophobic at 1
M NaCl at both pH values, as indicated by oil-in-water contact angles of
87°±5°(pH 4.0, Figure 6.2b) and 85°±5°(pH 8.5, Figure 6.2d). Moreover,
the observed trends are in agreement with measurements of the waterin-air contact angle θwa on zein films. At pH<pI and pH>pI, the θwa
values are similar (between 46°and 50°), as shown in Figure 6.11a. Close to
the isoelectric point, however, at pH 6.2, zein becomes more hydrophobic
with θwa = 57°±4°. Since the majority of the chargeable groups remain
uncharged near pI, the wettability of the zein film by the water droplet is
decreased. Furthermore, Figure 6.11b displays an increase in θwa with ionic
strength, which again corresponds with an increase in hydrophobicity.

6.3.3. Effect of particle concentration on emulsion stability
Particle concentration has a profound effect on emulsion stability and on
the droplet size of the particle covered emulsion droplets [154]. The weight
percentage of zein was varied in the range 0.2 to 2 wt%, see Figure 6.3. In all
the emulsions, the pH of the dispersion was kept constant at 4.0. The zeta
potential at pH 4.0 was 63 ± 8 mV, and thus the particles were positively
charged. The ionic strength, as adjusted by NaCl, was set to 1 mM. Under
these conditions, oil-in-water emulsions were formed. At only 0.2 wt% zein,
the volume fraction of the emulsion was 50%; the interface height (determined from the bottom of the sample) at 50% did not change. Due to the
low particle concentration macroscopic phase-separation occurred, which
led to the formation of very large oil droplets such that coalescence into a
macroscopic oil phase was observed. Furthermore, some gel-like aggregates
were formed in the top phase where the oil droplets creamed. This is an
expected phenomenon for polymeric particles which upon compression can
aggregate or fuse - in analogy with partial coalescence in emulsions. At
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Table 6.1. Summary of zein-stabilized o/w emulsion characteristics

Wt% at pH 4.0, 1 mM NaCl
2 (A1)
1 (A2)
0.2 (A3)
pH at 1 wt%, 1 mM NaCl
2.5 (C1)
8.5 (C3)
9.8 (C2)
[NaCl] at 1 wt%, pH 4.0
10 mM (B1)
0.1 M (B2)
1 M (B3)
[NaCl] at 1 wt%, pH 8.5
10 mM (D3)
0.1 M (D2)
1 M (D1)

Emulsion volume
1h
2 weeks

Emulsion characteristics

71%
74%
50%

60%
74%
50%

Emulsion-gel
Emulsion-gel
Unstable, phase-separation

60%
63%
71%

55%
63%
62%

Unstable
Fluid emulsion
Fluid emulsion

67%
50%
67%

67%
50%
67%

Emulsion-gel
Unstable, clear water phase
Emulsion-gel, clear water phase

70%
75%
57%

70%
65%
48%

Emulsion-gel
Fluid-gel, clear water phase
Aggregation, emulsion-gel

higher concentrations of 1 wt% about 74% of the phase volume was occupied by the emulsion phase, which did not change upon storage. A strong
emulsion gel-phase material was obtained that could be put upside down
without disturbing the sample. This gelation of the emulsions is again a
result of the aggregation of the colloidal particles being compressed between the emulsion droplets after creaming. Upon a further increase of
the particle concentration to 2 wt%, the interface height was positioned at
29% (71% emulsion volume phase) after 1 h. After 3 days some oil was
observed on top of the emulsion phase. After 2 weeks the height was at
40% of the sample volume (60% emulsion volume phase) due to creaming
and even more oil was observed on top. Aggregation was observed and
the emulsion became gel-like. Optical microscopy pictures of the different
emulsions are shown in Figure 6.4. The formation of particle-covered flocculated oil droplets is clearly visible and agrees with the hydrophilic nature
of the zein film at pH 4.0 with 1 mM NaCl (Figure 6.2a). Furthermore,
partially flocculated zein particles are observed.
In principle, the formation of an emulsion-gel from particle covered droplets and pure zein particles, which were present in the aqueous phase, could
provide additional stabilization against coalescence [155]. The amount of
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2 wt%

1 wt%

0.2 wt%

A1

A2

A3

Figure 6.3. Photograph of emulsions stabilized with different concentration of zein colloidal particles at pH 4.0 and 1 mM NaCl. The
photograph was taken three days after preparation.

a

b

Figure 6.4. Microscopy images (scale bar: 500 µm) of emulsion samples with (a) 2 wt% zein (A1) and (b) 1 wt% zein (A2), both containing
1 mM NaCl at pH 4.0. Pictures were taken 30 minutes after preparation.

particles adsorbed at the oil-water interface was not quantified. In all cases,
however, the aqueous phase was turbid, increasing with particle concentration, indicating that a fraction of the zein colloidal particles was not
adsorbed but rather remained dispersed in the continuous water phase due
to the slight preference of zein for water.
6.3.4. Effect of pH on emulsion stability
pH has a strong effect on the surface charge and stability of colloidal
particles. ζ-potential measurements confirmed that zein colloidal particles
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Figure 6.5. Photograph of emulsions stabilized with 1 wt% zein colloidal particles prepared at different pH and at a constant [NaCl] of 1
mM. The photograph was taken three days after preparation.

can acquire very high positive surface charges at pH<pI and high negative
charge at pH>pI (Figure 6.1c). Close to the isoelectric point the particles
lose their hydrophilic character and start to aggregate (Figure 6.1d). The
effect of pH on the emulsion stability against coalescence was studied at a
constant zein concentration of 1 wt% and at a constant ionic strength (1
mM NaCl). The pH of the aqueous zein-containing phase was varied from
2.5 to 9.8 but all values (2.5, 4.0, 8.5, 9.8) were chosen to be sufficiently
far from the isoelectric point of zein (pI ∼ 6.5), since these dispersions
were unstable. Thus, in all samples particles were strongly, positively or
negatively, charged and oil-in-water emulsions were formed (Figure 6.5).
At pH 2.5 the interface was positioned at a height of 40% of the sample
volume, corresponding to a 60% volume of the emulsion phase. After 2
weeks the height slightly increased to 45%, decreasing the emulsion phase
volume due to creaming. The emulsion was very unstable and some oil was
observed on top of the emulsion, increasing with time due to coalescence
(Figure 6.5). At pH 4.0, already described in the previous section, about
74% of the sample volume was occupied by the emulsion phase. The interface height, which was initially 26%, did not change upon storage. A
gel-phase material from oil droplets stabilized by particles and aggregates
was obtained that could be put upside down without disturbing the sample. Above the pI of zein, at pH 8.5, the interface height was at 37% (63
vol% emulsion phase). The volume of the emulsion phase remained constant with time (measured after 3 days and after 2 weeks). At this pH,
no gel structure was formed and the o/w emulsion flowed like a fluid. The
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a

b

c

Figure 6.6. Microscopy images of o/w emulsions with 1 wt% zein and
1 mM NaCl. (a) Sample C3 at pH 8.5 30 minutes and (b) 2 weeks after
preparation, and (c) C2 at pH 9.8 after 30 minutes. The scale bar
corresponds to 500 µm.

oil droplets have a diameter of ∼ 10 − 100 µm as estimated from the microscopy pictures. These oil droplets are stable against coalescence, since
after 2 weeks a similar droplet size was observed (Figure 6.6a and b). At
pH 9.8 (Figure 6.6c) the situation was very similar. The interface height
was 29% after 3 days and 38% (71% and 62% emulsion phase, respectively)
after 2 weeks due to creaming. Again, no gel structure was formed and
the o/w emulsion flowed like a fluid. The oil droplets have a diameter of
∼ 10 − 100 µm as estimated from the microscopy pictures. Formation of
emulsion-gels was observed at pH<pI, but at pH>pI stable fluid emulsions
were obtained. This could be explained by the difference in the ratio between acidic and basic groups and between hydrophilic and hydrophobic
groups in zein. This may give a different balance between the hydrophilic
and hydrophobic properties of the particles and influence their ability to
aggregate. Notably, the observation of oil-in-water emulsification agrees
with θow >90°, as depicted in Figure 6.2a and c.
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6.3.5. Effect of ionic strength on emulsion stability
Ionic strength has a strong effect on colloidal stability through influencing the contribution of repulsive electrostatic forces acting between the
particles. We have studied the effect of ionic strength on the stabilization
of emulsions against coalescence for both positively and negatively charged
zein particles, i.e. at pH values below and above the isoelectric point.
Above 10 mM NaCl the particles start to aggregate (see Figure 6.1e) and
become more hydrophobic (see Figure 6.2b and d and Figure 6.11b). Larger
particle sizes increase the energy for detachment from the interface and enhance the stability against coalescence. On the other hand, however, strong
particle attraction will lead to the formation of larger aggregates that can
sediment very quickly, which obscures their surface activity. The pH of the
1 wt% zein dispersion was kept constant at 4.0, while [NaCl] was varied
from 1 mM up to 1 M. Figure 6.7 shows a photograph of the samples, in
all of which o/w emulsions were formed. At 1 mM a gel-phase material
was obtained that was sufficiently strong to be put upside down without
disturbing the sample (Figure 6.4b). At a higher ionic strength (10 mM)
again an emulsion-gel phase was observed, the emulsion volume fraction
decreased (67 vol% emulsion phase) and did not change with time. At a
higher ionic strength (0.1 M), we observed a decrease in the emulsion volume (50 vol% emulsion phase). At this ionic strength zein particles started
to aggregate and some sediment at the bottom of the aqueous phase was observed (Figure 6.7). Hence, no stable emulsion was formed but macroscopic
phase-separation was observed instead. The water phase is transparent and
free of zein particles. The strong aggregation is also evident from the light
microscopy pictures (Figure 6.8).
At 1 M NaCl, the highest ionic strength studied, we observed again an
increase of the emulsion volume (67 vol% emulsion phase). Here, we also
observed some aggregation and formation of a gel structure, while the water
phase was again free of particles. The observation of a gel-like emulsion
phase may be somewhat unexpected since particle size measurements at
different ionic strengths show that particle aggregation was also observed
at 1 M NaCl (Figure 6.1e), but this could be a result of the delicate balance
between hydrophilic and hydrophobic groups of the protein particles and
the surface charge of the water-oil interface. It could be a purely kinetic
effect: the rate of particle aggregation was slower than the rate at which
they adsorbed, which allows the formation of more stable emulsions. In
principle, a high concentration of salt can increase the protein solubility
(salting in effect) after the initial precipitation (salting out effect). However,
for zein such data do not exist. Since at ionic strengths of 0.1 M and
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Figure 6.7. Photograph of emulsions stabilized with 1 wt% zein colloidal particles prepared at different [NaCl] and a constant pH of 4.0.
The photograph was taken three days after preparation.

a

b

Figure 6.8. Microscopy images of samples with (a) 0.1 M NaCl (B2)
showing the presence of aggregated zein particles and (b) 1 M NaCl
(B3). All samples were prepared at a pH of 4.0 and 1 wt% zein. The
scale bar corresponds to 500 µm.

higher no particles were present in the transparent aqueous phase, it is
very possible that zein particles not only adsorb at the oil-water interface
but also migrate to the oil phase.
In a similar way, the effect of ionic strength was studied above the isoelectric point at pH 8.6, where the zein particles are negatively charged.
All emulsions were prepared as described in the experimental section, except that NaCl was added straight after oil addition to assure that the
possible zein particle aggregation took place, presumably after the emulsion has already been formed. In all cases o/w emulsions were formed (see
Figure 6.9). At a low ionic strength (1 mM NaCl), 63% of the sample
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Figure 6.9. Photograph of emulsions stabilized with 1 wt% zein colloidal particles prepared at pH 8.6 and different ionic strengths.
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Figure 6.10. Microscopy images (scale bar: 500 µm) of oil-in-water
emulsions with 1 wt% zein at constant pH 8.6. (a) Sample D3 containing 10 mM NaCl 30 minutes and (b) 2 weeks after preparation. (c)
Sample D2 with 0.1 M NaCl and (d) sample D1 with 1 M NaCl.
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volume was occupied by the emulsion phase. The volume of the emulsion
phase remained constant with time (after 3 days and after 2 weeks). At
this pH, no emulsion-gel phase was formed and the o/w emulsion flowed
like a fluid. The oil droplets have a diameter of ∼ 100 µm as estimated
from the microscopy pictures. These oil droplets are stable against coalescence, since after 2 weeks a similar droplet size was observed, as can be
seen from Figure 6.10a and b. Upon increasing the ionic strength to 10
mM, 70% of the sample volume consisted of an o/w emulsion phase, which
remained constant with time (after 3 days and after 2 weeks). This macroscopic observation agrees with the droplet size estimated from microscopy
pictures shown in Figure 6.10. The oil droplets have a typical diameter of
∼ 100 µm and are stable against coalescence, since after 2 weeks a similar
droplet size was observed. A gel-like emulsion structure was not formed
and the o/w emulsion had a fluid character. At even higher concentrations
of salt (0.1M), the interface height after 3 days was positioned at 25% and
changed to 35% after 2 weeks. The water phase is free of zein particles and
hence transparent. The structure of the o/w emulsion is not as rigid as that
of a gel, but is less mobile than a fluid and droplets with a size of ∼ 100
µm were observed. However, partial coalescence into larger droplets and
aggregates of zein particles were found as well, see Figure 6.10c. Possibly
aggregation of the zein colloids takes place after the emulsion has already
been formed, thereby decreasing the interfacial area occupied by the zein
particles. This may explain the observed decrease in emulsion volume over
time and the partial coalescence into larger droplets. At the highest ionic
strength studied (1M), the volume fraction of the emulsion phase was 57%
and decreased only slightly to 48% after 2 weeks. The bottom water phase
was clear, indicating that all the particles were adsorbed at the oil-water
interface and possibly some particles had migrated to the oil phase. It was
found that the zein particles aggregated strongly, leading to the formation
of a very stiff emulsion-gel in the top phase (Figure 6.9). The large degree
of particle aggregation was confirmed by microscopy (Figure 6.10). In accordance with the 0.1 M sample, ∼ 100 µm sized droplets as well as some
very large coalesced oil droplets were observed.
If we now consider the contact angle data, several phenomena that we
observed can be explained. First, the fact that particles adsorb at the oilwater interface at low and high pH and at a wide range of ionic strengths
follows from θow being close to 90°. The formation of oil-in-water emulsions
with 1 mM NaCl, at low and high pH, is supported by zein being slightly
hydrophilic with θow >90°(Figure 6.2a and c). Less expected, however, is
o/w emulsification at high ionic strengths since zein becomes somewhat
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hydrophobic, θow <90°(Figure 6.2b and d). We attribute this to the fact
that particles were initially dispersed in the aqueous phase. Moreover, the
emulsions were formed, while mixing, by slowly adding the oil phase to the
aqueous zein dispersion, favoring the formation of an o/w emulsion. These
findings suggest that it might be possible to create phase-inverted w/o
emulsions. Furthermore, in all the emulsions prepared we found a turbid
aqueous phase at low ionic strengths (1-10 mM NaCl), whereas at high ionic
strengths (0.1-1 M NaCl) it was free of zein particles and transparent. This
corresponds with the wetting properties of zein, as shown in Figure 6.2 and
Figure 6.11b, having a slight preference for water at low ionic strengths
and being somewhat hydrophobic at high ionic strengths. In the latter
case it might well be possible that, apart from adsorption at the oil-water
interface, zein partly migrates to the oil phase.
Additionally, it was found in preliminary that stable o/w emulsions disperse in oil very easily: if a drop of an o/w emulsion was put in a continuous
oil phase the drop remained intact (drop test). Upon vigorously mixing the
o/w drop forms many smaller o/w drops that remained dispersed in the oil
phase. However, oil-in-water-in-oil emulsification as well as the possibility
to create water-in-oil emulsions are topics for future research.
6.4. Conclusions
In this study we introduce water-insoluble proteins as a novel class of
particle-stabilizers of emulsions, employing colloidal particles from zein as
a representative. The o/w Pickering emulsions formed are biocompatible, edible and based on fully natural renewable resources. It was shown
that factors like particle concentration, pH and ionic strength have a pronounced effect on the size, charge and wetting properties of the particles
and, hence, on emulsion stability. These were used to tune the ability of
zein colloidal particles to stabilize emulsions against coalescence. We found
that surfactant-free zein colloidal particles can produce stable oil-in-water
emulsions at pH above and below the zein isoelectric point, and for low
to moderate ionic strength. Under all of these conditions the oil-in-water
three-phase contact angle θow was close to 90°, strongly favoring interfacial
particle adsorption. As opposed to many other biomaterials, zein colloidal
particles are intrinsically surface active and, therefore, require no additional
chemical surface modification. We anticipate that our study may trigger
deeper research into water-insoluble proteins acting as particle emulsifiers
as this promising class of biomaterials is underutilized, environmentally
friendly and scalable. The ability to control particle size-, pH- and ionic
strength-dependent emulsion stability, and composition [145, 146], relying
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on natural renewable materials, provides an important link between biology
and colloid physics. It opens several new opportunities for use of particlebased stabilization and structuring in food, pharmaceutical, agricultural,
coating, and cosmetic applications. Further research is needed, however, to
establish the contribution of particle aggregation on emulsion gelation and
employ these systems in real product formulations.
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Appendix.
ments

Water-in-air three-phase contact angle measure-

Water-in-air three-phase contact angles θwa were measured by depositing water droplets (1-2 µL) with a certain [NaCl] and pH onto zein films
under ambient atmosphere. Figure 6.11a shows how θwa depends on the pH
of the aqueous phase. Both at pH values below and above the isoelectric
point pI (at pH∼ 6.5) θwa varies between 46° and 50°, whereas it attains a
value of 57°±4° at pH 6.2. This is in accordance with the expectation of
positively (at pH<pI) and negatively (at pH>pI) charged zein being more
hydrophilic than zein in a surrounding phase with a pH close to pI, where
many of the chargeable groups remain uncharged rendering the material
more hydrophobic. The influence of ionic strength on θwa was studied at
pH values of 4.0 and 8.6, see Figure 6.11b. In the corresponding emulsions,
shown in Figures 6.7 and 6.9 respectively, the aqueous phase in samples
with 0.1 M and 1 M NaCl was free of zein particles and hence transparent.
At pH 4.0 θwa has values between 46° and 48° at low ionic strengths, but
zein becomes more hydrophobic at higher ionic strengths with θwa increasing to 55-56°. A similar trend is observed at pH 8.6: although the value
for θwa at 0.1 M NaCl (52°±2°) is not much higher than at lower ionic
strengths (50°±2°), θwa increases substantially to 67°±4° at 1 M NaCl reflecting an increase in hydrophobicity. These observations agree with the
measurements of the oil-in-water contact angle θow on zein films displayed
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Figure 6.11. Contact angle θwa between a water droplet and a zein
film in air varying with (a) pH at 1mM NaCl and (b) [NaCl] at pH
values of 4.0 and 8.5.

in Figure 6.2, a situation more closely resembling the actual microscopic
zein-decorated oil-in-water emulsion interface. Here, at both low and high
pH the wettability of the zein film by the oil phase increases (i.e. the wettability by the aqueous phase decreases) upon increasing the ionic strength
from 1 mM (θow = 98°±5° at pH 4.0 and 95°±5° at pH 8.6) to 1 M NaCl
(θow = 87°±3° at pH 4.0 and 85°±3° at pH 8.6). From all contact angle
data we may conclude that, for both positively as well as for positively
charged zein colloidal particles, at ionic strengths higher than 0.1 M NaCl
zein becomes more hydrophobic. Under these conditions, zein prefers the
oil-water interface over the aqueous continuous phase and may even partly
migrate to the oil continuous phase, which explains the absence of zein in
the aqueous phase.
In principle, it is possible to calculate θow without measuring it directly,
using the Bartell-Osterhof equation [156]:
γow cos θow = γoa cos θoa − γwa cos θwa

(6.2)

However, we found that the value for θow strongly depended on γow which
varied significantly within the recorded time frame.
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7
Thermo-Reversible Co-Assembly of Colloids in
Molecular Microtubes
We introduce a thermo-reversible colloid-in-tube co-assembly approach
that couples molecular self-assembly with colloidal self-assembly. The
microtubes are formed from surfactant and cyclodextrin molecules in
the presence of colloidal particles upon cooling isotropic mixtures to
room temperature. During this process the colloids self-assemble in
the microtubes throughout the sample volume into chainlike structures
with lengths varying from a few up to tens of microns. We show that the
co-assembly of microtubes and colloids is generic for colloids with different shapes (spheres, cubes and rods), materials (silica, polystyrene and
iron oxide) and sizes. The microtubes cylindrically confine the colloids
and constitute an interesting model system to investigate the assembly,
structure and dynamics of colloids in 1D. The ratio between the colloid
and tube diameter is a key parameter governing the assembly behavior.
Depending on this ratio, the family of 1D structures range from single
chains to zigzags, zippers and even double and triple helices. We show
that microtubes and ordered colloidal structures become isotropic at
elevated temperatures, but restore upon cooling. Moreover, the colloidin-tube assembly can be observed in-situ and can easily be scaled up to
tens of grams. The molecular-colloidal co-assembly approach provides
a novel route to temperature-sensitive particle alignment and their release near human-body temperature.
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7.1. Introduction
Self-assembly is ubiquitous in nature, science, and technology and provides a general route to achieve order from disorder at various length
scales [18]. Extensive effort has been exerted to molecular and colloidal selfassembly, where molecules and colloids, respectively, organize into largerscale ordered structures. Although these two research areas have developed separately to a great extent, their combination would be very promising. Nature, for instance, utilizes hierarchical self-assembly across different
length scales to construct complex, dynamic functional entities such as cells.
Here we bridge the nano- and microscale by the hierarchical co-assembly
between molecules and colloids, where molecular self-assembly induces the
self-assembly of colloids into ordered structures.
Colloidal self-assembly is widely employed in analogues of molecular systems and processes encountered in chemistry, physics, and biology [157–
168]. Colloids mimic naturally occurring systems such as microorganisms [167], micelles [158], molecules [161,162], and polymers [163,164]. The
directed organization into such specific ordered structures is fuelled by the
rapidly advancing availability of colloidal building blocks that are asymmetric in shape and chemical functionality [108, 115, 157–162, 169–172]. Of
particular interest is the creation of helical structures that are a common
occurrence in nature, for instance, as colloidal models of the DNA helix.
Colloidal structures with a helical twist have been assembled from complex
anisotropic magnetic colloids [159] and amphiphilic Janus spheres [160].
These sophisticated building blocks are believed to be essential for inducing directionality and chirality in self-assembly [173].
In this chapter we demonstrate that the simplest of building blocks,
namely the isotropic sphere, already suffices to generate a library of ordered
structures, including helical sphere chains. These structures form through
the spontaneous co-assembly of colloidal spheres and confining surfactantcyclodextrin microtubes [19], thereby coupling molecular and colloidal selfassembly. Our findings match the prediction that isotropic spheres may
form helical structures upon cylindrical confinement [174,175]. This simple
geometrical approach is of relevance for much more complex phenomena
such as protein folding [176]. The only thoroughly studied system to date
where nanoscale spheres assemble in cylinders into well-defined structures
consists of carbon nanotubes that contain encapsulated fullerenes or other
molecules inside the cylindrical nanopores [177–179]. However, the small
size of the objects and the harsh conditions required for their formation obstruct the direct visualization of the encapsulation of molecules and their
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dynamics. Additionally, the structures are formed by an irreversible assembly process. In principle, these limitations can be overcome by using
colloids. In a limited number of studies, helical and related chain structures were generated from colloidal spheres [180–186]. However, in none
of these studies the assembly process was followed in time, and the structures obtained were mostly static, irreversible, and produced in a low yield.
Moreover, the confining cylinders were not formed by self-assembly.
In contrast, here we introduce microtubes that form via the self-assembly
of surfactant and cyclodextrin molecules as a novel versatile platform for the
self-assembly of colloids into a library of colloid-in-tube structures. This
molecular-colloidal co-assembly approach is general for a wide variety of
aqueous colloids with different shapes, materials and sizes. The structure
and dynamics of the encapsulated colloids can be tuned by the tube-colloid
size ratio and the shape of the colloids. Moreover, the colloid-in-tube assembly occurs throughout the volume of the microtubes, does not require
advanced synthesis routines and can thus easily be scaled up. A unique
feature of the molecular-colloidal co-assembly is its thermo-reversibility,
thus allowing for switching from the formation of colloid-in-tube structures
to their disassembly within a narrow temperature range. Ordered colloidal
structures disassemble and transform to an isotropic state upon heating and
reassemble upon cooling. Furthermore, colloid-in-tube structures allow for
in-situ visualization at the single particle level, including their formation
and disassembly. We envision that the co-assembled colloid-in-tube structures provide an interesting model system for investigating structure and
dynamics of colloids confined in 1D, while the thermo-reversibility provides
a novel route to controlled particle release and alignment.
7.2. Experimental section
7.2.1. Preparation of the microtubes
Desired amounts of SDS, beta-cyclodextrin (β-CD), and water were
weighed into a vessel to give a mixture with a total concentration of SDS
and β-CD of 10 wt% and a molar ratio between SDS and beta-CD of 1:2.
The mixture was heated to ∼ 60◦ C to obtain a transparent, isotropic solution, which was then cooled to room temperature to allow for the formation
of microtubes [19]. The microtube suspension was viscous and turbid.
7.2.2. Mixing colloids with microtubes
Aqueous suspensions of colloids were centrifuged at 2-3000 rpm for 15
minutes, followed by removal of the supernatant water. Typically, 1 g
of microtube suspension was added to the centrifuge tube to give a final
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microtube/colloid mixture containing 1-20 wt% colloids. The sample was
heated to ∼ 60◦ C to melt the microtubes and was sonicated to disperse
the particles. Then the centrifuge tube was cooled to room temperature.
Upon cooling, the sample was gently rotated to avoid sedimentation of the
particles.
7.2.3. Colloidal particles
The co-assembly of β-CD/SDS microtubes and colloidal suspensions containing silica, hematite and polystyrene particles was studied. Stöber silica
spheres with diameters of 790 nm, 508 nm and 224 nm were mixed with
microtubes. Silica colloidal cubes [115] with edge lengths of 1.66 µm, 1.30
µm, 1.04 µm and 802 nm were used. Furthermore, silica rods [104] of 1.8
by 0.4 µm and 2.3 by 0.6 µm were employed. Additionally, the behavior
of hematite cubes with edge lengths of 1.0 µm and peanuts of 1.72 by 0.70
µm was studied [56]. Finally, polystyrene spheres with diameters of 1.88
µm, 812 nm, 511 nm, 424 nm and 403 nm were used. The polydispersity
in all samples was ≤ 5%.
7.2.4. Microscopy
Before imaging microtube/colloid mixtures were usually placed in flat
glass capillaries (Vitrocom, 0.1x2x50 mm), which were sealed by UV-curing
epoxy glue. Samples that were imaged by laser scanning confocal microscopy (LSCM) were dyed by adding a solution of Nile Red in acetone
(1 mg/mL) to the microtubes. Acetone evaporated upon heating of the
sample. Samples were imaged with a Nikon TE 2000U laser scanning confocal microscope equipped with a Nikon C1 scanning head in combination
with an Ar-ion laser (488 nm, Spectra Physics), a HeNe laser (543.5 nm,
Melles Griot) and an oil immersion lens (100 Nikon Plan Apc, NA 1.4).
In addition, samples were imaged with a Nikon inverse optical microscope
equipped with an oil immersion 100 Nikon objective. Images were taken
with a Lumenera InfinityX CCD camera. The thermal behavior of the
samples was investigated using a Linkam THMS600 microscope heating
stage.
7.3. Results
7.3.1. Microtubes
We introduce microtubes that form via the self-assembly of surfactant
and cyclodextrin molecules as a novel versatile platform for the molecularcolloidal co-assembly of colloid-in-tube structures, as depicted in Figure 7.1a.
The basic building block of the microtubes consists of one SDS molecule
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Figure 7.1. (a) Schematic representation of the self-assembly of
SDS/2β-CD (sodium dodecyl sulfate/β-cyclodextrin) inclusion complexes into microtubes and the co-assembly of colloid-in-tube structures. (b) Photograph, (c) polarized light microscopy image and (d)
LSCM images of SDS/β-CD microtubes.

and two β-cyclodextrin molecules, forming an inclusion complex. The cavity of the cyclic β-CD encloses the hydrophobic SDS tail, as schematically depicted in Figure 7.1a. Between 6 and 25 wt% SDS/β-CD in aqueous environment, the basic building blocks in turn assemble into tubular
microstructures [19]. SDS/β-CD complexes form vesicles below 6 wt%,
whereas lamellae are found above 25 wt% [187]. In this study, we employ
microtubes formed at 10 wt%. Macroscopically, the presence of the microtubes is manifested by a high viscosity and turbidity, see Figure 7.1b. The
walls of the microtubes are composed of multiple curved, equally spaced
SDS/β-CD bilayers with in-plane order, forming a set of coaxial hollow
cylinders. The tubes have a rather uniform pore size of approximately 0.9
µm, but do not exhibit a fixed wall thickness. In addition, the microtubes
are almost space-filling and, hence, the majority of free space is inside the
pores. Generally, the microtubes prefer to align parallel with each other
in multiple layers throughout the sample, as confirmed by the birefringent
patterns observed under crossed polarizers (Figure 7.1c). Moreover, the
tubes are rigid, display long persistence lengths and have open ends. They
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are straight, have a mean tube length of ∼ 40 µm, but can be as long as
100 µm, see Figure 7.1d. When tubes with different orientations meet, they
do not bend but rather fracture. Importantly, the formation of the tubular microstructures proceeds upon cooling an isotropic SDS/β-CD mixture
and is reversible with temperature. In the next sections we will discuss
how the microtubes may induce the thermo-reversible co-assembly of aqueous colloids, generic for different sizes, shapes and materials, through 1D
confinement by the tubular SDS/β-CD complexes into a library of ordered
colloidal structures.
7.3.2. Spherical silica colloids in microtubes
Microtubular SDS/β-CD complexes and colloidal particles were mixed
at elevated temperatures to obtain isotropic mixtures. Upon cooling to
room temperature the microtubes form and, simultaneously, the colloids
co-assemble into ordered structures. From our microscopic data we confirmed that the colloidal structures formed were present throughout the
sample volume. We first address the effect of particle size on the structures formed for silica spheres. In particular, the diameter ratio between
tubes and colloids has a pronounced effect on the structure and dynamics of the eventual colloidal chains [174]. Figure 7.2a shows that spheres
with a diameter of 790 nm almost exclusively assemble inside the pores of
the microtubes. However, the spheres are not randomly distributed over
the microtubes. Remarkably, the spheres are predominantly arranged in
straight single particle chains that are subject to thermal motion. The particles are too large for structures to be formed that substantially deviate
from single chains, while they are small enough to account for their dynamic
nature. A small fraction of the spheres is not part of a particle chain, but
is present as mobile individual particles. Figure 7.2b shows LSCM images
with red signal emerging from the microtubes (left) and green from 200
nm-sized dyed silica spheres (right). Clearly, the small spheres occupy all
space other than the microtube walls, both inside and outside the microtubes. The spheres are too small to form any ordered structure inside the
tubes and are randomly distributed. In other words, the small spheres do
not experience the microtubes as a confining environment that induces the
generation of ordered colloidal structures.
Let us now consider a system with an intermediate tube/particle diameter ratio, employing silica colloids 508 nm in diameter. A characteristic
LSCM image is shown in the top left corner of Figure 7.3, demonstrating
that the majority of the particles are incorporated in the hollow cylinders
in various ordered configurations. Figure 7.3 also highlights representative
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Figure 7.2. LSCM images of the assembly of spherical silica colloids
in microtubes. (a) RITC-dyed spheres with a diameter of 790 nm form
dynamic single particle chains. (b) Microtubes (left) with randomly
distributed FITC-dyed spheres with a diameter of 200 nm inside (right).

examples of various ordered colloid-in-tube structures. Notably, in comparison with the larger spheres in Figure 7.2a that are only able to form single
straight chains, the diversity of colloidal architectures increases drastically
for smaller spheres. These structures include colloidal chains with zigzag,
zipper and helical configurations. A number of these structures were predicted by Pickett et al. [174] in a study of close-packed spheres in cylindrical
confinement for a range of tube/particle diameter ratios. The different 1D
colloidal structures formed depend on the local particle concentration and
local diameter of the microtube pores. More closely packed structures are
observed at higher local particle concentrations. Similarly, local variations
of the tube diameter alter the tube/particle diameter ratio and, hence, the
confinement effect, which influences the configurations of the colloids.
Particle chains with characteristic zigzag features are frequently observed. Zigzag chains with low local sphere densities have longer zigzag
periods, whereas higher sphere densities result in shorter periods. At the
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Figure 7.3. LSCM images of FITC-dyed spherical silica colloids (508
nm diameter) confined in microtubes assembling into colloidal chains
with helical, zigzag and zipper configurations.

highest local particle concentration possible in the tube, a close packed
zigzag structure is encountered, which is referred to as a zipper chain. Figure 7.3 also shows a microtube in which a zigzag-to-zipper transformation
takes place. Interestingly, many of these zigzag and zipper chains gradually twist along their long axis and are, in fact, double helical structures.
The pitch length over which a helical rotation takes place varies among the
helices. In addition, single helices and zigzag chains with a sudden rotation
are observed, as can be seen for a chain rotation of 90° (Figure 7.3).
Since the colloids are subject to Brownian motion, configurations are in
dynamic equilibrium and can be considered as ‘living chains’. Hence, chain
configurations may interchange by the attachment and release of spheres.
The mobility of the colloids, however, depends strongly on the particle
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Figure 7.4. LSCM image series of a dynamic zigzag chain from 508 nm
diameter silica spheres displaying the movement of a vacancy, marked
by a red circle, along the chain. Time interval is 0.7 s for each line in
the white trajectory.

concentration in a particular microtube. In microtubes with a low particle
loading, very mobile individual particles are observed. They collide with
other particles, while they explore all space available in the microtubes. In
the other extreme case, at high particle concentrations in zipper configurations, the closely packed particles are severely restricted in their motion
and nearly become immobile. At intermediate particle loadings, particles
move within dynamic colloidal chains. Figure 7.4 illustrates the dynamic,
‘living’ nature of the colloidal structures for a zigzag chain with a vacant
position. The dynamics of the vacancy along the zigzag chain is displayed
in six time frames, where the vacancy in the zigzag chain is marked by a
red circle. The vacancy moves along the zigzag chain via the motion and
exchange of the silica spheres. The white arrows and lines indicate the
pathway of the vacancy in Figure 7.4, eventually moving from left to right.
Vacancy displacements along the chain are preceded by multiple random
forward and backward movements.
7.3.3. Spherical polystyrene colloids in microtubes
To corroborate that the structures found for silica spheres are generic
for the spherical shape, and are not related to the specific chemical nature of the colloids, we employed polystyrene (PS) spheres with a range of
sphere sizes. The largest spheres were, with a diameter of 1.88 µm, larger
than the diameter of the microtubes and were used to test the effect of size
exclusion, see Figure 7.5a. We confirmed that these spheres could not be
incorporated into the cylindrical pores of the microtubes, but were positioned outside the tubes. The majority of the spheres remain as individual
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Figure 7.5. The effect of particle size on the colloidal structures
formed in microtubes for polystyrene spheres. (a) Large particles (1.88
µm diameter) are immobilized and excluded from the pores. (b-d) Dynamic particle chains are observed inside the microtubes for spheres
with diameters smaller than the pore size varying from single chains
(D=812 nm) to zippers and helical chains (D=403 nm), respectively.

particles, which are immobilized between the microtubes. Nevertheless, a
significant fraction of spheres clusters in chain-like structures, although the
pore size of the microtubes is too large to enclose the spheres. A plausible explanation for this observation is that the microtubes still provide a
directional environment to induce preferred alignment of the colloids along
the long axis of the microtubes.
For polystyrene spheres that fit into the cylindrical microtube pores, we
find striking similarities with the silica spheres treated previously in this
study. First, polystyrene spheres slightly smaller than the tube diameter
mainly organize into straight single particle chains within the cavities of the
microtubes (Figure 7.5b). The remaining particles are present as individual
particles that may attach to a particle chain. Detachment of spheres from
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particle chains is observed as well. Although the contrast between the tube
walls and pores is not clearly visible, the positioning of the particles along
straight lines is strongly indicative of 1D in-tube assembly. Accordingly,
their motion is restricted to translations along the long axis of the pores and
small lateral movements. Second, we investigated the influence of microtubular confinement on polystyrene spheres 403 nm in diameter, as shown
in Figure 7.5c and d. It is worthwhile mentioning that the concentration of
spheres differs among the microtubes. Some only contain a few particles,
whereas others are almost fully loaded with particles. In the latter case
the cylindrical confinement clearly induces ordering of the colloids. Among
these chain-like particle configurations we find closely spaced zigzags and
zippers. Moreover, many of these zipper chains gradually rotate along their
long axis and are, in fact, double helical structures. The length over which
the rotation takes place is not fixed. We emphasize that these colloidal
structures are realized by using colloids that are isotropic in shape and
chemistry. The helical configuration imposed on the colloids is solely due
to the confining microtubular environment. Moreover, helices from three
intertwining colloidal chains are generated, see Figure 7.5d. The observed
double and triple helices, with respective tube-sphere ratios of 2.0-2.2 and
2.5, match the predicted structures [174, 175].
7.3.4. Anisotropic colloids in microtubes
Now we have established the effect of microtubular confinement on colloidal spheres, one may wonder how colloids with an anisotropic shape
would co-assemble with microtubes. Therefore, we performed similar experiments with colloidal cubes and rods, as illustrated by the laser scanning
confocal microscopy and optical microscopy images shown in Figure 7.6.
Anisotropic molecules such as ellipsoidal C70 fullerenes [188] and cubeshaped H8 Si8 O12 [189] have been encapsulated in carbon nanotubes.
Silica colloids with a cubic shape were prepared, following Rossi et al.
[115], by coating hematite cubes with silica and subsequent dissolution of
the hematite core. Since the size of the resulting cubes is tunable, we investigated their behavior for colloids with mean edge lengths d larger than,
similar to and smaller than the diameter of the microtubes. Large cubes
with edge lengths of 1.66 µm, as displayed in Figure 7.6a, are excluded from
the cylindrical microtube pores. The cubes are found outside the tubes as
single particles and small clusters of particles and are immobilized by the
rigid, space-filling tubular surroundings. Cubes with edge lengths nearly
equaling the microtube diameter predominantly organize inside the microtubes. They display a striking preference for assembly in colloidal chains
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with the cubes favoring a face-to-face arrangement (see Figure 7.6b and c).
Apart from chains of cubes, some singular particles are encountered as well.
Most probably the microtubes can adjust their diameter locally, which enables them to accommodate cubes with edge lengths slightly larger than
the average tube diameter, as shown in Figure 7.6b. Once the microtubes
have formed, the cubes are fixed and unable to move within the microtube
network. The 1D chains of face-to-face aligned cubes have various lengths
and can at least be as long as 17 cubes, as depicted in Figure 7.6c. Since the
edge length is the shortest axis of the cube, they fit most efficiently within
the pores in a face-to-face alignment. For cubes with an edge length of 1.04
µm (Figure 7.6c), very close to the tube diameter, reorientation is therefore
nearly impossible. Moreover, likely there are slight attractions between the
cubes which favor the largest contact area between the cubes. Finally, Figure 7.6d shows that the smallest cubes used in this study (d =802 nm) also
assemble into 1D colloidal chains. Due to their smaller size the chains and
single colloids retain their dynamic, Brownian character.
Furthermore, rod-like silica colloids [104] were mixed with SDS and βCD to study their co-assembly with microtubes. Since the rods are longer
and their widths are smaller than the tube diameter, the only way to be
incorporated in the tubes is with their long axis parallel with the tube walls.
This is demonstrated in Figure 7.6e and f for rods with respective lengths
of 2300 and 1800 nm and widths of 600 and 400 nm. The majority of the
rods organize in chains with an end-to-end configuration. The cylindrical
pores only allow for the incorporation of single particles, although some
thin rods assemble with two particles side-by-side (Figure 7.6f). The rods
are not fixed in their position within the tubes, but they display distinctive
1D movements along the long axis of the tubes. Rotations of the rods are
hardly visible, since they are severely restricted.
We have further validated that the assembly of colloids is general with
respect to the material of the colloids. In addition to silica and polystyrene
colloids, we have investigated the organization of aqueous hematite colloids
with anisotropic shapes [56] in microtubes. Cubic hematite particles are
incorporated in the cylindrical pores of the microtubes and presumably
align in single particle chains, as shown in Figure 7.7a, similar to the organization of silica cubes (Figure 7.6). Once attached to a colloidal chain
hematite microparticles do not detach, owing to their magnetic character.
Peanut-type hematite colloids are also found inside the microtubes, as displayed in Figure 7.7b. They are forced to align their long axis with the tube
direction, since only the short axis fits within the tube diameter. The magnetic moment of the peanuts is perpendicular to their long axis, so chains
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Figure 7.6. 1D assembly of silica cubes in microtubes with edge
lengths of, respectively, (a) 1.66 µm, (b) 1.30 µm, (c) 1.04 µm and
(d) 802 nm (OM). (a-c) LSCM images are shown at the top, while OM
images are shown at the bottom. (e,f) LSCM images of FITC-dyed
silica rods confined in SDS/β-CD microtubes. The rods have lengths
of (e) 2300 by 600 nm and (f) 1800 by 400 nm, respectively. All scale
bars are 10 µm.

of peanut-type colloids with their preferred orientation can not be formed
in the micropores. Due to their rapid sedimentation, it is important to
gently rotate the sample during the formation of the co-assembled microtubes and colloids. In explorative experiments, we found that application
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a

b
5 µm

20 µm

2 µm

Figure 7.7. Assembly of hematite microparticles inside microtubes.
(a) Cubic particles with mean edge lengths of 1.00 µm arrange in single
chains and (b) peanuts (1.72 by 0.70 µm) align with their long axis
parallel with the direction of the microtubes.

of a magnetic field does not significantly influence the colloidal structures
due to the confining network of rigid microtubes. However, if the magnetic
field is applied before microtube formation, larger colloidal structures form
that are not embedded in the microtubes.
7.3.5. Thermo-reversibility: disassembly upon melting
A unique feature of the self-organization of the microtubes and the large
variety of colloids and 1D structures they form is their reversible assembly
and disassembly with temperature. Mixtures of SDS/β-CD microtubes and
colloids are heated to melt the microtubes and obtain isotropic mixtures.
Upon cooling the microtubes form and the colloids co-assemble in ordered
configurations within the microtubes. In this section, we present a systematic approach to unravel the mechanism of colloid-in-tube assembly. We
treat the behavior of the microtubes and the embedded colloidal structures
upon heating and cooling consecutively.
We first focus on the controlled melting of the microtubes and the resulting disentanglement of colloidal structures. Figure 7.8 illustrates the
process of thermal disassembly for various colloids in four microscopic time
frames. The first image displays the standard situation at room temperature, while the fourth shows that the microtubes and colloids become fully
isotropic at elevated temperatures. Ordered colloidal structures such as
zigzag and zipper-like particle chains from silica spheres, straight single
particle chains from polystyrene spheres and face-to-face arranged silica
cubes are shown in the first image of, respectively, Figure 7.8a, b and c.
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Figure 7.8. Colloid-in-tube structures disassemble and become isotropic upon melting of SDS/β-CD microtubes at elevated temperatures,
as shown in microscopy image sequences for (a) silica spheres (508 nm
diameter), (b) polystyrene spheres (812 nm diameter) and (c) silica
cubes with mean edge lengths of 1.04 µm.

Upon heating the colloids become much more mobile and their fluctuations
more pronounced, but their motion is still limited by the microtubes. Subsequently, a fraction of the microtubes melts and the motion of the colloids
becomes more random as it is no longer set by the tube walls. At the same
time some microtubes, and the colloidal structures they enclose, remain
intact for longer times. Most probably the walls of these microtubes are
thicker and consist of more double-layered SDS/β-CD cylinders. Inhomogeneous heat transfer and temperature gradients in the sample might perhaps
also cause heterogeneous melting of the microtubes. At least, heating of
the samples causes convection and currents which complicates microscopic
visualization of the process. Finally, all the microtubes disappear, the system becomes fully isotropic and the colloids undergo unrestricted Brownian
motion.
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An intriguing phenomenon during the melting process is highlighted in
Figure 7.8b2 for both polystyrene and silica spheres (D=790 nm, red).
While the microtube-colloid system with straight single particle chains is
heating up, the mobility of the colloids increases. Nevertheless, they are
still bound by the cylindrical pores of the microtubes. Interestingly, some of
the colloidal structures undergo a transition from the single particle chain
conformation to a zigzag chain. This transition is analogous to replacing
spheres that nearly match the tube diameter with smaller spheres. Since
the size of the spheres has not changed in this case, this observation must
be related to a change in the microtubes. Most probably, the confinement
of the microtubes becomes softer during their disassembly. It is envisioned
that the microtubes become less rigid, their walls more flexible and, hence,
their pore size larger.
7.3.6. Thermo-reversibility: assembly upon cooling
To further demonstrate the thermo-reversibility of the co-assembly, we
now complete the temperature cycle by cooling isotropic mixtures of SDS,
β-CD and colloids to room temperature. Moreover, careful examination
of the formation of ordered colloidal structures in microtubes plays a crucial role in disclosing the mechanism behind the intriguing colloid-in-tube
assembly. Figure 7.9 summarizes the reformation of the microtubes and colloidal configurations in four successive microscopy images, in the respective
cases of silica spheres and cubes. The full reassembly process is typically
completed in several minutes. It is followed starting from a disordered state
without microtubes, and colloids moving randomly throughout the sample
volume. It must be noted, however, that for the best results assembly of
the microtubes and colloids should proceed in somewhat larger volumes
(∼1 mL), while the samples gently rotate upon cooling. Since these requirements can not be satisfied in our temperature-controlled microscopic
setup, the assembly process may be obscured by the formation of a network
of short, not well-aligned microtubes and settling of the colloids. To prevent this, we applied gentle heating and cooling rates and started to follow
the reassembly process just after the isotropic state was reached.
The onset of the transformation from a disordered state to ordered
colloid-in-tube structures is characterized by a decrease in coarse displacements in the system due to thermally induced currents, and the colloids
becoming less mobile. Next, the microtubes start to form and the motion
of the colloids is increasingly limited to one preferred direction, but the
colloids have not yet realized their final configuration. At a critical temperature of roughly 35◦ C the system suddenly freezes and becomes very
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Figure 7.9. Colloid assembly during formation of microtubes upon
cooling isotropic SDS/β-CD mixtures containing (a) silica spheres (508
nm diameter) and (b) silica cubes with mean edge lengths of 1.04 µm.

stiff. The gelling SDS/β-CD network, with the colloids embedded, drifts
as a whole and comes to a halt. These observations are related to the
formation and fixation of the rigid microtubes. Figure 7.9b2−4 displays
representative images for this process. Successively, the microtubes begin
to form, the system freezes and drifts, and the microtubes and colloidal
structures become fixed. The freezing and drifting can also be inferred
from a change in preferred direction of the microtubes and their increasing
visibility. Since the particles give a better signal than the microtubes, they
are more easily detected. Therefore, the assembly of the microtubes can
be tracked by virtue of changes in motion and arrangement of the colloids.
It should be noted that not all microtubes nucleate at the same time. Microtubes that grow early most likely become thicker than others and are
more robust against disassembly. In Figure 7.9a2 , for instance, several microtubes have already been formed and the colloids can only move within
the micropores. Simultaneously, in other areas the motion of the colloids is
random in all directions and is only limited by the outer walls of the early
assembled microtubes.
Let us now more specifically consider the assembly of the colloids, which
is inherently linked with the tube formation. Closer inspection of characteristic events during the formation of ordered colloidal configurations,
as shown in Figure 7.10, provides insightful clues into the mechanism of
self-assembly. During the formation of the microtubes, the colloids become
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Figure 7.10. Colloid assembly events followed in time during formation of microtubes upon cooling for (a) polystyrene spheres (812 nm
diameter), (b) silica spheres (508 nm diameter) and (c) silica cubes
with mean edge lengths of 1.04 µm.

trapped in one of the tubes and the amount of particles in each tube is
determined. Since the microtube network is almost space-filling, there is
not much free space in between the microtubes. Therefore, colloids with
a size equal to or smaller than the tube diameter will be included in the
cylindrical pores. The colloids assemble, while their configurations and dynamics are determined by the size of the colloids with respect to the tube
diameter and the local colloid concentration.
While the colloids start to organize, they experience an increasing confinement upon fixation of the microtubes. Figure 7.10 illustrates the final
stages of colloid assembly in consecutive snapshots. Colloidal chains grow
by attachment of single colloids or other chains, as shown for polystyrene
spheres, silica spheres and silica cubes. Moreover, quick 1D movements
of the developing chains in the direction of the micropores are frequently
observed, which is clearly demonstrated in Figure 7.10a. Most likely the
microtubes become less flexible and their increase in rigidity and cylindrical confinement induces motion of colloids. The colloidal chains stop
this characteristic, unidirectional motion when the microtubes are fixed or
when further chain motion is prevented at the tube ends where other tubes
intersect. This may explain why a significant fraction of the particle chains
is found at the tube ends.
Another distinctive feature is the nonuniform distribution of colloids over
the microtubes. Some contain just a few colloids, whereas others are almost fully loaded with colloids. Since there is no exchange of colloids after
complete colloid-in-tube assembly, every microtube may be regarded as
an independent subsystem with different colloid concentrations, structures
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and dynamics. We hypothesize that the difference in colloid concentrations is related to the fact that not all microtubes form at the same time.
It is clear that confinement of colloids in microtubes is accompanied with
a loss in entropy. Since the entropy of colloids outside the microtubes is
much higher than inside, microtubes that form early do not enclose large
amounts of particles. Subsequently, the free space becomes more and more
limited, while the colloid concentration in the remainder of the isotropic
phase increases. Because there is no free space between the microtubes, the
remaining colloids are then forced to be incorporated in microtubes with a
higher colloid concentration.
One might wonder why colloidal structures remain within the tubes.
First, colloids with a size comparable to the tube diameter are simply fixed
by the microtubes. Second, some tubes are almost fully loaded with colloids and their motion is very limited or mainly takes place at the open
ends of the colloidal structures. Furthermore, probably there are small attractions between the colloids which are not manifested in bulk, but due
to the loss of entropy upon tubular confinement the colloids experience a
relatively stronger attraction. However, we observed that colloids smaller
than the tube diameter are mobile within their configuration and may still
attach and detach. Random distributions of colloids within a microtube
are found, albeit presumably in microtubes with a low to moderate colloid
concentration.
7.4. Conclusions
In this study, we have exploited the thermo-reversible molecular-colloidal
co-assembly of colloids into a variety of ordered structures within surfactantcyclodextrin microtubes. The microtubes are formed in the presence of
colloidal particles upon cooling isotropic mixtures to room temperature,
during which the particles self-assemble in the microtubes into chainlike
structures with lengths varying from a few up to tens of microns. We have
demonstrated that the co-assembly of cyclodextrin-surfactant microtubes
and colloids is generic for colloids with different shapes (spheres, cubes and
rods), materials (silica, polystyrene and iron oxide) and sizes. The microtubes impose a cylindrical confinement on the colloids and, therefore, the
ratio between the colloid and tube diameter is a key parameter governing
the assembly behavior. Ordered, dynamic structures are formed for colloids
smaller than the tube diameter, whereas colloids with sizes comparable to
the tube diameter result in ordered, less mobile structures. Colloids larger
than the diameter of the tube are excluded from the micropores and yield
disordered, immobile out-of-tube structures. Depending on the diameter
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ratio, the family of 1D colloidal structures for spheres range from single
chains to zigzags, zippers, double and triple helices. In addition, we have
shown that the number of possible colloidal configurations can be extended
by the inclusion of anisotropic colloids. The reversibility of the assembly
process was demonstrated by the transformation of ordered colloid-in-tube
structures to an isotropic state at elevated temperatures, and their reassembly upon cooling. Definite advantages of the system presented in this study
include the in-situ observation of colloid-in-tube assembly, the presence of
colloidal structures throughout the sample volume and its facile upscaling
to tens of grams. The colloids confined within the microtubes constitute an
interesting model system to further investigate the assembly, structure and
dynamics of a wide variety of colloids in 1D. We anticipate that our novel
co-assembly approach, that relies on the interplay between molecular and
colloidal self-assembly, provides significant contributions to the controlled
release and alignment of particles.
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Summary
The central theme of this thesis is the interplay between colloids and interfaces. The adsorption of colloids at fluid-fluid interfaces is the main topic
and covers Chapters 2-6. We study solid-stabilized emulsions, or Pickering
emulsions, where colloidal particles act as emulsion stabilizers in the absence of surfactants in a number of systems with different colloids, particle
shapes and oils. Furthermore, solid-stabilized air bubbles from Pickering
foams are employed to generate free-standing particle films (Chapter 4). In
addition, we investigate the hierarchical molecular-colloidal self-assembly
of colloids in the confinement of molecular microtubes (Chapter 7).
In Chapter 2 we focus on the conditions under which Pickering emulsions
may form spontaneously by systematically studying the effect of the aqueous phase with ions and the oil type used on the emulsification process.
We find that the spontaneous formation and the stability of the Pickering
emulsions of varying composition are achieved by a collective effect of solid
particles, amphiphilic ions and interfacial tensions of the bare oil-water interface of ∼ 10 mN/m or below. The observed stability and formation of
emulsions of different composition point to a new class of solid-stabilized
meso-emulsions.
Subsequently, we investigate the effect of particle shape anisotropy in
Pickering emulsions by employing for the first time cubic, ellipsoidal and
peanut-type hematite microparticles (Chapter 3). Emulsions are stable
against further coalescence for at least one year. The interfacial packing
and orientation of these anisotropic microparticles are revealed at the single
particle level by direct microscopic observations.
The creation of surfactant-free Pickering foams with anisotropic hematite microparticles and their dependence on ionic strength are studied in
Chapter 4. The microparticles cover bubbles by densely packed interfacial
monolayers that provide high stability against disproportionation and coalescence. Moreover, we use solid-stabilized air bubbles as scaffolds for the
creation of free-standing particle films that are, in fact, inorganic bilayers
that only consist of cubes.
In Chapter 5 we discuss the self-assembly of colloidal silica cubes at
oil-water interfaces. A combination of optical and laser scanning confocal
microscopy enables the in-situ study of both the packing as well as the orientation of the colloidal cubes at the interface. Single layers of cubic particles
arrange in ordered domains, displaying a packing intermediate between cubic and hexagonal. Moreover, the cubes show a preference for orienting
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parallel with the interface, regardless whether oil-in-water or water-in-oil
droplets are formed.
This is followed by a study on solid-stabilized emulsions from natural
resources by using colloids prepared from the corn protein zein and soy
bean oil in Chapter 6. Colloids from water-insoluble proteins, zein being
a representative of this family, were not used before as effective particlestabilizers of emulsions. Zein colloids are synthesized via an anti-solvent
precipitation procedure and employed in the formation of stable oil-in-water
Pickering emulsions as a function of particle concentration, pH and ionic
strength.
To conclude, we introduce a thermo-reversible colloid-in-tube co-assembly
approach that couples molecular self-assembly with colloidal self-assembly
(Chapter 7). While surfactant and cyclodextrin molecules form microtubes,
colloids assemble into a library of dynamic colloid-in-tube structures within
those microtubes. Double and triple colloidal helices are generated by employing the simplest of building blocks, namely isotropic spheres. Helical
structures, known from e.g. DNA and proteins, are a common occurrence in
nature. By tuning the tube-sphere size ratio, the diversity of colloidal architectures that form via this hierarchical self-assembly approach is extended
with straight, zigzag, and zipper chains. Moreover, we demonstrate that the
co-assembly of microtubes and colloids is generic for colloids with different
shapes (spheres, cubes and rods) and materials (silica, polystyrene and iron
oxide). In situ observations of colloid-in-tube structures, including their
assembly upon cooling and disassembly upon heating, demonstrate the potential of the interplay between molecular and colloidal self-assembly. The
colloid-in-tube co-assembly provides a novel route to temperature-sensitive
particle alignment and their release near human-body temperature.
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Wat zijn colloı̈den?
Colloı̈den zijn kleine deeltjes met afmetingen tussen ongeveer 1 nanometer en 1 micrometer. Daarmee zijn ze 10 duizend tot 10 miljoen keer
kleiner dan de dikte van dit proefschrift. Colloı̈den bevinden zich in een
fijn verdeelde toestand in een dispersiemedium, zoals een gas, vloeistof of
vaste stof. Wanneer colloı̈dale deeltjes zijn gedispergeerd in een vloeistof
spreekt men van een colloı̈dale suspensie. De colloı̈dale lengteschaal vormt
een brug tussen de nog veel kleinere atomen en moleculen enerzijds en de
macrowereld anderzijds. Een karakteristieke eigenschap van colloı̈den is dat
ze zich kriskras door een vloeistof kunnen bewegen onder invloed van thermische energie. Deze willekeurige warmtebeweging, waaraan ook atomen en
moleculen onderhevig zijn, wordt ook wel de Brownse beweging genoemd.
Meestal hebben colloı̈dale deeltjes een hogere dichtheid dan het oplosmiddel. Desondanks zorgt de Brownse beweging ervoor dat de colloı̈den slechts
langzaam uitzakken naar de bodem van de suspensie en soms jarenlang vrij
rondzweven door de vloeistof. Tegelijkertijd zijn colloı̈den groot genoeg om
met een microscoop waar te kunnen nemen. Door deze combinatie van
eigenschappen worden colloı̈den vaak gebruikt als modelsysteem voor het
gedrag van atomen en moleculen. Bovendien spelen colloı̈den een rol bij
veel toepassingen. Vaak zonder het te realiseren, worden we in ons dagelijks
leven omringd door en maken we gebruik van colloı̈den: zo zijn verf, melk,
rook, bloed en klei slechts enkele voorbeelden van colloı̈dale systemen.
Colloı̈den en grensvlakken
Het gemeenschappelijke thema dat ten grondslag ligt aan het onderzoek
beschreven in dit proefschrift is de wisselwerking tussen colloı̈den en grensvlakken. Met een grensvlak wordt de overgang tussen twee verschillende
stoffen of fasen bedoeld. In dit proefschrift ligt de nadruk vooral op het
grensvlak tussen olie en water, maar ook het lucht-water grensvlak komt
aan bod. Het onderzoek valt grofweg in drie onderwerpen onder te verdelen waarbij colloı̈den en grensvlakken een voorname rol spelen. Het stabiliseren van emulsiedruppels door colloı̈den in zogenaamde Pickering emulsies vormt het hoofdonderwerp. Ten tweede worden deeltjes-gestabiliseerde
schuimen bestudeerd en gebruikt om een zeepvrij deeltjesvlies te creëren.
Tenslotte bespreken we hoe colloı̈den zich rangschikken in verschillende
structuren, waaronder de in de natuur veel voorkomende helixstructuur.
De colloı̈dale structuren worden gevormd door zich, als het ware, op te
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laten sluiten in de holtes van microbuisjes via een nieuwe vorm van omkeerbare zelf-organisatie. Hieronder zullen we deze onderwerpen stuk voor
stuk behandelen.

Pickering emulsies
Olie en water mengen niet. Hoewel een emulsie gevormd wordt na krachtig schudden van olie en water, ontmengen beide vloeistoffen binnen korte
tijd in twee afzonderlijke fasen. Deze fasescheiding is een manifestatie van
het feit dat watermoleculen het liefst in contact zijn met andere watermoleculen. Op een zelfde wijze zoeken oliemoleculen hun soortgenoten op
in de olielaag. Het contactoppervlak tussen de olie- en watermoleculen
kost energie en wordt tot een minimum beperkt. Om deze reden vloeien
emulsiedruppels samen en ontstaat een macroscopische olie- en waterlaag.
Een stabiele emulsie waarin druppels fijn verdeeld zijn en blijven in een
continue fase is echter de gewenste situatie voor veel toepassingen, denk
hierbij bijvoorbeeld aan pindakaas, mayonaise en crèmes. Om dit te bewerkstelligen wordt meestal een emulgator, een oppervlakte-actieve stof die
de oppervlaktespanning verlaagt, toegevoegd.
Vaste, colloı̈dale deeltjes kunnen ook dienen als stabilisator van emulsies en schuimen en vormen een, vaak milieuvriendelijker, alternatief voor
conventionele oppervlakte-actieve stoffen. Al meer dan een eeuw geleden
ontdekten Ramsden en Pickering het stabiliserende effect van vaste deeltjes.
Emulsies waarin de fijne verdeling van olie- of waterdruppels behouden blijft
door de toevoeging van vaste deeltjes staan daarom bekend als Pickering
emulsies. Voor een effectieve stabilisatie van druppels (of bellen) dienen
de deeltjes affiniteit te hebben met beide fasen. Hydrofiele deeltjes met
een lichte voorkeur voor bevochtiging door de waterfase vormen emulsies
die bestaan uit oliedruppels in een continue waterfase. Water-in-olie emulsies, daarentegen, ontstaan doorgaans door het toevoegen van deeltjes met
een wat hydrofober karakter. De drijvende kracht achter de adsorptie van
colloı̈den aan grensvlakken is de reductie van het contactoppervlak tussen
olie (lucht) en water. Doordat grensvlakadsorptie van deeltjes energetisch
gezien zeer gunstig is laten deeltjes, eenmaal vastgeplakt aan het grensvlak,
niet meer los. De grensvlaklaag van deeltjes vormt vervolgens een mechanische barrière tegen het samenvloeien van druppels. De laatste decennia is
de interesse in deeltjes-gestabiliseerde emulsies en schuimen sterk toegenomen vanwege de fundamentele, wetenschappelijke uitdaging die het biedt
én de veelvuldige toepassing in bijvoorbeeld cosmetica, voedingsmiddelen
en oliewinning.
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Figuur 1. Pickering emulsies gestabiliseerd door hematiet kubussen.
(a) Foto en (b) schematische weergave van een olie-in-water Pickering
emulsie. (c) Microscopie-opname van een dichtgepakte monolaag kubussen aan het olie-water grensvlak. (d) Parallelle grensvlaksoriëntatie
van de kubus.

In hoofdstuk 2 bespreken we een speciale Pickering emulsie die spontaan
vormt met druppels van vergelijkbare grootte zonder dat er hard geroerd
hoeft te worden. De omstandigheden voor spontane Pickering emulsificatie
worden in kaart gebracht door het effect van zout, olie en colloı̈den te
bestuderen. Stabiele Pickering emulsies komen tot stand door een collectief
effect van colloı̈den, amfifiele ionen en een lage grensvlakspanning tussen
olie en water.
Vervolgens bestuderen we de invloed van deeltjesvorm in hoofdstuk 3,
door voor het eerst Pickering emulsies te bereiden met behulp van kubus-,
ellips- en pindavormige microdeeltjes van het mineraal hematiet. De gevormde emulsies zijn zeer stabiel tegen het samenvloeien van druppels,
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Figuur 2. (a) Zeepvrij vlies dat enkel bestaat uit microdeeltjes. Door
de regelmatige rangschikking van de kubusvormige deeltjes zijn Braggkleuren zichtbaar. (b) Boven- en (c) zijaanzicht van een dichtgepakt
deeltjesvlies dat is opgebouwd uit een dubbele laag kubussen, in beeld
gebracht met elektronenmicroscopie.

die voor meer dan een jaar intact blijven (Figuur 1). De ordening en
oriëntatie van de anisotrope (niet-bolvormige) microdeeltjes aan het oliewatergrensvlak wordt in beeld gebracht met licht- en elektronenmicroscopie.
Zo vormen de kubusvormige deeltjes een patroon met een hoge bedekkingsgraad van het grensvlak dat doet denken aan straatwerk van kinderkopjes.
Soortgelijke patronen worden waargenomen in emulsies met kubusvormige
deeltjes van silica aan het grensvlak (hoofdstuk 5). De kubussen hebben
een voorkeur voor een oriëntatie waarbij een van de vlakken van de kubus
parallel ligt aan het grensvlak.
Met het oog op toepassingen in de voedingsmiddelenindustrie, wordt de
bereiding van Pickering emulsies, uitgaande van enkel natuurlijke grondstoffen, beschreven in hoofdstuk 6. Allereerst worden colloı̈den gemaakt
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Figuur 3. Schematische weergave van de, met de temperatuur omkeerbare, dubbele zelf-organisatie van colloı̈den in microbuisjes. De
microbuisjes worden gevormd via ordening van zeepmoleculen (SDS)
en ringvormige suikermoleculen (β-cyclodextrine). Door de opsluiting
in de cilindervormige microbuisjes organiseren de colloı̈den zich in geordende structuren, waaronder de helixstructuur.

van het niet in water oplosbare maı̈seiwit zeı̈ne. Stabiele olie-in-water Pickering emulsies worden gevormd met de colloı̈dale zeı̈nedeeltjes als functie
van deeltjesconcentratie, pH en zoutconcentratie.
Van zeepvrij deeltjes-gestabiliseerd schuim tot deeltjesvlies
Naast het stabiliseren van een emulsie, kunnen colloı̈den ook luchtbellen stabiliseren in een Pickering schuim. In hoofdstuk 4 wordt beschreven
hoe zeepvrij schuim wordt gefabriceerd door gebruik te maken van anisotrope microdeeltjes en het gecontroleerd toevoegen van zout. Doordat de
luchtbellen aan het grensvlak worden bedekt met een dichtgepakte monolaag hematietdeeltjes, blijven ze voor lange tijd intact. Gebruikmakende
van een deeltjes-gestabiliseerde luchtbel, is het bovendien gelukt om een
vrijstaand deeltjesvlies te maken zonder zeep (Figuur 2). Het deeltjesvlies
bestaat enkel uit een dubbele laag, keurig gestapelde kubussen en vormt
daarmee in feite een anorganische bilaag. Organische bilagen zijn veel bekender en komen veelvuldig voor in de natuur, zoals in de membraan van
elke cel.
Dubbele, omkeerbare zelf-organisatie: colloı̈den in microbuisjes
Tot slot bespreken wij een nieuwe vorm van dubbele zelf-organisatie,
waarbij zowel moleculaire microbuisjes als colloı̈dale structuren spontaan
worden gevormd. De microbuisjes ontstaan door moleculaire zelf-assemblage
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tijdens het afkoelen van een oplossing van het zeepmolecuul sodiumdodecylsulfaat (SDS) en het ringvormige suikermolecuul β-cyclodextrine (β-CD).
Door colloı̈den toe te voegen tijdens de vorming van de buisjes, worden ze
opgesloten in de cilindervormige buisholtes, zoals afgebeeld in Figuur 3. De
opsluiting in de rigide microbuisjes zorgt ervoor dat de colloı̈den zich rangschikken in verschillende structuren. Zo ordenen eenvoudige, bolvormige
deeltjes zich in een colloı̈dale wenteltrap, ofwel helix. De helixstructuur
speelt een belangrijke rol in de natuur en treft men bijvoorbeeld aan in
DNA en eiwitten. Door de verhouding tussen buis- en deeltjesgrootte aan
te passen kunnen de colloı̈den ook rechte ketens of zigzagstructuren vormen. Bovendien laten wij zien dat de dubbele zelf-organisatie van colloı̈den
en moleculaire microbuisjes algemeen toepasbaar is voor colloı̈den met verschillende vormen (bollen, kubussen en staafjes) en materialen (silica, polystyreen en ijzeroxide). Daarbovenop is de zelf-organisatie van colloı̈den
in microbuisjes ook nog eens omkeerbaar met de temperatuur: bij verhitting smelten de microbuisjes en worden de opgesloten colloı̈den vrijgelaten.
Koelt men het mengsel opnieuw af dan keren de microbuisjes en daarin
opgesloten colloı̈dale structuren terug. Dit alles wordt nauwkeurig in beeld
gebracht met microscopie. De dubbele zelf-organisatie biedt de mogelijkheid om deeltjes op gecontroleerde wijze op te slaan en op een zelf te kiezen
moment weer vrij te laten. Dit principe is relevant voor bijvoorbeeld de
gecontroleerde afgifte van medicijnen en voedingsstoffen.
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Dat ik mijn promotie-onderzoek heb mogen uitvoeren op het Van ’t Hoff
laboratorium, maakt mij extra dankbaar. De aangename atmosfeer op het
lab, waar ieders bijdrage wordt gewaardeerd, waar wetenschappelijke uitdaging de standaard is, waar ruimte is voor ontspanning, en waar men
elkaar steunt en wat gunt, hebben mij altijd aangesproken. Mijn kamergenoten Maurice Mourad, Lia Verhoeff, Joost Wolters en Chris Evers dank ik
voor de gezelligheid en ontspanning. Emile Bakelaar, Bonny Kuipers, Kanvaly Lacina, Dominique Thies-Weesie en Marina uit de Bulten-Weerensteijn
zorgden voor een altijd soepel draaiend lab, dank hiervoor. Voor ondersteuning met elektronenmicroscopie gaat mijn dank uit naar Hans Meeldijk,
Chris Schneijdenberg en Matthijs de Winter. Daarnaast dank ik al mijn
labgenoten voor hun bijdrage aan mijn onderzoek en de fijne tijd: Ben,
Sandra, Esther van den Pol, Jan Hilhorst, Mikal, Rob, Anke, Janne-Mieke,
Susanne, Roel, Bas, Ping, Mark, Ethayaraja, Tianhui, Agnieszka, Dzina,
Dima, Rocio, Jaakko, Esther Groeneveld, Antara, Igor, Gert-Jan, Kees,
Agienus, Remco, Hans en vele anderen. Daarnaast wil ik iedereen van de
Soft Condensed Matter-groep danken voor de prettige en nuttige interactie, in het bijzonder noem ik Nina Elbers, Anke Kuijk, Henriëtte Bakker
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