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Chapter 1

Introduction

Abstract

Here, we introduce the topic of the thesis. In section 1.1, we motivate the study of
emulsions stabilized by anisotropic colloidal particles as well as anisotropic colloidal
particles at fluid interfaces. In the subsequent section, a literature overview of the
developments of the field is given and the relation of our own study to the existing
literature is provided. Finally, a short overview of the structure of the thesis is given.

1.1 Motivation

It is poorly understood how the particle anisotropy influences properties of particle
stabilized emulsions such as stabilization efficiency, emulsion lifetime, formation and
average domain size of emulsions.

Particle stabilized emulsions play an important role in different fields such as
food and cosmetics industries, oil recovery and medicine [53, 65, 172]. One practical
example for such an emulsion is mayonnaise, where mustard particles are adsorbed
at the surface of oil droplets [157].

In this thesis, anisotropic particles in their role as stabilizers for emulsions are
studied. On the one hand, the particle anisotropy with respect to the shape is consid-
ered. We use ellipsoids of revolution as simplest realization of an anisotropic shape
of the particle. On the other hand, the anisotropy of the particle surface wettability
is studied. The so-called Janus particles consist of hydrophilic and hydrophobic
hemispheres.

Two types of particle stabilized emulsions are distinguished in this study: the
Pickering emulsion [152, 156], where discrete droplets of one fluid are immersed in
a second fluid and the bijel (bicontinuous interfacially jammed emulsion gel) with
two continuous fluid phases [91, 176]. Generally, particle stabilized emulsions are
only kinetically stable but thermodynamically unstable [10]. The cost of energy for
creating the unoccupied fluid interface is larger than the gain of entropy as compared
to the demixed state.

Colloidal particles are small particles with a radius in the range between 100nm
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4 Introduction

and a few micrometers [34, 54, 183]. They are able to adsorb to a fluid-fluid interface.
These particles in their function as stabilizers for emulsions act in a similar way as
surfactants to stabilize emulsions of immiscible fluids. In both cases, the interfacial
free energy is reduced. The surfactant molecules reduce the interfacial tension by
adsorbing to a fluid-fluid interface. In contrast, particles reduce the interfacial area
between both fluids by occupying interfacial area.

Several studies of such emulsions were carried out using experiment, theory and
simulation [6, 7, 10, 14–17, 32, 34, 41, 46, 60, 95, 98, 102, 116, 134, 177, 187]. Most of
the studies are undertaken for isotropic particles with respect to the particle shape
and the wettability. What can we say a priori by calculation before the execution
of the simulation? How does the particle anisotropy influence or improve practical
properties of emulsions? Can anisotropic particles be a more efficient stabilizer of
emulsions as compared to isotropic ones? Does the particle anisotropy influence the
life time of kinetically stable emulsions?

The ratio between the interface covered by the particle and the particle volume
which is increased for anisotropic particles is supposed to influence the efficiency (the
number of particles needed to stabilize a given interface area in an emulsion) and
the time development of the average domain size in an emulsion. An important step
which is used here to obtain a deeper understanding of the properties of emulsions
is the study of “model systems”. In the context of this thesis, these model systems
are the adsorption of a single particle to a fluid interface and the dynamics of particle
ensembles at a fluid interface.

1.2 State of current research

In this section, an overview is provided of the progress in the field of particle-stabilized
emulsions and related physical systems including the general behavior of particles
adsorbed at fluid-fluid interfaces. A more extensive review of theory and results is
given in a recent book by Ngai and Bon [138]. Our focus is on particle anisotropy in
the sense of shape and surface wettability.

The simplest model system relevant for this thesis is the adsorption of a single
particle to a flat fluid-fluid interface. Such an adsorption is usually irreversible
as the adsorption energy is several orders of magnitude larger than the thermal
energy [9, 10, 32].

An important parameter to classify a colloidal particle at a fluid interface is the
contact angle, a measurement for the surface wettability of the particle [27]. It depends
on the interfacial tensions of the three interfaces: the one between the two fluids and
between each of the fluids and the particle. It is usually measured inside the aqueous
phase [148]. Typical values for the contact angle in emulsion systems are between 70◦

and 110◦ [104, 182]. Neutral wetting is reached for a contact angle of 90◦.
Furthermore, the adsorption energy has a maximum for neutral wetting. It de-

creases if the difference of the surface wettability to the neutral wetting increases.
The adsorption process can become reversible if the particle contact angle is far away
from the value of neutral wetting, i.e. close to 0◦ or 180◦ [10].

Several values of the interfacial tension for water in contact with different types of
oil as well as in contact with air are shown in Refs. [15, 131]. Furthermore, Ref. [131]
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lists contact angles of various particle types at different fluid-fluid interfaces.
The adsorption process of a single particle to a fluid interface is investigated

many times. As the simplest case, the adsorption of a spherical particle is studied in
Refs. [38, 58, 153, 158]. The equilibrium distance for the final state between the center
of the sphere and a flat interface is obtained by minimizing the free energy of the
related fluid-fluid and fluid-particle interfaces [153]. The dynamics of the adsorption
process is analyzed in Ref. [38] using the Langevin equation and molecular dynamics
(MD) simulations. Capillarity and viscosity influence the process. Furthermore,
the relaxation to the thermodynamic equilibrium is evaluated. The equation for a
potential of a particle during the adsorption process to a fluid interface is derived
from the interfacial energy and an equation of motion is presented. For an exactly
spherical particle without roughness, the potential corresponds mathematically to the
harmonic oscillator. In case of roughness of the surface, it becomes more complex [38].

Diffusion constants and drag forces of spherical particles adsorbed at fluid-fluid
interfaces for particle motion parallel to the flat interface are calculated in Ref. [58].
The Stokes law for the drag force and the Stokes-Einstein relation are both corrected
by an additional term which depends on the contact angle and the viscosity ratio
between both fluid.

Compared to the case of a sphere, a particle with geometrical anisotropy has addi-
tional rotational degrees of freedom. This renders the description of the adsorption
process and the final state of the particle at the interface more complex. The simplest
realization of particle shape anisotropy is the ellipsoid. For an ellipsoid, there are
several studies available [44, 48, 57, 61, 77]. The final state or equilibrium state is
found to be the configuration, where the ellipsoid occupies as much interfacial area
as possible. For an oblate ellipsoid, it is the orientation of the particle main axis
parallel to the interface. In Ref. [48], the free energy is calculated for different particle
configurations characterized by the distance between particle center and flat interface
as well as the orientation with respect to a flat interface. The interfacial areas are
calculated by a triangular tessellation technique. The force acting on the particle is
obtained by the negative gradient of the free energy and used to obtain the adsorption
trajectories.

In Ref. [158], the rotation of rough cylinders at a fluid interface is studied. The
roughness leads to energy barriers which can lock the particle to a given orientation
away from the equilibrium position.

Most of the theoretical or computational studies of particles at a fluid-fluid in-
terface which are done so far, assume a perfectly flat fluid interface during the
adsorption process and do not take the interface deformation caused by the particle
into account [16, 48]. The other extreme case of approximation is the case that the fluid
is represented by a MD simulation [158]. In this case, a representation of the fluid by
MD is unrealistic as the number of particles which can be studied is limited. In this
thesis, the following contribution for improvement is made: the lattice Boltzmann
method, a mesoscopic method is used to describe the fluids. Instead of following the
motion of single fluid molecules, only the dynamics of the single particle distribution
functions is simulated. In this way, it is possible to obtain a realistic representation
of the fluid with reasonable computational costs. Furthermore, the deformation of
interfaces is properly taken into account.

Experimental studies of particles at fluid interfaces utilize for example a Langmuir
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trough [8, 9], the colloidal probe technique [72], the film-calliper method [94], the film
trapping technique [82] or the gel trapping technique [148]. An overview of methods
to measure the particle contact angles is given in Refs. [29, 131].

Besides uniformly wetting particles, the adsorption of Janus particles to a fluid-
fluid interface is studied [16, 144, 145]. The simplest case, the adsorption of a Janus
sphere is discussed and compared to the uniform wetting case in Ref. [16]. The
adsorption energy of a spherical Janus particle can be up to three times as strong
as for a spherical uniformly wetting particle with neutral wettability [7]. There are
also studies of Janus particles with anisotropic shape. Examples are ellipsoids and
dumbbells which are discussed in Refs. [144, 145]. The equilibrium state for a given
aspect ratio and a given wettability difference is obtained by minimizing the free
energy function. Symmetric Janus particles with ellipsoidal and dumbbell shape
are discussed in Ref. [145]. A jump of the orientation angle from the orthogonal
orientation to a tilted orientation is found for the ellipsoid, whereas for the dumbbell
there is a continuous transition between both orientations. For some values of aspect
ratio and contact angle difference, metastable configurations are found in addition
to the stable state. The non-symmetric versions of ellipsoids and dumbbells are
discussed in Ref. [144]. The set of final states of non-symmetric Janus particles at the
fluid interface depends on the aspect ratio and the wettability difference and is more
complex as compared to the case of symmetric Janus particles.

Besides the surface tensions, another parameter can be important for the particle
adsorption: the line tension of the three phase contact line can influence the free
energy and in this way the equilibrium position [57, 61]. If the value of the line
tension is sufficiently large, it even prevents the particle from adsorption to the
interface. Furthermore, the contact angle depends on the line tension and the length
of the three phase contact line. For that reason, the particle radius influences the
value of the contact angle as well as shown in Fig. 2 in Ref. [131]. Generally, the line
tension is only relevant if the particle is sufficiently small. While it can be relevant for
nanoparticles, for microparticles the line tension can usually be neglected.

The adsorption energy can be obtained by calculating the difference of the free
energy for a particle in the bulk and at the interface or measuring the energy required
for detaching the particle from the interface. The detachment energy is obtained
by measuring the detachment force and integrating it. This is done in experiments
(spherical particle) [154] and in simulations (including ellipsoids) [42].

A magnetic particle adsorbed at a fluid interface and under the influence of a
magnetic field is studied in Refs. [26, 44, 137, 192]. The equilibrium orientation
depends on the magnetic field and the degree of anisotropy. A first order phase
transition with respect to the particle orientation is found. The interface deformability
is found to be non-negligible [44].

A particle adsorbed at an interface generally causes the interface to deform. The
interface deformation can be induced by forces acting on the particle (such as grav-
ity), particle anisotropy in shape or wettability as well as non-constant interface
curvature [19, 20, 59, 118, 174, 196]. In case of anisotropic particles and non-constant
interface curvature, the Young equation for the contact angle cannot be fulfilled by
keeping the shape which the interface had before the particle adsorption [118]. The
interface deforms and the deformation can be characterized by the interface height,
i.e. the difference in the position of the real and the ideal flat interface. It can be



1.2. State of current research 7

shown that the interface deformation can be described by a multipole expansion of
the interface height [174].

If two colloidal particles are adsorbed at the interface, they generally interact by
direct and capillary interaction [141]. The following direct interactions can be found:
electrostatic, van der Waals, magnetic or elastic potentials. A typical potential which
is often used is the DLVO (Derjaguin, Landau, Verwey, Overbeek) potential where a
screened electrostatic potential is combined with a van der Waals potential [49, 189].
These direct interactions can be found between two colloids in the bulk. They can be
also found between two particles which are adsorbed at a fluid interface. Generally,
they are different from those in the bulk as the fluids have different physical and
chemical properties such as different dielectric constants. Detailed calculations of the
direct interaction between particles adsorbed at a fluid-fluid interface are presented
in Ref. [141].

In addition to these direct interactions, particles at a fluid interface feel capillary
interactions. Capillary interactions can be explained as follows: we assume that two
particles are adsorbed at a fluid interface and each particle causes an interface defor-
mation. The overlap of these interface deformations causes the capillary interaction
in the direction parallel to the interface [24].

Capillary interactions can be static or fluctuation induced [118]. The static ones
are a result of the overlap of the static interface deformations described above. They
are long ranged and act in the direction parallel to the interface. If a gravitational
force normal to the interface acts on the particle, the attractive capillary interaction
scales with the logarithm of the separation and the interaction range is given by the
capillary length [19]. The capillary length is a characteristic length for fluid interface
phenomena and depends on the interfacial tension. For the case of ellipsoids, it
is calculated in Ref. [118] using a perturbative treatment. The capillary interaction
depends on the mutual orientation of the particles and has a quadrupolar shape. For
a particle with a radius parallel to the symmetry axis of the ellipsoidal particle with a
length of 10µm, it has an amplitude of about 7 · 106kBT. The capillary interaction is
larger than a typical electrostatic repulsion if the distance is small enough. The second
contribution next to the static one are fluctuation induced capillary interactions.
Those are a consequence of the Casimir effect which can be explained as follows:
we consider two particles adsorbed at a flat interface. Thermal fluctuations in the
fluids lead to capillary waves of the interface. Between the particles only fluctuations
with a wave length are allowed which fulfill Dirichlet boundary conditions, whereas
elsewhere fluctuations with all wave lengths are allowed. The fact that there are more
waves outside than between the particles leads to an effective attraction between the
particles. The fluctuation induced capillary interactions are of the order of kBT and
are therefore smaller than the shape induced capillary interactions. In some cases,
there can be capillary repulsions as reported in Ref. [195]. The interaction for a small
deviation from uniform wetting is calculated in Ref. [174].

In addition to the simple particle shapes such as spheres and ellipsoids, parti-
cles with more complicated shape at fluid interfaces are studied. The shapes of
interest can for example be cylinders which are studied by MD simulations [158],
experiments [119] and analytical calculations [57], disk-shaped particles [139] or
super-ellipsoidal hematite particles [135]. An experimental study for porous particles
and some realizations of anisotropic shapes (rod, rhomboid and microfiber particles)
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is given in in Ref. [171]. Many more final states are found as compared to ellipsoids
and the free energy landscape is more complex. Besides the influence of the particle
shape, also the surface roughness of a spherical particle can lead to effects of capillary
interaction [174].

In the previous paragraphs, single particles and particle pairs at interfaces are
discussed. Here, we discuss the behavior of a particle ensemble at an interface. An
overview of the physics of particle laden interfaces is given in Refs. [24, 27, 109].
Pioneering work is done by Pieranski in 1980 [153]. It is found that charged spheres
adsorbed at an air-water interface form a triangular lattice due to repulsive dipole-
dipole interactions between the particles. This electrical dipole is a result of the
asymmetric charge distribution on the particle surface due to the fact that the particle
surface is in contact with two different fluids.

The simplest case with an ensemble of hard spheres at a flat interface is studied in
several publications by e.g. Bleibel et al. [19, 20]. Capillary monopoles of the interface
deformation are introduced by gravity-like forces normal to the interface. The force
induced by the overlap of these interface deformation areas is attractive. The system
behaves in the same way as an ensemble of particles interacting with two-dimensional
screened Newtonian gravity [19]. Different dynamical regimes are found depending
on the temperature and the capillary length [19].

Compared to spheres, an ensemble of ellipsoids at a flat fluid interface is more
complex: among other things ellipsoidal particles differ from spherical ones by
packing effects. In a three dimensional system, spheres have a random (amorphous)
jammed maximum packing density of about 0.64 whereas the corresponding value
for anisotropic ellipsoids is larger [56]. The maximum for random packing for prolate
ellipsoids is reached for an aspect ratio of 1.5 and amounts to 0.72. For aspect ratios
larger than 1.5, it decreases. The number of contacts for ellipsoids is found to be about
10 as compared to the 6 contacts in the case of spheres. A similar relation holds for a
two dimensional system [11].

If ellipsoids are adsorbed at a flat fluid interface, particles interact by shape-
induced capillary interactions and influence mutual orientations. It is found in
Ref. [124] that side-to-side alignment as well as tip-to-tip alignment are possible.
Which of them is found depends on the surface chemistry. The attraction of two
particles caused by capillary interactions is measured. The time evolution of the
center-to-center distance is given by a power law. This relation can be used to obtain
the magnitude of the interaction. The patterns created by ellipsoids at flat interfaces
are investigated in Ref. [128]. They can form dense structures and side-by-side
alignments. Experiments with monolayers of ellipsoidal particles adsorbed at a
flat fluid-fluid interface are done for different aspect ratios [11]. The compression
of monolayers including the influence of the aspect ratio is studied by comparing
ellipsoids with spheres [11]. The behavior of magnetic ellipsoidal particles at a
flat interface is evaluated in Ref. [43]. The inter-particle interactions can be tuned by
changing the magnetic field. An ensemble of particles adsorbed at a single droplet and
the rheology of the particle-laden droplet are analyzed in Ref. [181] using different
microscopy methods. Ensembles of Janus particles at interfaces are explored in
Refs. [126, 146, 159]. In contrast to a uniformly wetting sphere, a Janus sphere can
deform the interface without additional external forces.

After having discussed systems with particles at an individual fluid interface,
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we discuss particle-stabilized emulsions of two immiscible fluids. As stated above,
particles play a similar role as surfactants in stabilizing emulsions. They adsorb to
the interface and stabilize the emulsion in this way. A comparison of particles and
surfactants as stabilizers for emulsions is given in Ref. [15]. A general overview of
the properties of particle-stabilized emulsions is provided in Refs. [10, 34, 95]. We
distinguish two types of particle-stabilized emulsions which are important in this
thesis: the first one is the Pickering emulsion. It consists of discrete droplets of one
fluid immersed in another one. It is firstly described by Ramsden in 1903 [156] and
Pickering in 1907 [152] who discovered this emulsion type independently from each
other. The droplet size is much larger than the size of a stabilizing particle. The second
emulsion type is the bicontinuous interfacially jammed emulsion gel (bijel) where both
fluids are continuous and separated by a particle laden fluid interface. It is predicted
for the first time by simulations in 2005 [176]. The first experimental realization is
carried into execution in 2007 [91] using a 2,6-lutidine-water mixture and neutrally-
wetting particles. Several states of emulsions between Pickering emulsions and bijels
are found [36, 66, 191]: one example is presented in Ref. [36] where droplets are
elongated. In Ref. [191], a structure is presented which is composed of a bicontinuous
structure like a bijel. In addition to the continuous phases, it contains a network
of colloid-bridged droplets. The stabilizing particles generally have a non-neutral
wetting. As an example for a more complex composition of immiscible fluids, an oil-
in-water-in-oil emulsion is presented in Ref. [14]. Similarly to the case of emulsions,
particles can stabilize Pickering foams. Particles with high anisotropy lead to a high
stability of foams [4, 75].

The formation process can be considered as follows: the initial state is the totally
mixed state for both emulsions types. In case of a Pickering emulsion, the first step
of the emulsion formation is the nucleation of the droplets [164, 168], followed by
droplet growth, and the last one Ostwald ripening and coalescence. It can be shown
that the adsorption rate of particles to the interface is proportional to the number of
particles in the bulk. The rate constant depends on the chemical composition of the
colloid [165]. If the surface of the droplets is not sufficiently well covered by particles
it leads to the coalescence of two droplets. The dynamics of coalescence is studied
in Ref. [6]. During the formation process, the average droplet radius in an emulsion
increases strongly. This increase slows down at a later time.

The formation of a bijel takes place in a different way. The bicontinuous structure
develops by spinodal decomposition which is arrested when a sufficient number
of particles is adsorbed at the interface to stabilize the structure. It is shown that
a bijel can be stable for at least seven months and the size of the domains stays
approximately constant [32].

In most cases, the two fluids forming an emulsion are water and a non-polar liquid
such as oil, but there are also emulsions created by two immiscible oil types [15].
Different types of non-polar liquids can be used for emulsions. Examples are cyclo-
hexane and toluene [16]. An overview is given in Ref. [15]. There is a wide range of
particles which can be used as emulsion stabilizers. Typical examples are hydroxides,
iron oxide, metal sulfates, silica, clays, carbon [10] and polystyrene particles [41].
More particle types stabilizing the emulsion can be found in table 1 in Ref. [10] and in
Ref. [15]. Also biological materials like particles synthesized from zein [45], bacterial
cellulose nanocrystals [102], or whey can be used [52]. A general overview of the
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properties of particle stabilized emulsions is given in Refs. [10, 95].
The effect of irreversible adsorption (discussed above) leads to the stability of the

emulsion. The most important parameter for stabilizing emulsions is the particle
coverage at the interface [60]. The type and the properties of a Pickering emulsion
depend on the choice of parameters such as particle size, salt concentration, particle
wettability, fluid ratio and oil type. In general, hydrophobic particles tend to form
oil-in-water (o/w) emulsions whereas hydrophilic particles tend to form water-in-
oil (w/o) emulsions [10]. The optimal values of the contact angle are found to be
70− 86◦ for o/w and 94− 110◦ for w/o [104, 182]. The effect of the particle size on
the emulsion is quite complicated [16]. In most cases, the droplet size increases with
increasing particle radius. However, there are situations where the particle radius
decides if the emulsion is w/o or o/w as it is shown for a 1:1 water-toluene system
with hydrophilic latex particles [16]. Different parameters can be used to control the
emulsion for example for a controlled breakdown. Possible control parameters are for
example the pH value [69–71], the temperature [50, 51, 186] and an external magnetic
field [134]. Some bijel properties can be controlled by the choice of parameters [32].
For example, it can be shown that the domain size is inversely proportional to the
volume concentration of the stabilizing particles [98]. If the particles are magnetic, the
dipole-dipole interaction as well as the dipole-field interaction can be used to control
the structure during and after the formation [107].

Most investigations in theory and simulations are done for spherical particles
as stabilizer for emulsions [10, 16, 134, 177]. The effect of the particle shape for
stabilizing emulsions is studied for hydrophilic polystyrene latex particles as well
as hydrophobic hermatite particles where the degree of anisotropy is varied [129].
Emulsions stabilized by anisotropic particles are studied in Ref. [46, 102]. The shapes
of interest in the experimental study are cubes and peanut shaped particles [46].
Cubes are found to have an average packing density of 90% at the fluid interface
and locally packing densities which are larger than the theoretical limit for spheres.
The variation from 100% comes from the fact that the edges of the cubes are rounded
and the ordering is not exactly cubic. This is realized by parallel orientation of the
cubes. The droplet size depends linearly on the cube length. Emulsions stabilized
by nanorods are studied in Ref. [102]. The aspect ratio is varied from 13 to 160. The
coverage ranges from 40% to the dense packing limit.

Emulsions usually have a kinetic stability, but they are thermodynamically unsta-
ble. It might be that there are special cases where these emulsions are thermodynami-
cally stable [161]. It can be shown that Janus particle stabilized emulsions can lead to
thermodynamic stability of emulsions, but the difference between the two wettability
areas has to be sufficiently large [7]. Note that Janus particles are discussed in more
detail below. The ordering of the particles at the interface of an emulsion droplet can
be aggregated or exhibit a lattice structure. It depends also on the electrostatic and
dipole interactions between the colloids [41].

Pickering emulsions are used in the food industry, cosmetic industry, medicine
or even for enhanced oil recovery [53, 65, 157, 170]. One example for application
in the medical sector is the drug delivery. In Ref. [65], retinol as an example of a
lipophilic drug is discussed. Two types of o/w emulsions are compared, a Pickering
emulsion and a corresponding surfactant-stabilized emulsion as well as solution
of retinol in an oil. The Pickering emulsion is more efficient for the penetration
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through the skin as compared to the two other situations. A list of bio-mass particles
which can be used for the production of food and crémes is given in Ref. [157]. One
example is the fine mustard particle which stabilizes mayonnaise. Other examples are
reconstituted milk (o/w) and margarines/fatty spreads (w/o) [53]. An example for an
application of particle-stabilized foams is the whipped dairy cream [53]. An overview
of emulsions and foams in food production is given in Ref. [53, 54, 162, 163, 173].
One possible application of a bijel is a cross-flow reactor where each fluid component
flows in other direction [32]. The reactions take place at the remaining interface
(not occupied by particles). The advantage as compared to a corresponding reactor
based on a Pickering emulsion is the fact that in the latter case the starting product
of the chemical reaction which is located in the droplet phase, cannot be renewed.
Furthermore, bijels can be used to create a porous medium which is studied by
simulation [66] and experiments [116]. The porous structure and its permeability can
be tuned by varying the particle wettability and concentration. The resulting porous
medium can be used for example for filters and reactors [66].

Several simulations are done related to particle-stabilized emulsions. In general,
there are different classes of methods available to simulate emulsions as systems of
two fluids and the interfacial stabilizer [187]. First, we distinguish between Eule-
rian or Lagrangian methods representing the two fluids. The Lagrangian methods
are particle-based. One example is molecular dynamics (MD). Another method is
dissipative particle dynamics (DPD) which is based on the Langevin equation. It
can be used to simulate emulsions among other things [60, 93, 132]. Furthermore,
there is the stochastic rotation dynamics (SRD) or multi-particle collision dynamics
(MPC) [73, 89]. In the grid-based Eulerian representation such as the lattice Boltzmann
method, the fluid is represented by a continuous field [33, 178]. Mesoscopic (and
macroscopic) scales are simulated. After having discussed the representation of fluids,
the following step is the representation of the interface between the fluids which can
be sharp or diffuse [111]. In the case of a sharp interface, a separate representation
of the interface is required. This is realized for example by the lattice Boltzmann
model for Free Surface Flow (FSLBM) [108] or volume-of-fluid (VOF) which is the
standard method and the base for FSLBM [23, 99, 100]. It is usually complicated to
simulate sharp interfaces which are allowed to change their structure over time [22],
but this change is important if the formation and stability of emulsions should be
studied. The diffuse interface representation uses the same representation for the bulk
phases and the interface. A scalar order parameter (going from positive to negative
values) indicates which of the bulk fluids can be found at a given point. The interface
position is given by the points where the order parameter has a value of 0. Examples
for methods of diffuse interface representation in the context of lattice Boltzmann
simulations are the pseudo-potential or Shan-Chen method, the color gradient, the
kinetic-theory-based model and free energy model [76, 86, 88, 101, 111, 117, 120–
122, 143, 169, 179, 180, 187, 197]. Finally, the way of representing the stabilizing
material can be Eulerian or Lagrangian. In case of an Eulerian representation, a
second order parameter is needed to describe the concentration of the stabilizer. This
order parameter can be a scalar, vectorial or tensorial. It is appropriate to simulate
molecular stabilizers (surfactants), but it can also be used to simulate particles as
stabilizers [3]. A Lagrange representation can be used if particles are the emulsion
stabilizer. One possibility is the molecular dynamics (MD) method or the discrete
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element method (DEM). In the following, we refer to both methods as MD. The first
LB simulations using a diffuse interface representation and MD for the particles are
done by Stratford and collaborators [175, 176]. The first use of Shan-Chen in this
context is done in two dimensions by Joshi et al. in 2010 [101] and in three dimensions
by Jansen et al. in 2011 for emulsions stabilized by spheres [98]. It is shown that
both Pickering emulsions and bijels can be studied with it. The work of this thesis is
based on the studies related to that publication. In the same class of representation,
spinodal decomposition and bijels can be simulated by solving the Cahn-Hilliard
equation and combining it with methods such as Brownian dynamics or an extended
finite element method for particles [30, 35, 96]. Furthermore, droplets in a Pickering
emulsion can be represented as particles larger than the stabilizing particles using
Brownian dynamics simulations [64].

1.3 Content of this thesis

The remainder of this thesis is organized as follows: in chapter 2, the theoretical
background is presented. The theory of particles at interfaces and emulsions is con-
sidered. Both, uniformly wetting particles (ellipsoids) and Janus particles (particles
with surface areas of different wettability) are discussed. Chapter 3 is an introduction
to the simulation method, which is used for all results in the thesis. We explain the
lattice Boltzmann method and the molecular dynamics method which are used to
simulate the fluid and the particles, respectively, and the coupling between them. The
results are shown in chapter 4 to 7. The adsorption of a uniformly wetting particle to
a flat interface is discussed in chapter 4. It includes some general aspects, parameter
studies and the study of the interface deformation and its influence on the adsorption
process. Emulsions stabilized by particles and particle ensembles at interfaces are
considered in chapter 5. The first part of chapter 5 contains a parameter study of
emulsions stabilized by ellipsoids. The influence of the particle anisotropy is dis-
cussed as well as the transition from a Pickering emulsion to a bijel. The long time
development of timescales in emulsions is discussed in the second part of chapter 5.
Model systems are used to explain the time behaviour of emulsions stabilized by
anisotropic particles. We discuss the single particle adsorption of a Janus particle
in chapter 6. Furthermore, we investigate a particle ensemble at a flat interface and
provide an outlook on emulsions stabilized by Janus particles in chapter 7.



Chapter 2

Theory of particle-stabilized
interfaces and emulsions

Abstract

In this chapter, the theory required for understanding the results of this thesis is pre-
sented. Furthermore, limitations of the available theoretical models and experimental
possibilities are shown. Thus, the necessity of performing computer simulations as
an alternative way to study the topic is motivated. We study the physics of emulsions
stabilized by anisotropic colloidal particles and their underlying building blocks. The
particles can be anisotropic in shape and surface wettability. A single particle at a
fluid interface is the starting point of the description. The free energy function for that
system is used for the prediction of the final state. In the subsequent step, interactions
between particles as well as particle ensembles at interfaces are discussed. Finally,
particle-stabilized emulsions are considered.

2.1 Particle and system definition

Our system of interest consists of two immiscible fluids (1, 2) and ellipsoidal particles.
The ellipsoid of revolution is characterized by the radius R‖ of the main axis parallel to
the symmetry axis of the ellipsoid and the radius R⊥ of the two main axes orthogonal
to the symmetry axis. The degree of anisotropy is characterized by the particle aspect
ratio

m =
R‖
R⊥

. (2.1)

The wetting properties of the particle surface can be characterized by the contact
angle θ. As shown in the left sketch of Fig. 2.1, it is defined as the angle between the
tangential plane of the particle surface and the one of the fluid-fluid interface at the
point where the fluid-fluid interface meets the particle surface.

The particle position and orientation are characterized by ξ and ϑ, respectively. ξ
is the distance between the particle center and the undeformed interface. ϑ is defined

13
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θ

Fluid 2

Fluid 1

ϑ
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θP

α
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Figure 2.1: Left: definition of the contact angle θ for a uniformly wetting particle.
Center: definition of the positionξ and the orientational angle ϑ. Right: the parameters
characterizing the Janus particle are the contact angles θA (apolar) and θP (polar)
as well the parameters which characterize the size of the two regions: the distance
between particle center and Janus separation line xJanus and the angle between particle
main axis and Janus separation lineα.

as the angle between the particle main axis and the normal of the (flat) interface
(central sketch of Fig. 2.1).

Two particle types are considered, i.e. uniformly wetting particles and Janus
particles. A uniformly wetting particle is defined by the fact that θ is constant over
the whole particle surface. The second particle type is the Janus particle. The name
for that particle type comes from one of the oldest Roman gods called Janus who has
two faces. This particle type was firstly mentioned by Casagrande in 1989 and de
Gennes in 1992 during his Nobel Prize lecture [31, 47]. In general, a Janus particle
is defined as a particle with an anisotropy with respect to at least one physical or
chemical surface property. The particle surface is divided in at least two different
areas where these particular properties differ. The surface property of interest for
this thesis is the particle wettability. In principle, the particle surface can have any
wettability topology. For the discussion in this thesis, we limit ourselves to the case of
two regions of different wettability separated by a plane. They are characterized by
different contact angles θA (apolar) and θP (polar). In case of parallel Janus particles
(right sketch of Fig. 2.1), the plane is normal to the particle main axis and in case of
orthogonal Janus particles the plane is normal to the orthogonal particle axis. The size
of the regions is characterized byα and xJanus. xJanus is the distance between particle
center and Janus separation line. α is the angle between particle main axis and Janus
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separation line. The relation between them is given as

α = arctan


√

R2
‖ − x2

Janus

mxJanus

 and xJanus =
R⊥R‖√

R2
‖ tan2(α) + R2

⊥

. (2.2)

An ellipsoidal Janus particle with a hydrophilic part at the top and a hydrophobic
part at the bottom is shown in the right sketch of Fig. 2.1. The Janus particle can be
characterized by the Janus balance [112]

J =
sin2α + 2 cosθP(cosα − 1)
sin2α + 2 cosθA(cosα + 1)

. (2.3)

J plays an important role in the adsorption of a single particle at a fluid-fluid interface.
J is related to the strength of the adsorption. The adsorption is strongest for J = 1.

A symmetric, parallel Janus particle as studied in this thesis is defined in the
following way: the particle surface is evenly divided into two areas of different
wettability so thatα = 90◦ and xJanus = 0. The contact angles θA and θP differ from
90◦ by the same value. The two different contact angles are given as

θA = 90◦ + ∆θ and θP = 90◦ − ∆θ. (2.4)

This reduces the description to a single control parameter ∆θ to characterize wetting
properties of the particle. The average contact angle is given as 90◦ and J = 1.

2.2 A single particle at a fluid-fluid interface

2.2.1 Thermodynamics of a single particle at a fluid-fluid interface

In this subsection, we formulate a thermodynamic description of a single particle
in contact with a fluid-fluid interface and follow Ref. [27]. The full information
of the thermodynamic system is contained in the thermodynamic potentials. The
thermodynamic potential used here is the free energy F . It is a function of tem-
perature T, system volume V and some extensive variables related to the system:
F = F (T, V, N1, N2, {Ai}, {Li}) [27]. {Ai} and {Li} are the interface areas and three
phase contact lines, respectively, created by two fluids and the particle surface. N j is
the number of molecules of fluid j = {1, 2}. The related intensive variables which are
of interest are the interfacial tensionsσ j and the line tensions κ j. They can be obtained
from the free energy function as [27]

σ j =

(
∂F
∂A j

)
T,V,{Ni},{Ai 6= j},{Li}

and κ j =

(
∂F
∂L j

)
T,V,{Ni},{Ai},{Li 6= j}

. (2.5)

In the following, we assume T, V and {Ni} to be constant and do not consider them
anymore. The free energy of a general particle adsorbed at the interface can be written
as a summation over interface areas and contact lines [48, 77],

F (ξ , ô) = ∑
i
σi Ai +∑

i
κiLi. (2.6)
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ξ is the distance between the particle center and the undeformed flat interface. The
undeformed flat shape is the shape which the interface would have without the
particle. ô is the unit vector related to the particle orientation. Ai and Li are functions
of ξ and ô. In case of rotational symmetry, as it is the case for the ellipsoids of
revolution studied here, the dependence on orientation reduces to the dependence
on the angle ϑ (see central sketch of Fig. 2.1) which is the angle between the particle
main axis and the normal of the undeformed interface.

We start with the discussion of uniformly wetting particles at a fluid interface. For
that case Eq. (2.6) simplifies to [48, 77, 153]

F (ξ , ô) = σ12 A12 +σ1p A1p +σ2p A2p +κL. (2.7)

p denotes the particle surface and 1,2 the two fluids. Equation (2.7) is used in the
following to study the adsorption of a single particle at a fluid-fluid interface. In order
to find the free energy gain of the adsorption, we consider the effective free energy
∆F of adsorption compared to the case of the particle being completely immersed in
the bulk of fluid 2. Therefore, we define

F0 = σ12 Aflat +σ2p AS (2.8)

as the free energy where the particle is immersed completely in fluid 2 which is the
reference fluid. Aflat = A12 + Aex is the interface area without an adsorbed particle.
Aex is the interface area excluded by the adsorbed particle. AS = A1p + A2p is the
total surface of the particle. Then, we can write the free energy difference as

∆F (ξ ,ϑ) = F −F0 = −σ12 Aex + (σ1p −σ2p)A1p +κL. (2.9)

The thermodynamic equilibrium for the system of interest can be obtained by mini-
mizing F or ∆F with respect to ξ and ô or ϑ. As F0 is a constant, it does not play a
role which of them is minimized. The free energy of the equilibrium state is named
Feq or ∆Feq.

The relation between the contact angle θ and the interfacial tensions is given by
the Young equation as

σ12 cos(θ) = σ2p −σ1p. (2.10)

In case of non vanishing line tension, Eq. (2.10) changes for a general particle shape
to [5]

σ12 cos(θ) = σ2p −σ1p +κK. (2.11)

K is the geodesic curvature of the three-phase contact line [5]. For general particle
shapes, the curvature K is not constant over the particle surface. For a sphere with
radius R, it is, however, a constant given as [57]

K =
cos(θ)

R sin(θ)
. (2.12)

The influence of κ in Eq. (2.11) leads to a change of θ as compared to Eq. (2.10) which
takes into account only surface tensions. In order to quantify it, we define θ0 and θκ
as the contact angles which fulfill Eq. (2.10) and Eq. (2.11), respectively. The relation
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between θ0 and θκ can be obtained by combining Eq. (2.10) and Eq. (2.11) together
with the relation for a spherical particle in Eq. (2.12),

cos(θ0) = cos(θκ)
(

1− κ

Rσ12 sin(θκ)

)
. (2.13)

In the first step, we neglect κ for simplicity. Using Eq. (2.10), it is possible to simplify
Eq. (2.9) to

∆F (ξ ,ϑ) = σ12(Aex + A1p cos(θ)). (2.14)

If a particle with two surface areas of different wettability is in contact with a
fluid-fluid interface the free energy is more complex than Eq. (2.7) for a uniformly
wetting particle. Equation (2.6) can then be given as

F (ξ ,ϑ) = σ12 A12 + ∑
i=A,P

∑
j=1,2

σi j Ai j + ∑
i=A,P

κiLi + ∑
j=1,2

κ̃ jL̃ j. (2.15)

The first sum of the second summand runs over the two fluids (1,2) and the second
sum over the two wettability regions (A,P). The expression for the line tension is
more complicated than for the case of uniformly wetting: the third term stems from
the three phase contact lines L j made from two fluids and each of the wettability
areas. The last one comes from the three phase contact lines L̃i created from each
of the fluids and two solid wettability areas. Equation (2.15) has more components
compared to Eq. (2.6). The expression for the free energy contains five intensive
variables related to the interfaces and four related to the contact lines. It is possible to
simplify Eq. (2.15) considering symmetries such as for symmetric Janus particles as
defined above.

For arbitrary particle shapes and orientations as well as for arbitrary interface
shapes, it is generally difficult or even impossible to solve Eq. (2.6) (or one of the
simplifications discussed afterwards) analytically for different values of ξ and ϑ and
to calculate the equilibrium value ∆Feq. It can be solved for some cases as discussed
in the following. As the particles studied in this thesis have spherical or ellipsoidal
shape, we restrict our consideration to these shapes.

2.2.2 A single particle at a flat fluid-fluid interface

Equation (2.7) and Eq. (2.9) are valid for any interface shape. In this section, we
consider them for the simplest case of a flat interface.

If the particle has a spherical shape, the free energy only depends on ξ . The inter-
face does not deform (if no external forces act on the particle) and it is straightforward
to solve Eq. (2.14) analytically in order to find the equilibrium value as [17]

∆Feq = 2πR2σ12(1− cos(θ))2. (2.16)

After checking general formulae, we consider now realistic values for surface and
line tensions and a spherical particle with radius R at a flat interface. It is assumed
that the particle is neutrally-wetting (θ = 90◦), and thus, Eq. (2.16) simplifies to
∆Feq = 2πR2σ12. As an example for a typical value of a fluid-fluid interfacial tension,
the value of a water-toluene interface is given as σ12 = 3.6 · 10−2 N m−1 [10]. The
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particle radius is assumed to be R = 10−8 m. This results in a value for the adsorption
energy of ∆Feq ≈ 2.26 · 10−17 J ≈ 5.4 · 104kBT which is orders of magnitude larger
than the thermal energy. Thus, the adsorption is practically irreversible.

For the formulae above, we neglected the line tension κ. However, it was shown
that the line tension might play an important role in the particle adsorption process [57,
61]. The value of κ can be positive or negative. Typical values for κ are in the range of
10−12 · · · 10−6N [27]. A dimensionality analysis for simple fluids can be given by the
estimation κ ∼ kBT/Ra with the atomic length scale Ra ∼ 0.1nm [27]. From Eq. (2.16)
for neutral wetting and Eq. (2.9), we obtain

∆Feq = 4πR2σ12 + 2πκR. (2.17)

Both terms of Eq. (2.17) are comparable for κ ≈ 3.6 · 10−10 N (taking into account
the numbers from above). The line tension can be neglected if the second term of
Eq. (2.17) is much smaller than the first term.

For an ellipsoidal particle, the calculation of the free energy is more complicated.
Compared to a sphere, an additional degree of freedom coming from the particle
orientation has to be taken into account and interfacial areas are not easy to calculate.
We consider an ellipsoid with a parallel radius R‖ and an orthogonal radius R⊥. We
restrict the orientations to those which are easiest to calculate such as parallel to the
(undeformed) interface and neglect the interface deformation caused by the particle
(discussed below in more detail).

The surface area of the ellipsoid can be written as [61]

Aell = 4πR2
⊥G. (2.18)

Here, G is the geometrical aspect factor given as

G =

{
1
2 +

m2

4E ln
( 1+E

1−E
)

, for m < 1
1
2 +

1
2

m
E arcsin E , for m > 1,

(2.19)

where m = R‖/R⊥ is the particle aspect ratio and E is the eccentricity of the ellipsoid,
defined as

E =

{√
1−m2, for m ≤ 1√
1−m−2, for m ≥ 1.

(2.20)

Note that for m = 1, the value for E is the same for the upper and lower line in
Eq. (2.20). In order to obtain the value of G for m = 1, the limit for m→ 1 has to be
taken either from the upper line of Eq. (2.19) from below or from the lower line from
above. In both cases, G = 1 is obtained and Aell shows in Eq. (2.18) the well known
volume of a sphere [61].

If the particle is oriented parallel to the interface normal, Eq. (2.9) can be given as

∆F‖ = σ12πR2
⊥Az + (σ1p −σ2p)A2p,‖, (2.21)

where Az ≡ 1− z2/R2
‖. ∆F‖ is the free energy for a fixed particle orientation ϑ = 0.

A2p,‖ is given as A2p,‖(z) = Aell A2p,‖(z) with

A2p,‖(z) =


1
2 −

mz
GR‖

√
1 + E 2 z2

m2 R2
‖
− m2

GE , for m ≤ 1

1
2 −

m2 z
GR‖

√
1− E 2 z2

R2
‖
− m

GE , for m ≥ 1.
(2.22)
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For the case of particle orientations orthogonal to the interface normal, Eq. (2.9) leads
to the following relation for ∆F⊥, i.e. the equilibrium value for fixed orientation
ϑ = 90◦:

∆F⊥ = mσ12πR2
⊥Az + (σ1p −σ2p)A2p,⊥. (2.23)

A2p,⊥ is given as A2p,⊥(z) = Aell A2p,⊥(z) with

A2p,⊥(z) =
m
πG

∫ 1

0
dx′
√

1−Azx′(1−m−2) arctan
(

R‖
z

√
Az
√

1− x′
)

. (2.24)

The integral in this equation is not solvable analytically. It is much more compli-
cated (or even impossible) to write down analytical equations for ∆F for particle
orientations between the two extreme cases discussed above. The value of ξ which
minimizes the free energy for a given particle orientation, is ξmin. The free energies
for that case are F‖,eq and F⊥,eq. The calculation shows that for spheres as well as for
ellipsoids, the free energy reduces when the particle adsorbs. Due to the reduced area
of fluid-fluid interface, the adsorbed state is energetically more favorable. In case
of anisotropic particles, the free energy minimum Feq also depends on the particle
orientation towards the interface.

So far, the free energy is calculated based on interfacial areas and interfacial
tensions. Equation (2.6) and Eq. (2.9) show that the line tension can matter as well. We
can conclude from Eq. (2.9) that ∆F is not minimized anymore for the adsorbed state if
the value of κ is positive and large enough. The critical value for spheres can be given
as κC = (Rσ12/2)(1− cos(θ)) sin(θ) [57]. For κ = κC, there is no energy difference
between the adsorbed particle and the particle immersed in the reference fluid. For
κ > κC, it is more favorable for the particle to be in the reference fluid. Furthermore,
for 0 < κ < κC, there is an energy barrier which the particle has to overcome during
the adsorption process. For κ < 0, the free energy gain of the adsorption is even
increased. For ellipsoids, the dependence ofκC is more complicated. There can also be
energy barriers if an ellipsoidal particle rotates at the interface [57]. A critical aspect
ratio mC can be found which depends on the contact angle and the line tension. For
m ≥ mC, the particle does not adsorb anymore [61].

In general, if a non-spherical uniformly wetting particle is adsorbed at a fluid
interface which is flat before the adsorption, Eq. (2.10) or Eq. (2.11) cannot be fulfilled
by a flat interface. This leads to deformation of the interface for general particle
shapes. If the adsorbed particle is an ellipsoid there are just a few cases where the
interface is not deformed. These are shown in Table 2.1 for different values of m, ϑ
and θ as well as for ξ = ξmin [77]. ξmin is the value for ξ which minimizes the free
energy (Eq. (2.7)) for given values of θ and ϑ.

In order to quantify the interface deformation, it is necessary to consider the
boundary conditions: the flat interface far away from the particle and the contact
angle at the particle surface. The interface fulfills the following equation in polar
coordinates for the undulation h [112]:

4h(r,φp) =

(
1
r
× ∂

∂r
r

∂

∂r
+

1
r2

∂2

∂2φp

)
h(r,φp) = 0. (2.25)

φp is the azimuthal angle in the reference system of the particle. It can be solved by a
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m ϑ θ

1 any any
> 1 0 any
> 1 90◦ 90◦

< 1 90◦ 90◦

< 1 0 any

Table 2.1: Configurations where the flat interface is undeformed for a uniformly
wetting ellipsoidal particle. In all cases, it is assumed that ξ = ξmin which is the value
that minimizes Eq. (2.7) for given values of ϑ and θ. This table is taken from Ref. [77].

multipole-expansion. For an ellipsoid, it can be given as [118, 124, 174]

h(r,φp) =A0 ln
r

r0(φp)

+
∞
∑

m̃=1

(
r0(φp)

r

)m̃

(Am̃ cos(m̃(φp − ∆φm̃)) + Bm̃ sin(m̃(φp − ∆φm̃))).

(2.26)

Am̃ and Bm̃ are special parameters of the expansion. r0(φp) is the contact radius and
depends generally on φp for a non spherical particle. ∆φm̃ is the phase shift of the
angle φp. m̃ is the order of the multipole. The monopole (m̃ = 0) is only important
if the gravitational force acting on the particle is not negligible and in this manner
leads to an interfacial deformation [20, 141]. In most cases, the leading term is the
quadrupole term (m̃ = 2) [112].

So far, the static problem of a particle at a fluid interface was discussed. Equilib-
rium states were studied by finding the free energy minima. It is more difficult to
describe the dynamics of adsorption to an interface. An approximation is made by
derriving the dynamics of the particle from the free energy as given in Eq. (2.9) [48]
assuming that the interface stays flat and ignoring hydrodynamical effects. For a full
description of that process, it is necessary to take the fluid drag force and the influence
of interfacial deformation into account. Experimental measurements might be difficult
and an alternative to study such systems is provided by computer simulations.

2.3 Particle ensembles at a fluid-fluid interface

2.3.1 Interactions between colloidal particles: general discussion

Before we discuss the capillary interactions between particles at a fluid interface,
we consider the full interaction potential in the static case. Generally, two colloidal
particles adsorbed at a fluid interface interact by direct and indirect interactions. The
full potential is then given as

Ucol,if = Udirect + Ucap. (2.27)

The direct interactions Udirect are also found between particles in bulk, but they are
different for a particle adsorbed at a fluid-fluid interface [141]. Examples for Udirect
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are electrostatic, magnetic, elastic and hard core interactions. A typical model for
electrostatic interactions between colloids is the DLVO (Derjaguin, Landau, Verwey,
Overbeek) potential [49, 189]. The hard core potential Uhc used in this thesis is given
as

Udirect = Uhc =

{∞, for overlap
0, else.

(2.28)

It vanishes if the particles do not overlap. A more detailed discussion of the possibili-
ties for Udirect is given in Ref. [141].

If the particles move towards each other, lubrication interactions play a role.
However, dynamical interactions such as lubrication forces do not influence the
thermodynamics and the steady state and are therefore not discussed here.

2.3.2 Capillary interactions between particles

As shown in Table 2.1, the presence of particles at a fluid-fluid interface generally
leads to interface deformation. If more than one particle is adsorbed at the interface
and the particles are close enough so that the deformation areas overlap it results
in capillary interactions Ucap between the particles. The interaction type depends
on the kind of deformation (see Eq. (2.26)). If a spherical particle is at the interface
under influence of a potential (e.g. gravity) the deformation is monopolar [19]. We
have a dipolar deformation if a particle is in a tilted state and under the influence
of an external potential. This can be a uniformly wetting ellipsoidal particle during
the flipping process i.e. during the rotation to its equilibrium state [48] or a Janus
particle [147] which can have an equilibrium state there [145]. We have a quadrupolar
deformation, if an ellipsoidal particle has the appropriate orientation at the interface
parallel to the interface. It was shown that already small deviations from the spherical
shape of the particle can lead to interface deformations resulting in strong capillary
interactions [188]. The interaction potential between the particles decays usually as
given by the scaling law Ucap ∝ rβ. It was measured experimentally that in most cases,
it is given as β = −4 [28, 112, 142]. Ucap is usually much larger than kBT [124]. In case
of an ellipsoid with m > 1, it was found that the exponent depends on the mutual
orientation of the particles. An experimental study showed the following values:
β ≈ −4 for tip-to-tip alignment and β ≈ −3.1 for side-by-side alignment [124]. A
hexapolar deformation is present, if a Janus particle is in a tilted orientation without
external field acting on the particle.

An analytical calculation for the capillary potential between two particles is shown
in Ref. [174]. The two particles are assumed to be identical in all properties. The
initial point is the interface deformation caused by each of the particles given in
Eq. (2.26). It is assumed that the quadrupolar term is the leading term and that B2

andφp vanish:
( r0

r

)2 A2 cos(2(φp − ∆φm̃)). A relation for the energy depending on
the particle distance r is made by comparing the ideal flat interface with the interface
deformation caused by the particle. The following dependence is obtained for the
interaction energy: Ucap ∝ σ12 A2

2
r4 [174].
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2.3.3 Capillary interactions between particles at a curved interface

So far, we discussed the behavior of one or more particles at a flat interface, but
generally the interface shape can be more complex. The simplest example of a curved
interface with homogeneous curvature is a spherical interface. The shape of the
interface has to be taken into account for the calculation of the capillary interaction
between the adsorbed particles [81]. If the curvature is non-uniform as it is the case for
example in bijels, even spherical particles at the interface cause interface deformations
which lead to capillary interactions [59, 196]. In order to quantify this force, we start
with a characterization of the local geometry of the interface. The mean curvature
and the Gaussian curvature are defined as [196]

H(~x) =
1
2
(ζ1(~x) +ζ2(~x)) and G(~x) = ζ1(~x)ζ2(~x). (2.29)

ζ1(~x) and ζ2(~x) are the principal curvatures of the interface [18].
The force acting on a spherical particle with radius R much smaller than the

capillary length can be obtained by a perturbation calculation for small interface
deformation as [18]

Fcap,curved(~x) = −
π

6
σR4 sin4(θ)(1− 4RH(~x) cos(θ)∇G(~x)). (2.30)

2.4 Emulsions

An emulsion is generally a mixture of (at least) two immiscible fluids. The fluids have
different polarities. One fluid is polar and the other one apolar, for example water
and oil. As discussed below, there are several possibilities to stabilize emulsions: the
stabilization by surfactant molecules and by colloidal particles.

2.4.1 Surfactant-stabilized emulsions

One possibility for the stabilization of emulsions is the stabilization by surfactant
molecules. A surfactant (surface active agent) is an amphiphilic molecule with a polar
and an apolar part. This apolar tail is usually an organic side chain consisting of
carbon and hydrogen atoms. The hydrophilic head group can be ionic or non-ionic.
An example for a non-ionic hydrophilic part is the hydroxyl group. Surfactant-
stabilized emulsions consist of droplets of one fluid immersed in the other fluid. Each
of the two parts of the molecule is immersed in the preferred fluid. The surfactant
molecules are characterized by the hydrophilic-lipophilic balance (HLB). It describes
the tendency of the molecule to water or oil. The value of the HLB can determine the
emulsion type [151].

Microemulsions can be thermodynamically stable whereas nanoemulsions are
only kinetically stable [25]. In order to understand this, we look at the free energy for
surfactant stabilized emulsions [133]:

FS = Fentr +Fif. (2.31)

The interface term is given as
Fif = σred A12. (2.32)
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A12 is the total area of all droplet surfaces. σred is the interfacial tension reduced by
surfactant and depends on the droplet curvature as

σred = σ0 + (σ∞ −σ0)

(
(Rdrop,0 − Rdrop)

2

R2
drop,0 + R2

drop

)
. (2.33)

We assume that there is a uniform droplet size where all droplets have the radius
Rdrop. σ∞ is the interfacial tension of a flat interface. σ0 and Rdrop,0 are the interfacial
tension and the droplet radius at the point where surfactant monolayer is at its
optimal curvature. σred is minimized at this point. Fif is always minimized by the
demixed states as the creation of area of the interfaces always costs energy. The
second contribution to the free energy is the entropy term Fentr = −TSS. The entropy
is given as

SS = −nDkB

Φ
(Φ ln Φ+ (1−Φ) ln(1−Φ)). (2.34)

nD is the number of droplets in a surfactant-stabilized emulsion, kB is the Boltzmann
constant and Φ is the volume fraction of the dispersed phase. It is shown in Ref. [133]
that interface term is dominant. Thermodynamic stability can be found at a droplet
radius of Rdrop ≈ Rdrop,0 where Fif is very small due to the low interfacial tension.
Typical values of Rdrop,0 are in the range between few nm and 15nm.

2.4.2 Particle-stabilized emulsions

As discussed in the previous section, colloidal particles can be adsorbed to fluid-fluid
interfaces. They stabilize an emulsion as follows: the adsorbed particles act in a
similar way as surfactant molecules, but they do not need to be amphiphilic. Both
particles and surfactants reduce the free energy (see Eq. (2.6) for a single particle at
a fluid interface) of the interfacial contribution F̌if by adsorbing to the fluid-fluid
interface, but they do it in different ways: the surfactants reduce the interfacial tension
whereas adsorbed particles reduce the area of the fluid-fluid interface.

In the following, “ˇ” denotes variables which describe properties of particle-
stabilized emulsions. In order to be able to discuss the formation process of emulsions,
we define the following two variables: particle coverage fraction χ̌av and the state of
the total mixture of both fluids Ǐ. The particle coverage fraction is defined as

χ̌av =
Ňp Ǎex

Ǎ12,0
. (2.35)

Ňp is the number of particles in the emulsion, Ǎex is the average area size of occupied
fluid interface per particle and Ǎ12,0 is the interface area without particles. Further-
more, we define the state of total mixture of both fluids Ǐ. It is a metastable state with
over-saturation. It is the starting point for the emulsion formation.

There are different types of particle-stabilized emulsions. In this thesis, we focus
on Pickering emulsions (PE) and bicontinuous interfacially jammed emulsion gels
(bijels) which are discussed in the following:

The Pickering emulsion consists of a continuous phase and a phase which exists in
the form of discrete droplets. The formation process of a Pickering emulsion starting
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from Ǐ can be sub-divided into three regimes: the nucleation, the droplet growth and
at last the Ostwald ripening and the coalescence.

The nucleation is induced by thermal fluctuations. Under which conditions is a
nucleus stable and able to survive? We consider a nucleus with a radius Rnuc. The
nucleus will survive and grow for Rnuc > Rnuc,crit. Rnuc,crit is the critical radius of the
nucleus and can be obtained as follows: the free energy of a nucleus is given as [168]

Fnuc = −
4π
3

R3
nucρnuc∆µnuc + 4πR2

nucσnuc. (2.36)

ρnuc and ∆µnuc are number density and chemical potential of the nucleus, respectively,
and σnuc is the interfacial tension between nucleus and supercritical mixture around
the nucleus. The survival of the nucleus is determined by the competition between
the two parts of Eq. (2.36): the volume energy (first term) and the surface energy of
the droplet (second term) [164]. This effect leads to a relation for the critical radius
of the nucleus Rnuc,crit = 2σnuc/(ρnuc∆µnuc) where Fnuc has a maximum. During the
Ostwald ripening process, the mass transfer from small droplets to large ones reduces
the total surface area of all droplets. An overview of the kinetics of nucleation and
transition from nucleation to Ostwald ripening is given in Ref. [130]. The scaling
law for Rdrop between nucleation and Ostwald ripening is given in Ref. [185]. The
time development of the average droplet radius during Ostwald ripening can be
described as 〈Rdrop〉 ∝ t1/3 [164]. In the coalescence process, two droplets unify, and
the interfacial area of the new droplet is smaller than the sum of the interfacial areas
of the two original droplets. Thus, χ̌av increases. If a sufficient number of particles is
adsorbed at the droplet surface and χ̌av is large enough, the state is stabilized.

The bijel consists of two continuous fluid phases. The starting point of the emulsion
formation process is again Ǐ. If the mixture is in the spinodal region of the phase
diagram a spinodal decomposition starts [184]. A bicontinuous structure evolves and
the domains grow. Thereby, the particle concentration of the particle layer increases.
The decomposition is stopped or at least strongly slowed down if the particles at the
interface reach the jammed state [55].

For both emulsion types the state stabilized by particles lasts at least for a finite time
period, but generally particle-stabilized emulsions are thermodynamically unstable.
They are only kinetically stable.

In order to estimate the thermodynamic stability, we write down the free energy
of an emulsion as

F̌ = F̌entr + F̌if + F̌interaction + F̌pressure. (2.37)

It consists of four parts: the entropic contribution F̌entr, the one from interfaces F̌if,
the pressure part F̌pressure and F̌interaction for the particle interactions. The entropic
contribution is given as F̌entr = TŠ . Š is the configuration entropy of the system
and is related to the mixing degree of the fluids (see Eq. (2.34)). F̌interaction takes the
interaction between the particles into account and is given in a similar way as Ucol
in Eq. (2.27) as a sum of direct and capillary interaction. F̌pressure is a result of the
Laplace pressure in the droplets of a Pickering emulsion. Inside a domain surrounded
by an interface, the pressure P is increased by an amount δP given by the Laplace law

δP = 2σH(~x). (2.38)
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In equilibrium and without external potentials, the pressure and thus,H(~x) is constant
over the entire interface area. H is the mean curvature of the interface and given
in Eq. (2.29). The interfacial contribution for the general case of particles with two
different wettability areas is given as

F̌if = σ12 Ǎ12,p + Ňp

(
∑

i=1,2
∑

j=A,P
σi j Ǎi j +∑

i
κiĽi

)
(2.39)

and simplifies for uniformly wetting particles to
F̌if = σ12 Ǎ12,p + Ňp(σ1p Ǎ1p +σ2p Ǎ2p +κĽ). In order to understand if the emulsion
state is thermodynamically stable, it is necessary to compare the free energy given in
Eq. (2.37) of the emulsion state and the totally demixed state. The energy cost from
the contribution to the total free energy from the interface A12 which is not occupied
by particles (in general, particles cannot occupy the whole interfacial area) is larger
than the entropic gain of the mixed state of the fluids in the emulsion compared to the
completely demixed state. In case of the last summand of Eq. (2.39), it depends on the
sign of the line tension κ to which side it contributes. It turns out that for uniformly
wetting particles the emulsion is generally thermodynamically unstable. Only few
special cases were found where such emulsions can be thermodynamic stable [105]. In
contrast to uniformly wetting particles, Janus particles have an additional possibility
to decrease the free energy of the emulsion: by having each of the two wetting areas
in the preferred fluid. It was shown that this effect can cause an emulsion to become
thermodynamically stable [7].

After having discussed the thermodynamic stability, we consider the mechanisms
of mechanical stability of the emulsion. As mentioned above, particle-stabilized
emulsions are only mechanically stable. For the case of a Pickering emulsion, there are
several ways how the stabilized droplets can break leading to a total demixture in the
end [17]. Possible mechanisms to break down emulsions are for example flocculation,
Ostwald ripening, coagulation and coalescence. Gravity can cause creaming and
sedimentation [17]. As gravity does not play a role in our consideration, it will not be
discussed further. There are several mechanisms to prevent particle laden droplets
from coalescence. If two particle laden droplets are close together we have a particle
double layer. Each particle layer consists of particles adsorbed at a fluid-fluid interface
belonging to one of the droplets. There are several ways how this double layer can
prevent the droplets from coalescence. The first one is the adsorption free energy
which can be obtained from Eq. (2.6) and usually orders of magnitudes larger then
the thermal energy. It prevents the particles from desorption from the interface. As
seen above, the particle adsorption to a fluid interface is generally irreversible. As
there is a densely packed two dimensional particle layer, the particles are limited with
respect to lateral motion. Sufficiently large lateral motion of the particles would allow
closer contact between the droplets which can lead to coalescence. Furthermore, the
capillary pressure of the thin fluid film created by particles at the interface of two
droplet approaching each other prevents the particles from touching each other so
that the droplets do not come too close.
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Chapter 3

Simulation method

Abstract

In this chapter, we describe the simulation method used to study particle-stabilized
emulsions and particles at fluid interfaces in this thesis: the lattice Boltzmann (LB)
method combined with the molecular dynamics (MD) method. At first, the basic
equation of the LB method is derived from the kinetic gas theory. Then, the LB
method introduced. A focus is on the multicomponent implementation. Finally,
the MD algorithm is discussed including the coupling to the LB method and the
inter-particle interactions.

3.1 Hybrid lattice Boltzmann and molecular dynamics
simulation method

The systems of interest for this thesis are particle-stabilized emulsions and particles
at fluid interfaces. Therefore, it is necessary to simulate a system containing two
immiscible fluids and particles (including a fluid-particle coupling and the interface
between the fluids). At the end of section 1.2, we provide a general overview of
available possible methods to represent the following components of emulsions: two
immiscible fluids, their interface and the emulsion stabilizer.

For the investigation done for this thesis, we use an Eulerian representation for
both fluids including a diffuse interface representation. The LB method has the
advantage that it is straight forward to be parallelized.

For the simulation of the fluids, the lattice Boltzmann method is used [178]. The
aspects of the simulation method needed for the results of this thesis are summarized
on the following pages. A more detailed description of the LB method can be found
for example in Ref. [33].

This chapter is partly based on the method description from Ref. [78, 79]

27
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3.1.1 The Boltzmann equation

The basic equation of the LB method is based on the Boltzmann equation which
originates from the non-equilibrium thermodynamics and describes the dynamics of
an ideal gas. Here, the Boltzmann equation, the related gas theory and the route to
the LB method is described shortly. A more detailed description of the way from the
microscopic equation to the simulation method can be found for example in Ref. [84].

The starting point for the consideration is the probability distribution function
for the gas particles f (~x,~v, t). The distribution function is defined in a way that
f (~x,~v, t)∆~x∆~v is the number of particles in the phase space volume ∆~x∆~v around
position ~x and microscopic velocity ~v of the gas particles at time t. f describes the
system completely. If f is known, all macroscopic variables describing the system
can be obtained from it. The time evolution of f follows a differential equation, the
Boltzmann equation:(

∂

∂t
+~v∇~x +

~Fp

Mp
∇~v

)
f (~x,~v, t) =

(
∂ f
∂t

)
Coll

. (3.1)

∇~x and ∇~v are the spatial gradient and the velocity gradient, respectively. ~Fp is an
external force acting on the particles and Mp is the mass of a gas particle. The left
hand side of the equation is related to the convection. It describes the change of f
caused by the particle velocity and external forces. The right hand side is the collision
term and generally given as(

∂ f
∂t

)
Coll

=
∫
~v1

∫
Ac

( f ′ f ′1 − f f1)(~v1 −~v)dAcd~v1. (3.2)

The molecules are assumed to be elastic hard spheres. Furthermore, Eq. (3.2) is re-
stricted to binary collisions. Collisions between more than two particles are neglected.
This is approximately fulfilled, if the mean free path λ f , the mean distance between
one collision to the next one, is much larger than the range of inter-particle forces.
Equation (3.2) considers the number of particles which are added to and removed
from a phase space volume ∆~x∆~v around~x and~v and going to or coming from ∆~x∆~v1
around velocity ~v1 caused by an elastic collision. The distribution functions for both
states before the collision are given as f = f (~x,~v, t) and f1 = f1(~x,~v1, t). f ′ and f ′1
are the corresponding distribution functions after the collision. As we are interested
in all particles entering or leaving our phase space volume ∆~x∆~v, we integrate the
distribution functions over ~v1. Ac is the cross section of the elastic collision and is
related to the radius of the gas particles. For two spheres with the same radius, it is
proportional to the square of the sphere radius [84]. The integration over Ac provides
the probability that a given collision takes place. The length of time of one collision
process is assumed to be short enough so that f is not changed significantly during
the collision process. Note that this collision term (Eq. (3.2)) takes into account a
collision between point-like particles. An extension which considers excluded volume
and long-range inter-particle interactions is given in Ref. [86], where a mean-field
approximation is used.

Equation (3.1) is valid for a wide range of Knudsen numbers between Kn � 1
(continuum fluid) and Kn� 1 (free molecular flow). The Knudsen number is defined
as Kn = λ f /l f , where l f is a typical length scale of the given problem.
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In general, f can be a non-equilibrium function and Eq. (3.1) can also describe a
state of the fluid away from the thermodynamic equilibrium. One solution of Eq. (3.1)
is the function for the equilibrium f eq, the Maxwell-Boltzmann distribution function
which is given for three dimensions i.e.

f eq =
n

(2πkBT)3/2
exp

(
− ~c2

2kBT

)
=

n
(2πkBT)3/2

exp
(
− (~v−~u)2

2kBT

)
. (3.3)

Here, n is the number density of the fluid, ~u is the macroscopic velocity of the fluid,
kB is the Boltzmann constant, T is the temperature and ~c = ~v−~u is the thermal
velocity of the fluid particles. It can be shown that Eq. (3.1) fulfills the second law of
thermodynamics and that the entropy increases or Boltzmann’s H-value decreases.
Any starting distribution f (t = 0) = f0 develops after a sufficiently long time to
f eq. f eq is the distribution function for the most probable state corresponding to the
maximum entropy. This fact can be used to simplify the collision term from Eq. (3.1) as
it is not easy or even impossible to obtain an exact analytical solution for the collision
term as given in Eq. (3.2). There are several approximations for its calculation. One
way to simplify the collision term is the Bhatnagar-Gross-Krook (BGK) approximation
which is used here [13]. Then, Eq. (3.2) can be approximated as [87](

∂ f
∂t

)
Coll

= ω( f − f eq). (3.4)

ω is a molecular collision frequency and depends on the temperature and the particle
number density. The time which f0 needs in this approximation to relax to f eq can
be estimated in the following way: if we consider a homogeneous system without
external forces Eq. (3.1) together with Eq. (3.4) changes to the differential equation

∂ f
∂t

= ω( f − f eq) (3.5)

and it can be solved with the initial condition f0 = f (t0) by

f (t) = ( f0 − f eq) exp(−ωt) + f eq. (3.6)

This provides a timescale τ = 1/ω for the relaxation process from the initial state f0
to the equilibrium state f eq [84]. In the following, τ is called relaxation time. It can be
shown that Eq. (3.1) with the BGK simplification still fulfills most of the characteristics
compared to the one with the full collision operator from Eq. (3.2).

If the collision time τ is much shorter than a typical macroscopic flow time, it
can be assumed that the system is always in a local equilibrium and f eq is a local
equilibrium function which depends on the macroscopic variables n(~x, t), ~u(~x, t) and
T(~x, t). These variables are given by the moments of the distribution function as

n =
ρ

Mp
=

1
Mp

∫
f d~v =

1
Mp

∫
f eqd~v,

ui =
1
ρ

∫
vi f d~v =

1
ρ

∫
vi f eqd~v

and

e +
Mpu2

i

2
=

1
2ρ

∫
v2

i f d~v =
1

2ρ

∫
v2

i f d~v.

(3.7)
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ρ is the the mass density. e + Mpu2
i /2 is the total kinetic energy per particle and

consists of the macroscopic kinetic energy per particle of the flow Mpu2
i /2 and the

thermal energy per particle e which is related to the temperature as follows: e = cvT.
cv is the specific heat capacity per particle. As mass, momentum and kinetic energy
are invariants of the elastic collision, the same result is obtained if the momentum
integration is done with f at any time t or f eq at the final state. n(~x, t), ~u(~x, t) and
T(~x, t) are then local functions. This changes Eq. (3.3) to the local equilibrium function

f eq(~x,~v, t) =
n(~x, t)

(2πkBT(~x, t))3/2
exp

(
− (~v−~u(~x, t))2

2kBT(~x, t)

)
. (3.8)

It can be shown that the Navier-Stokes equations can be obtained from the Boltz-
mann equation in the limit of continuous flow. Therefore, we consider a small Knud-
sen number Kn� 1 and a small deviation of f from the thermodynamic equilibrium.
Then, f can be rewritten with the Chapman-Enskog expansion as

f =
n

∑
i=0

Kni f (i). (3.9)

f (0) is the equilibrium function given in Eq. (3.8) and f (i) is a function of the order i (i >
0). By combining the moments from Eq. (3.7) with Eq. (3.1) and expanding them as
given in Eq. (3.9), the Navier-Stokes equations can be obtained [84]. The microscopic
theory described by the Boltzmann equation is consistent with the macroscopic theory.

3.1.2 The lattice Boltzmann method

The lattice Boltzmann method is based on the discrete form of the Boltzmann equation
Eq. (3.1) and the approximation for the collision term such as the one given in Eq. (3.4).
The first step from the Boltzmann equation to the lattice Boltzmann method is the
discretization of the phase space. The continuous position space is replaced by a lattice
of discrete points. The velocity space is discretized as follows: the fluid particles at a
given lattice node are only allowed to move to particular nodes in their neighborhood.
In our case, it is a (three dimensional) simple cubic lattice and the surrounding points
of interest are six nearest neighbors and 12 next nearest neighbors and such a lattice
is called “D3Q19” [155]. The particles with zero velocity are also included in order
to obtain the correct values for macroscopic quantities such as density. The time is
discretized by timesteps ∆t.

We assume to be in the hydrodynamic regime (Kn � 1) and the collisions take
place at the lattice points. Then, the mean free path λ f is given as the distance between
two neighboring lattice points ∆x. Furthermore, incompressibility of the fluid and
a sufficiently small flow velocity are assumed so that Ma � 1. Ma = vs/cs is the
Mach number, cs is the speed of sound playing the role of a reference velocity and vs
is a typical macroscopic velocity of the fluid for the given problem. Ma is a scaling
variable and does not influence the macroscopic variables of the system. It is usually
chosen in the range between 0.1 and 0.01. If Ma is too small, the time step ∆t is
too small and the computing cost becomes too demanding, even though accuracy
increases with decreasing Ma. If Ma is too large, the fluid becomes compressibile.
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The discrete form of the Boltzmann equation can be obtained in the following way.
If no external force acts on the fluid, the left hand side of Eq. (3.1) can be written as(

∂

∂t
+~v∇~x

)
f̃i = 0. (3.10)

f̃ is a temporary function. Eq. (3.10) neglects the collision. This is a hyperbolic, partial
differential equation and can be solved by In the following, x are the positions in
the discrete lattice in order to distinguish them from the positions ~x in the continous
space.

f̃i(x +~ci∆t, t + ∆t) = fi(x, t). (3.11)

This equation describes the transport of the value fi from one lattice point to the
neighboring one in direction i during a time ∆t. This is the transport step, the first of
two steps in the LB algorithm. The second step is the collision step. This step takes
into account the collision term from Eq. (3.1) discussed in subsection 3.1.1. It is given
as

fi(x +~ci∆t, t + ∆t) = f̃i(x +~ci∆t, t + ∆t) +Ω(x, t). (3.12)

Ω takes into account the collision from Eq. (3.2). The lattice Boltzmann equation can
then be obtained from Eq. (3.11) and Eq. (3.12) as

fi(x +~ci∆t, t + ∆t) = fi(x, t) +Ωi(x, t), (3.13)

where fi(x, t) is the single-particle distribution function with discrete lattice velocity
~ci at time t located at lattice position x with i = 0 . . . Ni − 1, where Ni is the number
of directions. Equation (3.13) can be derived from Eq. (3.1) by time integration from 0
to ∆t [87].

There are several ways to approximate Ω. In the single relaxation model,

Ωi(x, t) = − fi(x, t)− f eq
i (ρ(x, t),~u(x, t))

τ
∆t

(3.14)

is the Bhatnagar-Gross-Krook (BGK) collision operator corresponding to the definition
in Eq. (3.4) [13]. The macroscopic variables ρ and ~u are given by the discrete moments
of the distribution function in the same way as it was given for the continuous case in
Eq. (3.7): the density of the fluid is defined as

ρ(x, t) = ρ0 ∑
i

fi(x, t), (3.15)

where ρ0 is a reference density and

~u =
ρ0 ∑i fi(x, t)~ci

ρ(x, t)
(3.16)

is the velocity of the fluid. τ is the relaxation time.
Due to the fact that the energy is not an invariant in the lattice Boltzmann method,

a temperature cannot be defined directly. The LB method is an isothermal method.
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For this reason, we use the isothermal speed of sound to replace the temperature as
follows: the isothermal speed of sound for an ideal gas is given as

cs =
√

kBT (3.17)

=
1√
3
∆x
∆t

. (3.18)

1√
3

is the prefactor for the lattice type used here. This relation is used to obtain a
reference velocity and to replace the temperature in Eq. (3.3). If the particle velocity is
much smaller than cs, it is possible to expand Eq. (3.8) and to obtain with Eq. (3.17)

f eq
i (ρ,~u) = ζiρ

[
1 +

~ci ·~u
c2

s
+

(~ci ·~u)2

2c4
s
− (~u ·~u)

2c2
s

]
(3.19)

which is the expansion for small velocities compared to the speed of sound for the
second order equilibrium distribution function. ζi is a coefficient depending on
the direction and is given for “D3Q19” as follows: ζ0 = 1/3 for the zero velocity,
ζ1,...,6 = 1/18 for the six nearest neighbors and ζ7,...,18 = 1/36 for the next nearest
neighbors in diagonal direction. f eq

i is calculated after the transport step using f̃ .
The kinematic viscosity can be calculated as

ν = c2
s∆t

(
τ

∆t
− 1

2

)
. (3.20)

In the following, we choose ∆x = ∆t = ρ0 = 1 for simplicity. In all simulations, the
relaxation time is set to τ ≡ 1.

3.1.2.1 The multicomponent lattice Boltzmann method

Here, we consider extensions of the lattice Boltzmann method to simulate more
than a single fluid component. The distribution function, the fluid density, the BGK
operator and the fluid velocity of each component are represented by f c

i , ρc, Ωc
i and

~uc, respectively. c denotes the fluid component. There are different extensions for the
lattice Boltzmann method to simulate multicomponent and multiphase systems [117,
121, 143, 169, 180]. A general overview of the treatment of fluid-fluid interfaces is
given in Ref. [111, 122, 187, 197]. Here, we provide a small overview of different
possibilities to simulate immiscible fluids. The most important ones are the pseudo-
potential, the color gradient method, the kinetic-theory-based model and the free
energy model [76, 86, 88, 120, 169, 179].

The kinetic-theory-based model is based on the Boltzmann equation with BGK
collision operator [86, 88]. The interaction between the fluid particles is approximated
by a mean field potential. Its gradient is included as an effective external force in
Eq. (3.1).

The color gradient model is firstly developed by Gunstensen [76]. The operator Ω
from Eq. (3.13) is divided into two contributions: the first one is the BGK contribution
as given in Eq. (3.14). The second one takes into account the interface. It creates
surface tension in the interface region and vanishes inside the bulk [39].
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Another relevant method is the free energy model. It is based on a free energy
functional which depends on the fluid density [197]. Therefore, a free energy func-
tional related to the van der Waals formulation for quasi-local thermodynamics for a
thermodynamic equilibrium of a two-component fluid and fixed temperature T is
given as [33]

FMC =
∫

V
dx(ψMC(T,ρ(x)) +

κMC

2
(∇ρ(x))2). (3.21)

ψMC is the free energy density function in the bulk and κMC is a constant related
to the surface tension. An advantage of that method is the thermodynamically
consistent description. It is incorporated in the equilibrium distribution as described
in Ref. [179].

Another possibility is the pseudo-potential method introduced by Shan and Chen
which is used in this thesis [120, 169]. Every species has its own distribution function
following Eq. (3.13). To obtain an interaction between the different components c, a
force

~Fc(x, t) = −Ψc(x, t)∑
c′

gcc′ ∑
x′
Ψc′(x′, t)(x′ − x) (3.22)

is calculated locally and is included in the equilibrium distribution function. The force
is a mean-field approximation which mimics inter-particle interactions. It is summed
over the different fluid species c′ and x′, the nearest neighbors of lattice positions
x. gcc′ is the coupling constant between the species. For our problem, it acts only
between different fluid species. A gcc acting within one component leads to a phase
separation and can be used for example to simulate a gas-liquid system. Ψc(x, t) is a
monotonous weight function representing an effective mass. For the results presented
here, the form

Ψc(x, t) ≡ Ψ(ρc(x, t)) = 1− e−ρ
c(x,t)/ρ0 (3.23)

is used. The choice of Ψc has an influence on the equation of state of the simulated
fluid(s):

P = ρtotalc2
s +

1
2

(
∑
cc′

gcc′c2
sΨ

cΨc′
)

. (3.24)

In this way, the choice of Ψc(x, t) allows to design the shape of the equation of state.
P is the pressure. ρtotal = ∑c ρ

c is the total density of all fluid components. The first
term of the right hand side in Eq. (3.24) represents the contribution from the ideal gas
whereas the second one comes from the interactions defined in Eq. (3.22). In principle,
Ψc can be chosen arbitrarily to tune the equation of state into a desired shape but not
all choices for Ψc enable stable simulations.

To incorporate ~Fc(x, t) in f eq
i we define

∆~uc(x, t) =
τ c~Fc(x, t)
ρc(x, t)

. (3.25)

The macroscopic velocity included in f eq
i is shifted by ∆~uc as

~uc(x, t) = ∑i f c
i (x, t)~ci

ρc(x, t)
− ∆~uc(x, t). (3.26)
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Figure 3.1: Discretization of the particle on the lattice.

Here, we are interested in two immiscible fluids which will be referred to as “red”
and “blue” fluids in the following, and the interaction parameter gcc′ for c 6= c′ is
called gbr. In order to obtain two immiscible fluids, we choose a positive value which
leads to a repulsive interaction between the fluids. This interaction has to be strong
enough to obtain two separate phases but it should not be too large in order to keep
the simulation stable. Therefore, we use the range of 0.08 ≤ gbr ≤ 0.14.

3.1.3 Suspended particles

Particles are simulated with molecular dynamics (MD) which is based on Newton’s
equations for translational and rotational motion

~F = Mpar~̇upar and ~D = I ~̇ωpar. (3.27)

~F and ~D are the force and torque acting on the particle with mass Mpar and moment
of inertia I. ~upar and ~ωpar are the velocity and the rotation vector of the particle.
Equation (3.27) is solved by a leap frog integrator.

There are different methods to simulate particles immersed in a fluid and to
combine it with the LB method [127]. The first one is the method introduced by
Ladd and described below [113, 114]. The method of Ahlrichs and Dünweg couples
point-like particles to the fluid [1]. It can be used for example to simulate polymer
chains in fluid, where each point represents a monomer. An improvement of the
Dünweg method is given by Mackay [127]. The particles are point-like and composite
MD particles. A method which allows the representation of deformable particles is
the immersed boundary method [103, 111, 150]. The sharp interface is represented by
a flexible mesh immersed in the fixed mesh of the LB method.

Here, we use the method introduced by Ladd and Aidun to simulate rigid parti-
cles [2, 98, 113–115]. The particles are discretized on the lattice as shown in Fig. 3.1 as
follows: a defined number of lattice nodes are marked as occupied. The boundary of
the particle is in the middle between an outer unoccupied and a neighboring occupied
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node. The fluid streaming from an unoccupied to a neighboring occupied node is
reflected back to the unoccupied node. This kind of reflection makes sure that the
velocity at the particle boundary vanishes so that the no slip boundary condition is
fulfilled. A mirror reflection would lead to a finite velocity parallel to the surface.
The suspended particles are coupled to both fluid species by a modified bounce-back
boundary condition. Equation (3.13) is changed in the following way:

f c
i (x +~ci , t + 1) = f c

ī (x +~ci , t) +Ωc
ī (x +~ci , t) + C, (3.28)

where~ci is the velocity vector pointing to the next neighbor in direction i. C depends
linearly on the local particle velocity, ī is defined in a way that~ci = −~cī is fulfilled.
A change of the fluid momentum due to a particle leads to a change of the particle
momentum in order to keep the total momentum conserved,

~F(x, t) =
(
2 f c

ī (x +~ci , t) + C
)
~cī. (3.29)

If the particle moves, some lattice nodes become free and others become occupied.
The fluid on the newly occupied nodes is deleted and its momentum is transferred to
the particle as

~F(x, t) = −∑
c
ρc(x, t)~̇uc(x, t). (3.30)

A newly freed node (located at x) is filled with the average density of the NFN
neighboring fluid lattice nodes xiFN for each component c [98],

ρc(x, t) ≡ 1
NFN

∑
iFN

ρc(x +~ciFN , t). (3.31)

It has been shown that this refilling mechanism leads to an increase of the total mass
in the order of 1% in 107 time steps [98]. To counter this, the density of the system is
modified as

ρc
new = ρc

(
1− C0

∑c ρ
c
init

ρc
init

∆ρc

N

)
. (3.32)

∆ρc is the mass error at the current timestep. C0 is a parameter and set for the results
of this theses to C0 = 1000.

Hydrodynamics leads to a lubrication force between the particles. This force is
reproduced automatically by the simulation for sufficiently large particle separations.
If the distance between two particles is so small that no free lattice point exists between
them this reproduction fails. Therefore, we introduce a correction term as follows: if
the smallest gap between two identical spheres with radius R is smaller than a critical
value ∆c = 2/3, the correction term is given as [115]

Fi j =
3πµR2

2
r̂i j(r̂i j(ui − u j))

(
1

ri j − 2R
− 1

∆c

)
. (3.33)

µ = νρtotal (3.34)

is the dynamic viscosity, ri j is the distance between the particle centers, r̂i j a unit vector
pointing from one particle center to the other one and ui and u j are the velocities of
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particle i and j, respectively. To use this potential for ellipsoidal particles, Eq. (3.33) is
generalized in a way proposed by Berne and Pechukas [12, 78, 97]. We define σ = 2R
and ε = 3πµσ/8. σ plays the role of a center-to-center distance when the particles
touch. Both are extended to the ellipsoidal case as

ε(ôi , ô j) =
ε√

1− Υ2(ôiô j)2
and

σ(ôi , ô j, r̂i j) =
σ√

1− Υ
2 (

(r̂i j ôi+r̂i j ô j)2

1+Υôi ô j
+

(r̂i j ôi−r̂i j ô j)2

1−Υôi ô j
)

,
(3.35)

with σ = 2R⊥, ε = 3πµσ/8, Υ = (R2
‖ − R2

⊥)/(R2
‖ + R2

⊥) and ôk the orientation unit
vector of particle k = i, j. R‖ and R⊥ are the parallel and the orthogonal radius of the
ellipsoid. σ plays the role of the center-to-center distance for the given orientations ôi
and ô j if the particles touch each other.

If the particles are orientated parallel to each other, the value ofσ is exact. If the par-
ticles are oriented orthogonal to each other there is an error of
derr = σ/d⊥ =

√
2
√

R2
‖ + R2

⊥/(R‖ + R⊥) =
√

2
√

m2 + 1/(m + 1). d⊥ = R‖ + R⊥ is

the exact distance between the particles if they touch for orthogonal orientation and
m = R‖/R⊥ is the particle aspect ratio. For the spherical case (m = 1), the error
vanishes (derr = 1). If m goes to infinity, the extreme value of the error is given as
d∞ =

√
2. For m = 2 which is used for most of the simulations in this thesis, the error

is just about derr ≈ 1.054.
Using Eq. (3.35), we can rewrite Eq. (3.33) and obtain

Fi j(ôi , ô j, ri j) = ε(ôi , ô j)F̃i j

(
ri j

σ(ôi , ô j, r̂i j)

)
. (3.36)

F̃i j is a dimensionless function taking the specific form of the force into account and in
this example, it is given as F̃i j(r) = r̂i j(r̂i j(ui − u j))(1/(r− 1)−σ/∆c). The effective
center-to-center distance is defined as r = ri j/σ . The particles overlap for r < 1.

The lubrication force (including the correction) already reduces the probability
that the particles come closely together and overlap. For the few cases, where the
lubrication force cannot prevent the particles from overlap, we introduce the direct
potential between the particles which is assumed to be a hard core potential. To
approximate the hard core potential, we use the Hertz potential [90] which has the
following shape for two identical spheres with radius R:

φH = KH(2R− ri j)
5/2 for ri j < 2R. (3.37)

For larger distances,φH vanishes. ri j is the distance between particle centers. KH is a
force constant and is chosen to be KH = 100 for all simulations. To use this potential
for ellipsoidal particles, Eq. (3.37) is generalized in a similar way as the lubrication
force. Using Eq. (3.35), σ = 2R and ε = KHσ

5/2, we can rewrite Eq. (3.37) and obtain

φH(ôi , ô j, ri j) = ε(ôi , ô j)φ̃H

(
ri j

σ(ôi , ô j, r̂i j)

)
. (3.38)
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φ̃H is a dimensionless function taking the specific form of the potential into account
and in this example, it is φ̃H(r) = (1− r)5/2. Note that only the hard core interaction
between the particles is considered here. More complex interactions such as Coulomb
interaction and Dipole interaction (van der Waals) which act usually between colloidal
particles are neglected here.

The Shan-Chen forces (see Eq. (3.22)) also act between a node in the outer shell
of a particle and its neighboring nodes outside of the particle. If the corresponding
inner-particle node would be empty, this would lead to an increase of the fluid
density around the particle duo to the missing repulsive Shan-Chen forces in the
direction away from the particle surface. Therefore, the nodes in the outer shell of the
particle are filled with a virtual fluid corresponding to the average of the value in the
neighboring free nodes for each fluid component:

ρc
virt(x, t) = ρc(x, t) =

1
NNP

∑
iNP

ρc(x + ciNP , t). (3.39)

iNP denote the NNP neighboring non-particle lattice nodes. This can be used to control
the wettability properties of the particle surface for the special case of two fluid species
which will be named red and blue. We define the control parameter ∆ρ and call it
particle color. With this parameter, it is possible to control the interaction between the
particle surface and the two fluids. This enables control the contact angle θ as it is
defined in Fig. 2.1 (in chapter 2). For positive values of ∆ρ, we add ∆ρ to the red fluid
component as

ρr
virt = ρr + ∆ρ. (3.40)

For negative values, we add absolute value of ∆ρ to the blue component as

ρb
virt = ρb + |∆ρ|. (3.41)

As it is shown in Fig. 3.2, there is a linear relation between ∆ρ and the three-phase
contact angle θ [78]. It is given as θ = aθ∆ρ+ bθ for moderate values of the contact
angles (30◦ < θ < 150◦). The value of aθ depends on the choice of the interaction
parameter between the fluids gbr. For gbr = 0.1, we obtain a value of aθ = 243.2◦. bθ
is set to 90◦ in order to make sure that ∆ρ = 0 produces neutral wetting.

The method of controlling particle wettability can be extended to Janus particles
(defined in section 2.1). They are assumed to be parallel Janus particles as shown
in Fig. 2.1. The particle surface is divided into two areas of different colors ∆ρt (top)
and ∆ρb (bottom). ∆ρt and ∆ρb can be chosen independently. This results into two
areas with different contact angles [192]. The size of the areas can be determined by
nJanus = xJanus/R‖ orα (xJanus andα defined in Fig. 2.1). These parameters are fixed
to nJanus = 0 orα = 90◦ in this thesis.

3.2 Implementation

After having discussed the LB method, we shortly discuss the LB3D software used
for the studies discussed in this thesis. The LB3D code used here is written in
FORTRAN90 and is developed since 1999 in London, Stuttgart, Eindhoven and
Nuremberg [74, 167]. The code is suitable to be parallelized due to the high degree
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Figure 3.2: The relation between the particle color ∆ρ and the contact angle θ is
shown. A linear relation is found: θ = 243.2◦∆ρ+ 90◦.

of locality of the LB method. The Message Passing Interface (MPI) allows to run
the program efficiently on parallel architectures [85]. Each processor simulates a
subdomain of the system. It can be shown that the simulation speed scales linearly
with the number of cores up to 218 ≈ 2.6 · 105 cores making it appropriate to run
on supercomputers [78]. More details about the implementation can be found in
Refs. [74, 78]. The code is able to simulate two immiscible fluids, suspended particles
and surfactant. The mass of each species is conserved separately. The particles can
be rigid particles like the ones discussed above or deformable particles calculated
with the IBM (immersed boundary method) [111]. Furthermore, it can be chosen
between SRT (single relaxation time) and MRT (multi relaxation time) and walls can
be included [166, 167]. Electrokinetic phenomena can be simulated. Therefore, the
Nernst-Planck equation is solved numerically. An open source version of LB3D is
published on http://ccs.chem.ucl.ac.uk/lb3d and http://wwwmtp.phys.tue.nl/lb3d.



Chapter 4

Dynamics of the adsorption of a
uniformly wetting ellipsoid to a
fluid-fluid interface

Abstract

In this section, we study the adsorption of a single uniformly wetting ellipsoidal
particle to a fluid-fluid interface. This study is an important step towards a deeper
understanding of the properties of particle stabilized emulsions.

We discuss the influence of the initial particle orientation, the influence of the
hydrodynamics, especially of the interface deformation, and the effect of control
parameters such as the fluid-fluid interfacial tension, the particle contact angle (parti-
cle wettability) and the particle aspect ratio. The trajectories in the phase space are
obtained from lattice Boltzmann simulations (LB) combined with molecular dynamics
and the results are compared to a theoretical model based on the free energy which
neglects hydrodynamical effects completely. We conclude that hydrodynamical ef-
fects such as bulk hydrodynamics as well as the influence of the deformable interface
play an important role for the single particle adsorption.

4.1 Introduction

Particles adsorbed at fluid-fluid interfaces (such as liquid-liquid and liquid-gas in-
terfaces) are important in several situations. They can stabilize emulsions such as
Pickering emulsions and bijels [32, 34, 78, 79, 152] as well as foams [75]. These are
stabilized by a monolayer of colloidal particles adsorbed at a fluid interface. Particles
act in a similar way as surfactants [67], but they do not need to be amphiphilic. In
both cases, the free energy is decreased: in case of particles by the decrease of the

The results discussed in this chapter are based on Ref. [77] and on the single particle adsorption part of
Ref. [79].
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fluid-fluid interface area, whereas surfactants reduce the interfacial tension between
both fluids.

In order to understand these systems, it is useful to understand the basic process
of single particle adsorption. The simplest case of an adsorption is the adsorption
of a single sphere with uniform wettability to a flat interface. In absence of external
forces such as gravity, the particle equilibrium position is determined by the particle
wettability and the interface is undeformed. The binding energy is large enough
to make the adsorption irreversible. If the interface curvature is constant and the
particle wetting of a spherical particle is uniform the interface is not deformed by the
adsorbed sphere. It can be shown that a non-constant interface curvature leads to
an interface deformation if a spherical particle is adsorbed [196]. The non-constant
interface curvature can be induced by an external force acting on the particle. This
can influence the position of the particle at the interface [80].

In this thesis, we investigate the behavior of anisotropic particles at fluid interfaces.
The first step is the investigation of a uniformly wetting particle with an ellipsoidal
shape. The anisotropic particle shape leads to an additional degree of freedom for
the orientation (as compared to spheres). In order to gain a deeper understanding
of emulsions, the single particle adsorption of an ellipsoidal particle to a flat fluid-
fluid interface is studied here. The adsorption of an anisotropic particle is studied in
Refs. [48, 57, 78, 79] for ellipsoidal shapes. In Ref. [48], an equation of motion for the
adsorption of an ellipsoid is derived from the free energy function using Langevin dy-
namics. Hydrodynamical effects and interface deformation are completely neglected.
In Ref. [57], the equilibrium orientation of an ellipsoid and a cylinder at a fluid inter-
face is calculated from the free energy. It is shown that it depends on the interfacial
tensions and the line tension for a given particle shape. In Refs. [78, 79], the adsorp-
tion of an ellipsoidal particle is studied by computer simulation. Furthermore, more
complex particle shapes such as super-ellipsoidal hematite particles are studied [135].
Most of the configurations of particles at the interface lead to deformations. The effect
of particle anisotropy and forces acting on particles cause these deformations. The
behavior of ellipsoidal particles adsorbed at a spherical fluid interface are studied
in Ref. [81]. It is found that the interaction between the particles can be repulsive or
attractive depending on the distance between two particles and the symmetry of the
interface deformation induced by the particles.

4.2 Theoretical model for a single particle adsorbing to
a flat fluid interface

Before starting to consider simulation results of the adsorption of a single particle to a
fluid interface, the equations needed for the evaluations are introduced. If the particle
is neutrally-wetting and the line tension can be neglected, the free energy for a single
particle at a flat fluid interface is given as

F (ξ ,ϑ) = σ12 A12(ξ ,ϑ). (4.1)

ξ is the distance between the particle center and the flat fluid interface, ϑ is the particle
orientation (see central sketch in Fig. 2.1). σ12 and A12 are the interfacial tension and
the area of the remaining fluid-fluid interface, respectively.
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For translation, the equation of motion is generally given as

Mparξ̈ = Fcap + Fdrag, (4.2)

where Mpar is the mass of the adsorbed particle. Fcap(ξ ,ϑ(ξ)) is the force acting on
the particle caused by the change of the interface areas during the adsorption process:

Fcap = −dF
dξ

= −∂F
∂ξ
− ∂F

∂ϑ

dϑ
dξ

,. (4.3)

If the particle does not rotate during the adsorption process, ∂F/∂ϑ vanishes and
with Eq. (4.1) and Eq. (4.3), we obtain

Fcap = −∂F
∂ξ

= −σ12
∂A12

∂ξ
. (4.4)

The remaining interfacial area between the two fluids after the adsorption of the
particle is given as

A12 = Aflat − Aex. (4.5)

Aflat is the area of the flat fluid-fluid interface without the particle. Aex is the interface
area excluded by the particle. For a particle with a spherical shape and without
consideration of interface deformations, it results in

A12 = Aflat − π(R2 −ξ2) = const−εξ2. (4.6)

A12 can be written as the sum of a constant and a term which is proportional to ξ2.
The proportionality constant is the geometry constant ε and given for a sphere as
ε = π . It can be generalized to an ellipsoidal particle shape, is a measure of the
interface area occupation depending on the particle geometry and takes into account
that the excluded interface area (circle or ellipse) is proportional to the square of
the radius. ε depends on the orientation of the ellipsoid. With the capillary spring
constant

kcap = 2σ12ε, (4.7)

Eq. (4.4) and Eq. (4.6), the capillary adsorption force is given as

Fcap = kcapξ . (4.8)

This is in agreement with Ref. [38] where it is found that Fcap ∝ ξ . Fdrag is the drag
force acting on the particle during the adsorption process. If the particle is in contact
with a fluid-fluid interface, the total drag coefficient is given as

cD = cD,b + cD,i, (4.9)

where cD,b is the bulk contribution. For a spherical particle with radius R in a bulk
fluid with viscosity µ, the drag force coefficient cD,b is given by the Stokes’ law
cD,b = 6πµR. The relation is more complicated for an ellipsoidal particle, where it
depends on the orientation. Extensions to ellipsoids are discussed in Refs. [83, 140,
149]. cD,i is the contribution to the total drag coefficient from the fluid interface. Note
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that both fluids in our system of interest have the same viscosity µ and and therewith
the same value of cD,b. Here, the drag force is therefore given as

Fdrag = cDξ̇ . (4.10)

With Eq. (4.8) and Eq. (4.10) in Eq. (4.2), the equation of motion for a harmonic
oscillator is obtained as

Mparξ̈ + cDξ̇ + kcapξ = 0 or ξ̈ + 2cDMξ̇ +ω
2
0ξ = 0, (4.11)

with the damping constant cDM = cD/(2Mpar) and the undamped oscillator fre-
quency

ω0 =

√
kcap

Mpar
∝
√
σ12. (4.12)

For the solution of Eq. (4.11), two different cases can be distinguished: Eq. (4.11) can
be solved for the underdamped case (cDM < ω0) by

ξ(t) = ξ0 exp(−cDMt) cos(ωat), (4.13)

with ξ0 = ξ(t = 0) and the frequency of a damped harmonic oscillator

ωa = −i
√

c2
DM −ω2

0 =
√
ω2

0 − c2
DM =

√
kcap

Mpar
− c2

DM =

√
2σ12ε

Mpar
− c2

DM

=
√
εMσ12 − c2

DM,

(4.14)

with the proportionality factor between the square of the frequency ω0 and the
interfacial tension between both fluids εM = 2ε/Mpar = ω2

0/σ12. For the overdamped
case (cDM > ω0), the solution of Eq. (4.11) is given as

ξ(t) =
(
ξ0

αHO

)
exp(−cDMt)(αHO cosh(αHOt) + cDM sinh(αHOt))

and
ξ(t) = exp(−cDMt)(ξ+ exp(αHOt) +ξ− exp(−αHOt)),

(4.15)

with the frequency αHO =
√

c2
DM −ω2

0. ξ+ = ξ0/(2αHO)(αHO + cDM) and
ξ− = ξ0/(2αHO)(αHO − cDM) are the amplitudes with ξ+ +ξ− = ξ0. Note that the
solution for the critically damped case is disregarded here. εM and cDM generally
depend on the particle orientation ϑ and are thus time dependent. Equation (4.13)
and Eq. (4.15) are only exactly valid for a particle adsorption without any particle
rotation. The equations of motion for the rotating case are more complex than the
ones given in Eq. (4.13) and Eq. (4.15).

4.3 Adsorption trajectories in the ϑ-ξ space

In this section, we start with a general discussion of the adsorption of a single particle
to a fluid interface. The focus lies on its basic properties such as the feature of the
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Figure 4.1: Outer plot: the adsorption trajectories for a single particle adsorption for
neutral wetting (θ = 90◦), m = 2 and σ ≈ 0.041. A particle is placed as such that
it just touches the undeformed interface. The dashed lines denote the adsorption
trajectories, the solid lines show the points where the particle touches the undeformed
interface. The circles depict the stable and the metastable point. The squares are
related to the snapshots describing the adsorption process in the inset. For initial
particle orientations of ϑ0 6= 0◦ the particle ends in its stable configuration orientated
parallel to the interface. This figure is taken from Ref. [79].

adsorption trajectories. To characterize the particle orientation towards the interface,
we introduce ϑ (see central sketch in Fig. 2.1 in section 2.1), the angle between the
particle main axis and the y-axis. The y-axis is oriented perpendicular to the flat
fluid-fluid interface. We define ξ as the distance between the particle center and
the undeformed, flat interface in units of the long particle axis R‖. We consider the
following default parameters: the case of neutral wetting (θ = 90◦) and an aspect ratio
m = R‖/R⊥ = 2. R‖ and R⊥ are the parallel and orthogonal radius of the ellipsoid,
respectively (The parallel radius is chosen as R‖ = 8 if not defined otherwise.). The
fluid-fluid interaction parameter is set to gbr = 0.1 if not defined otherwise. This
corresponds to a fluid-fluid interfacial tension of σ12 ≈ 0.041.

We use a cubic system with 64 lattice nodes in each direction. A wall is placed
at the top and bottom of the system in y-direction in order to keep the position of
the interface in y-direction approximately constant. Periodic boundary conditions
are applied in the x- and z-direction parallel to the interface. In order to obtain a flat
interface, the system is filled with two equally sized cuboid shaped lamellae with an
interface orthogonal to the y-axis. The lamellae are mainly filled with red and blue
fluid, respectively. The initial density for majority and minority species are set to
ρmaj = 0.7 and ρmin = 0.04. In the final state, both values stay approximately constant
after equilibrating for the chosen value of gbr = 0.1. The location of the fluid-fluid
interface with infinitesimal thickness is given by the points whereφ = ρr − ρb = 0 is
fulfilled. In the following, we refer “flat interface” or “undeformed interface” as the
undeformed, flat state of the interface.

If a particle comes close to the interface, the interface adsorbs the particle. In this
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way, the total free energy given in Eq. (2.7) in subsection 2.2.1 is reduced [48]. For
this study, a particle is placed at t = 0 such that it just touches the (undeformed flat)
fluid-fluid interface. This is done for different initial orientations of the particle. In the
following, the initial orientation is denoted as ϑ0 = ϑ(t = 0). Five reference values
for the effective initial orientation ϑ0 are chosen:

ϑ0 = nϑ22.5◦, nϑ = {0, 1, 2, 3, 4}. (4.16)

ϑ′0 = (10−4)◦ is chosen as an additional orientation.

The inset in Fig. 4.1 shows snapshots of a typical adsorption process with
ϑ′0 = (10−4)◦. In the first time steps, the particle moves towards the interface un-
til the particle center is almost on the height of the flat interface (for neutrally wetting
particles) without changing the orientation. This translational motion lasts about 1300
time steps. Then, the particle rotates towards an orientation parallel to the interface.
The rotation is complete after 3600 time steps.

The outer plot in Fig. 4.1 shows a ϑ-ξ diagram of the adsorption with different
trajectories for the different initial configurations. The points where the particle just
touches a flat interface with infinitesimal thickness are marked with two solid lines.
These points are referred to in the following as ±ξ0(ϑ0) with ξ0 = |ξ(t = 0)| and
ϑ0 = ϑ(t = 0). The dashed lines indicate the adsorption trajectories. The dashed
lines for ϑ0 6= 0◦ end in the upper circle at ξ = 0 and ϑ = 90◦ which corresponds
to the stable point or equilibrium point where the free energy function shown in
Eq. (2.7) has a global minimum. Just the cases with an initial value of ϑ0 = 0◦ end
at the metastable point at ϑ = 0◦ as shown by the circle at the bottom of Fig. 4.1.
Equation (2.7) has a global maximum at this point. The angular deviation of the free
energy function, the torque acting on the particle,

Dcap = −dF
dϑ

, (4.17)

vanishes, so that there are no forces which cause the particle to rotate. This metastable
point might not be found in experiments: on the one hand, thermal fluctuations of
the fluid will cause the particle to rotate towards the stable point. On the other hand,
it is impossible to place the particle exactly at ϑ0 = 0◦.

Furthermore, it becomes apparent that that the particle rotation during the ad-
sorption process can be classified into two segments: the first regime is dominated
by a point-like force normal to the undeformed interface which acts on the particle
at t = 0 of the adsorption process (see Fig. 4.2). This force causes a rotation towards
the upright orientation (ϑ = 0◦). This effect is dominant in the beginning of the
adsorption process. The second regime is dominated by the effect of decreasing of
the interface area where the particle tends to a orientation parallel to the interface in
order to occupy as much interfacial area as possible. In the following, these regimes
will be referred as “point-like force rotation” and “interfacial area rotation”.
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Fpoint

Figure 4.2: Point-like force Fcap(t = 0) = Fpoint acting on the particle in the beginning
of the adsorption process (when the particle is just touching the undeformed interface)
causing a rotation towards the upright orientation ϑ = 0. The torque in the “point
like force rotation” regime coming from Fpoint makes the particle rotating towards the
upright orientation in the beginning of the adsorption process. This figure is taken
from Ref. [79].

4.4 Comparison of fully resolved simulations with the
“flat interface” model

In this section, we compare the adsorption trajectories obtained from our simulations
with a theoretical “flat interface” model. The latter one is based on the numerical
solution of Eq. (2.6) with an interface which is assumed to be constantly flat, unde-
formable and infinitely thin. A detailed description is given in Ref. [48]. The theory is
based on the surface free energy which is minimized.

In order to be able to compare the simulation results with those of the “flat
interface” model, it is necessary to make sure that all parameters are set to the same
values. One parameter which is difficult to handle in the simulation method used
in this thesis but included in Eq. (2.6) is the line tension. Since we cannot explicitly
control the three phase line tension κ in our simulations, the influence of the rescaled
line tension κ̃ = κ/(σ12

√
A1p + A2p) is studied as a first step. Figure 4.3 shows the

diagrams for κ̃ = −1, κ̃ = 0 and κ̃ = 1. The data are obtained from the method of
Graaf et al. The difference of the adsorption trajectories for the different values of κ̃
is sufficiently small, so that it is allowed to neglect the influence of κ and to do this
comparison without considering it any further. Possible reasons for this behavior are
that translation and rotation are influenced in a similar way by κ and that the particle
is large enough to be unaffected by line tension effects.

Note that the line tension κ is still an important parameter for the particle adsorp-
tion at the interface even if the adsorption trajectories are insignificantly influenced
by it [57]. If the line tension is too large an energy barrier is created for the particle
when it adsorbs to the fluid interface. Since κ does not play a relevant role for the
trajectory shape in the ϑ-ξ-plot, we continue the comparison using κ = 0 in the “flat
interface” model and do not care about the parameter κ anymore.

Figure 4.4 compares adsorption trajectories obtained theoretically using the “flat
interface” model (dotted lines) and by simulations (dashed lines). There is a qualita-
tive agreement, but there are some quantitative differences: the rotation of the particle
during “point like force rotation” in the beginning (discussed above) is more pro-
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Figure 4.3: Study of the influence of the line tension on the theoretical results. The
data of this plot are created with the model of de Graaf from Utrecht and not with
our LB simulation. The comparison of the adsorption trajectories for κ̃ = 0 (dotted
lines), κ̃ = −1 (solid lines) and κ̃ = 1 (dashed lines) shows that the influence of the
line tension on the shape of the ϑ-ξ trajectories can be neglected. This means that
we are allowed to “compare” even if κ cannot be controlled independently in the
LB simulation. This plot is produced using the data of the “flat interface” model in
cooperation with de Graaf et al. (Ref. [48]).

nounced in the theoretical model. For example, for the lines starting at ϑ0 = 22.5◦ the
maximum difference between the values of the angle obtained from our simulation
(ϑs) and the “flat interface” model (ϑt) is ∆ϑ = ϑs − ϑt ≈ 9.66◦ for ξ ≈ 0.54. The first
regime of the particle rotation is less pronounced.

The reason for the differences in the results obtained by the two mentioned
approaches is the inclusion of the hydrodynamics and thus, the possibility of interface
deformation in our simulation model. If an anisotropic particle with homogeneous
wettability rotates, the Young equation (see Eq. (2.10)) cannot be fulfilled by a flat
interface and this leads to an interface deformation around the particle. Exceptions
can be ϑ = 0◦ and ϑ = 90◦ at the equilibrium positions.

One possible explanation for the difference is the finite interface thickness. Its
influence is studied by comparing the trajectories in the ϑ-ξ diagram for different
values of R‖ (keeping the aspect ratio m and the interface thickness d constant). In
this way, the ratio R‖/d is varied. We observe that this influence is small and cannot
explain the difference between theory and simulation. Another possible explanation
is the deformability of the interface which is discussed below.

4.5 Parameter studies and adsorption dynamics

In this section, we discuss the dynamics of the particle adsorption as well as the
dependency on different parameters. The theoretical model based on Eq. (2.6) is
time independent. To include time dependence, we need a proper treatment of the
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Figure 4.4: Comparison between the adsorption trajectories obtained from the theo-
retical approach using Eq. (2.6) (dotted lines) and the simulation results (dashed lines).
The solid lines show where the particle touches the undeformed interface. There
is qualitative agreement but there are quantitative differences due to the interface
deformation of the fluid interface which is properly described only by the simulations.
A conclusion is that hydrodynamics is important. This plot is produced using the
data of the “flat interface” model in cooperation with de Graaf et al. (Ref. [48]). This
figure is taken from Ref. [77]

hydrodynamics, as it can be also seen in Eq. (4.11), where the damping constant (see
Eq. (4.9)) is a result of the hydrodynamic influence.

Before starting the discussion of ξ(t) and ϑ(t) in the adsorption process for dif-
ferent situations, we define three types of their time evolution: the overdamped
regime shown in Fig. 4.5(a) related to Eq. (4.15), the underdamped regime shown in
Fig. 4.5(b) related to Eq. (4.13) and the regime with two steps of the adsorption shown
in Fig. 4.5(c). The latter can be explained as follows: the drag coefficient cD for an
ellipsoidal particle depends on the orientation of the symmetry axis of the particle.
The value is smallest for a motion directed parallel to the symmetry axis and the
largest for a motion directed orthogonal to it. A similar dependence for kcap can be
found. Furthermore, the particle rotates during the translational motion. Thus, kcap
depends on the time as given in

dkcap

dt
=

∂kcap

∂t︸ ︷︷ ︸
=0

+
∂kcap

∂ϑ

dϑ
dt

=
∂kcap

∂ϑ

dϑ
dt

. (4.18)

The same relation is valid for cD. The first term vanishes as there is no explicit time
dependence of kcap and cD and both variables remain constant without any particle
rotation, for example for the initial orientations ϑ0 = 0 and ϑ0 = 90◦. If the time
dependence in Eq. (4.18) plays a role, the differential equation in Eq. (4.11) becomes
more complex than for the case of a simple harmonic oscillator.

Figure 4.6 shows the time evolution of ξ and ϑ for different initial orientations.
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Figure 4.5: Sketches of the different types for the time evolution of a quantity such
as ξ : (a) The overdamped regime. (b) The underdamped regime. (c) The two-step
regime. Fig. (a) and (b) are related to the solutions of a damped harmonic oscillator
given in Eq. (4.13) and Eq. (4.15). Note that this is a schematic plot and thus, the units
are disregarded here. This figure is taken from Ref. [77].

In the first step, we study the time evolution of ξ as shown in Fig. 4.6(a). The five
lines are related to the five initial orientations shown by the trajectories in Fig. 4.1 (see
Eq. (4.16)). The starting value ±ξ0(ϑ0) for ξ depends on the related starting value of
ϑ as shown by the solid line in Fig. 4.1. All the five lines end up in the value of the
final position corresponding to the stable and metastable point. The upward pointing
triangle corresponds to a starting angle of ϑ0 = 0. For this starting orientation, the
adsorption process takes about 10000 time steps to reach the final position (ξ = 0)
and thus, it takes the longest time to reach the final state at ξ = 0 (this is longer than
the time interval shown in this figure). Physical units can be obtained by assuming
ν = 10−6m2/s, the kinematic viscosity for water, and ∆x = 15.8nm. ∆x is chosen
in a way that ∆xR⊥ and ∆xR‖ are the typical radii of a colloidal particle in physical
units. We obtain ∆t = 4.2× 10−11s. Thus, 10000 timesteps correspond to 420ns. The
squares show the time evolution for the case of ϑ0 = 90◦. In this case as well, there
is no change of the orientation. This initial condition leads to the fastest adsorption
where the final state is already reached after less than 2000 time steps. Between these
lines, there are three more lines for initial orientations of ϑ0 = 22.5◦ (downward
pointing triangle), ϑ0 = 45◦ (circle) and ϑ0 = 67.5◦ (diamond). Furthermore, it can
be seen that there is a transition between the underdamped and the overdamped
regime dependent on the initial orientation. The lines for ϑ0 = 0, ϑ0 = 22.5◦ and
ϑ0 = 45◦ exhibit an overshoot related to the underdamped regime of the harmonic
oscillator (see Fig. 4.5(b)). The line for ϑ0 = 90◦ can be fitted with Eq. (4.13) for
the underdamped case withωa = 4.49 · 10−3 and cDM = 3.31 · 10−3. In the case of
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Figure 4.6: (a) Time development of the distance between the particle center and the
interface ξ(t) for the same initial orientations as in Fig. 4.1. (b) Time development of
the particle orientation ϑ(t) for different initial orientations. For ϑ(t = 0) 6= 0◦ and
ϑ(t = 0) = ϑ0 6= 90◦ the time development of ϑ can be classified into two regimes.
The first one is related to dϑ/dt < 0 where a point like force acts on the particle as
shown in Fig. 4.2 in the first few hundred time steps. The second one is related to
dϑ/dt > 0 which is dominated by free energy minimization. The transition time
trot,trans between both regimes decreases with increasing ϑ0. The time needed to be
in the final orientation depends on the initial orientation. Fig. 4.6(b) is taken from
Ref. [79]. Fig. 4.6(a) is taken from Ref. [77].
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Figure 4.7: Outer plot: Time te which the particle needs to reach the final orientation
(ϑ = 90◦) for different initial orientation angles ϑ0 = ϑ(t = 0) from ϑ = 0◦ to ϑ = 90◦.
te diverges if ϑ0 approaches 0◦. The reason for the divergence is the approach of ϑ0 to
the orientation of the metastable point, as it is shown in the inset: if the starting angle
(upper dotted line) approaches ϑ(t = 0) = 0 (lower dotted line) the time required to
reach the equilibrium point it diverges. This figure is taken from Ref. [79].

rotation, the equations of the harmonic oscillator cannot describe the time behavior
any more and the equations can only be used for estimations. If ϑ0 decreases, kcap
decreases due to the decrease of the geometry constant ε. At some point,ω0 is smaller
than cDM and the underdamped case changes to the overdamped case as described
in Eq. (4.15). Note that the lines in Fig. 4.6(a) which are related to particle rotation
cannot be fitted with Eq. (4.13) or Eq. (4.15) as parameters are time dependent due to
the rotation.

Figure 4.6(b) shows the time evolution of ϑ for different values of ϑ0. For ϑ0 = 0◦

and ϑ0 = 90◦ (upper and lower lines), the orientation remains unchanged and the
adsorption to the interface causes only a translational particle motion. The trajectories
for the three other simulation runs start at ϑ0 = 22.5◦, ϑ0 = 45◦ and ϑ0 = 67.5◦. The
particle rotates in these cases until the orientation parallel to the fluid interface is
reached. As discussed in the end of section 4.3, the rotation can be divided into two
regimes, the “point like force rotation” and the “interfacial area rotation”. The “point
like force rotation” regime with (dϑ/dt) < 0 is dominating in the first few 102 time
steps for all of the three trajectories. The duration of the “point like force rotation”
regime ((dϑ/dt) > 0) increases for decreasing ϑ0. Furthermore, in all cases during
the first time steps, ϑ decreases, but then it increases up to this final value. The time
te is defined as the time the particle needs to reach the final orientation of ϑ = 90◦

depending on ϑ0. te is shown in the outer plot of Fig. 4.7. Due to the discretization of
the particle on the lattice, its orientation shows small deviations from the theoretical
final value. Therefore, we measure te as the time when the angle reaches 98% of
the theoretical final angle. The particle oscillates around this final value, but these
oscillations are very small and their magnitude falls below the threshold for the
measurement of te. te increases with decreasing ϑ0 and diverges for ϑ0 → 0. This
divergence can be understood using the inset of Fig. 4.7. If the starting angle ϑ0 comes
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closer to ϑ = 0◦ (corresponding to the starting point for the metastable case where the
particle never flips) the initial torque from capillary forces Dcap(t = 0) causing the
particle rotation to become smaller and to vanish. This causes the divergence of te.

So far, the adsorption dynamics is discussed. The transition between the under-
damped and the overdamped regime in the time evolution of ξ as predicted by the
harmonic oscillator model in Eq. (4.11) and in section 4.2, the time divergence while
approaching the transition of ϑfinal(ϑ0), the interplay between rotation and translation
during the adsorption process of the particle to the interface as well as the two rotation
regimes.

After the discussion of the dynamics of the adsorption process, the influence of
some control parameters on different properties of the adsorption of a single particle
at a fluid interface will be discussed. The parameters of interest are the fluid-fluid
interfacial tension σ12, the particle contact angle θ and the particle aspect ratio m.

The influence of the interfacial tensionσ12 between both fluids is shown in Figs. 4.8
and 4.9. Figure 4.8 depicts the influence on the shape of the trajectory whereas
Fig. 4.9 illustrates the influence on the dynamics. Figure 4.8(a) shows the adsorption
trajectories in the plot of the adsorption trajectories for different values of σ12 (σ12 ≈
0.014, σ12 ≈ 0.041 and σ12 ≈ 0.041). The opening angle of the trajectories decreases
for increasing σ12. In the following, we quantify this effect and try to understand
the reason of this change. The opening angle is defined as the angle between a
pair of trajectories of the particle with the same initial orientation ϑ0, but different
initial positions ξ(t = 0) = ξ0(ϑ0) and ξ(t = 0) = −ξ0(ϑ0). This is indicated by
the two circles in the inset of Fig. 4.8(b). To quantify the change of the shape of
the adsorption trajectories and the opening angle of this pair, the distance which
the particle moves during the first part of the adsorption process is measured and
the related parameter ξtrans,eff is defined in the following. The first part is mainly
dominated by translation and given by the distance ξtrans = ξ(t = 0)−ξϑ between
the two red points in the inset of Fig. 4.8(b). The left circular pointξ(t = 0) = ±ξ0(ϑ0)
is the starting point of the adsorption trajectory whereas the right one ξϑ is defined as
the position where the particle has the same orientation as in the beginning, given as
ϑ(t = tsp 6= 0) = ϑ(t = 0) = ϑ0. Here, tsp is the time, when the particle is at position
ξϑ with orientation ϑ0. In this first part, the particle motion is mainly a translational
motion with a small change of the orientation. This means that ξtrans is a measure for
the change of the opening angle by varying σ12. We define the rescaled length as the
dimensionless quantity

ξtrans,eff =
ξtrans

ξ(t = 0)
=
ξ(t = 0)−ξϑ
ξ(t = 0)

= 1−ξϑ,eff. (4.19)

ξtrans,eff = 1 is related to a completely closed state of the opening angle. This means
that, as a first step, the complete translation takes place and only thereafter the
rotation.
ξtrans,eff is shown for different values ofσ12 in Fig. 4.8(b). A change ofσ12 influences

the relation between translation and rotation. The period in the beginning which
is mainly dominated by translation takes longer and the rotation starts at a later
point of the translation process. The outer set of Fig. 4.8(b) shows the value of
ξtrans,eff in dependence on the surface tension σ12. For small values of σ12, there is a
strong increase of ξtrans,eff whereas for higher values ofσ12 a saturation value of about
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Figure 4.8: Variation of the fluid-fluid surface tension σ12: influence on shape of
the trajectories. (a) Adsorption trajectories: the outer solid lines show the points
where the particle touches the undeformed interface. The adsorption trajectories
are shown by the solid lines (σ12 ≈ 0.014), dashed lines (σ12 ≈ 0.041) and dotted
lines (σ12 ≈ 0.105). For m = 2 and θ = 90◦. (b) Effective distance which the particle
moves until it flips illustrated by the dimensionless variable ξtrans,eff = 1−ξϑ,eff (see
Eq. (4.19)) for ϑ0 ≈ 22.5◦ for different values of σ12. The change of σ12 influences the
relation between rotation and translation as it changes both of them in a different way.
Inset: definition of ξtrans,eff. This figure is taken from Ref. [77].
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Figure 4.9: Variation of the fluid-fluid surface tension σ12: influence on dynamics. (a)
ξ(t) for a starting angle of ϑ0 ≈ 22.5◦ and rescaled starting distanceξ(t = 0) ≈ −0.94.
For different values of σ12: σ12 ≈ 0.014 (square), σ12 ≈ 0.041 (circle), σ12 ≈ 0.066
(upward pointing triangle), σ12 ≈ 0.087 (downward pointing triangle), σ12 ≈ 0.105
(diamond). m = 2, θ = 90◦. (b) Time tsp which the particle needs until it starts to flip
for different values of σ12. The dashed line is fitted to the relation obtained from the
equation of the harmonic oscillator (Eq. (4.14), labeled in the plot as HO,1). The dotted

line is related to an improved relation (tsp = 1/
√

aHOσ
2
12 + bHOσ12 + cHO, labeled as

HO,2) with an additional parameter. This figure is taken from Ref. [77].
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ξtrans,eff,s ≈ 0.7455 is reached. The increase of ξtrans,eff indicates the decrease of the
opening angle. This indicates that the relation between translation and rotation of
the particle in the adsorption process changes with changing σ12. The distance of
the translation path which the particle moves before it starts to rotate, increases with
increasing σ12. This can be understood with Eq. (4.2): the translation is influenced
by the two contributions Fcap and Fdrag. We consider the time in the beginning of the
adsorption process and thus, in the “point like force rotation” regime. Both force
contributions depend onσ12. From Eq. (4.7) and Eq. (4.8), it can be seen that Fcap ∝ σ12.
Fdrag is proportional to the drag coefficient cD (see Eq. (4.10)) given in Eq. (4.9), but
only the contribution from the interface cD,i depends on σ12. The influence of σ12 on
Fdrag is dominant for the adsorption process. This means that the particle covers a
larger distance until the “interfacial area rotation” regime begins and thus, the particle
starts to rotate.

The influence of the surface tension σ12 on the adsorption dynamics is shown in
Fig. 4.9. Figure 4.9(a) compares the time evolution of ξ for trajectories with an initial
particle orientation of ϑ0 ≈ 22.5◦ for different values of σ12 between 0.014 and 0.105.
One can see that a larger value ofσ12 leads to a faster adsorption process (see diamond
for the largest value of σ12). For that value, it is shown in the plot that the line passes
the equilibrium point (ξ = 0) for a short time. The reason for that phenomenon is that
the force acting on the particle is large enough for the particle to pass the equilibrium
point and the system is in the underdamped regime of the harmonic oscillator. The
square showing the slowest adsorption corresponds to σ12 ≈ 0.014 which is the
lowest value of the surface tensions studied here. The lines in Fig. 4.9(a) show that
there is a transition from the overdamped to the underdamped harmonic oscillator.
This can be understood as follows: it can be seen from the relationω0 =

√
εMσ12 (see

Eq. (4.12)) that for low σ12, cDM > ω0 is fulfilled. This means that the system behaves
as an overdamped oscillator. For higher values of σ12, cDM < ω0 is fulfilled leading
to the underdamped case.

The time tsp needed by the particle for the way from the point ξ(t = 0) to the
initial point ξϑ depending on σ12 is shown in Fig. 4.9(b). For larger values of σ12,
the force which causes the particle adsorption increases, which leads to a faster
adsorption process. In order to understand this time behavior, we use the equations
of the harmonic oscillator (discussed in section 4.2) to get an estimation, and we
compare it with the results from the simulation. We assume that tsp is inversely
proportional to the oscillator frequency ωa as given in Eq. (4.14). This leads to
the relation tsp = 1/

√
bHOσ12 + cHO. bHO and cHO are fit parameters related to the

capillary spring constant kcap and the damping constant cDM from Eq. (4.7) and
Eq. (4.9). The dashed line in Fig. 4.9(b) (labeled as HO,1) shows that this relation
with bHO = 7.95 · 10−5 and cHO = −9.33 · 10−7 describes the behavior quite well,
but it is not yet the full description. There are deviations of the simulation results
from the predictions of Eq. (4.14). Reasons for this deviation can be the following:
cDM depends on σ12 via cD,i. The particle rotates during the period of interest so that
cDM and εM depend on ξ(ϑ) and the time as given in Eq. (4.18). There are possible
derivations from the relation tsp ∝ ω−1

a . Furthermore, the interface deformation
can possibly lead to a dependence kcap(ξ). The deviations are larger for smaller
values of σ12. The dependence of tsp from σ12 can be described more accurately by

the relation tsp = 1/
√

aHOσ
2
12 + bHOσ12 + cHO with an additional fit parameter aHO,
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the correction term aHOσ
2
12 and the values aHO = 3.51 · 10−4, bHO = 3.78 · 10−5 and

cHO = −6.74 · 10−8.

The influence of the contact angleθ on the particle adsorption to the fluid interface
is shown in Fig. 4.10. Figure 4.10(a) presents the time development of ξ for different
values of the contact angle θ. There is a transition between the overdamped (for
wettabilities close to the neutral wetting, see Fig. 4.5(a)) and the two-step regime (suf-
ficiently far away from neutral wetting, see Fig. 4.5(c)). This is a result of an interplay
between rotation and translation. An explanation for this is given by Fig. 4.10(b). In
the case of 90◦, the largest part of the rotation starts when the translation is almost
done. On the other hand for 114.9◦, the rotation starts during the translation process.
In this way, the translation is slowed down by the rotation. This leads to the two-step
regime.

The influence of the particle aspect ratio m in the range between 1.5 and 6 on the
particle adsorption is considered in Figs. 4.11 and 4.12. The values for the particle
radii for the different values of m are calculated in a way that the particle volume
is constant. The adsorption trajectories for m = 6 are shown in Fig. 4.11(a). For the
metastable point with ϑ0 = 0, the particle is supposed to end at ξfinal = 0. The fact
that the particle stops earlier is a result of the effect of discretization of the particle
on the lattice. One can see that the lines have a larger opening angle for m = 6 as
compared to m = 2 above. This aspect is shown in Fig. 4.12(a). The parameter ξtrans,eff
which is related to the opening angle, is plotted for different values of m between 1.5
and 6. This behavior can be divided into two regimes: m ≤ 4 and m ≥ 4. For m ≤ 4,
ξtrans,eff decreases with increasing m. This means that the rotation starts “earlier” for
larger aspect ratios. In the second regime, it increases. This can be explained by
two competing effects. On the one hand, the capillary spring constant kcap decreases
with increasing m. This leads to a decrease of ξtrans,eff. On the other hand, the drag
coefficient cD decreases with increasing m being related to an increase of ξtrans,eff. The
influence of the particle shape on the adsorption dynamics is shown in Fig. 4.11(b).
The time evolution of ξres for an initial particle orientation of ϑ0 ≈ 22.5◦ for different
values of m is shown. ξres is defined as ξ/|ξ(t = 0)| where |ξ(t = 0)| is a parameter
making sure that all lines start at the same point ξres = −1 and depends on m. All
three adsorption regimes presented in Fig. 4.5 are found in Fig. 4.11(b) depending
on the aspect ratio. The underdamped regime (Fig. 4.5(b)) is found for small aspect
ration (m = 1.5), the overdamped regime (Fig. 4.5(a)) for medium-sized aspect ratios
(2 ≤ m ≤ 3) and the two-step regime (Fig. 4.5(c)) for aspect ratios of 4 and larger.
Furthermore, we see that the time needed to reach the final point increases with
increasing m. This fact is shown in Fig. 4.12(b). In order to quantify this, we assume

tsp ∝ ωa and as shown in Eq. (4.14) the frequency is given byωa =
√
ω2

0 − c2
DM. To

obtain an estimate, the following geometric consideration is made. We start with
a sphere and increase m while the volume stays constant. This leads to following
relation: R3 = R‖R2

⊥ with R‖ = Rma‖ and R⊥ = Rma⊥ . It turns out that a‖ = 2/3
and a⊥ = −1/3. As the main axis is oriented perpendicular to the interface in the
time period of interest, the cross section can be estimated as Am ∝ R2

⊥ ∝ m−(2/3). As
the perpendicular orientation is not exactly fulfilled: Am ∝ mdm , dm is supposed to
deviate from −(2/3). The simulation data can be fitted as tsp = 1/

√
bHOmdHO + cHO

with the following values: bHO = 7.63 · 10−06 and cHO = 3.36 · 10−7. The value of
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Figure 4.10: Variation of the contact angle θ. (a) ξ(t) for a starting angle of
ϑ(t = 0) ≈ 22.5◦ and rescaled starting distance ξ(t = 0) ≈ −0.94. For different
values of θ: θ = 90◦ (square), θ ≈ 95.8◦ (circle), θ ≈ 102.8◦ (upward pointing trian-
gle), θ ≈ 107.0◦ (downward pointing triangle), θ ≈ 114.9◦ (diamond). For m = 2,
σ12 ≈ 0.041. There is a transition from the overdamped regime (see Fig. 4.5(a)) to the
the two-step regime (see Fig. 4.5(c)). (b) The transition from (a) can be explained by
comparing the relation between rotation and translation. The squares correspond to
a contact angle of 90◦ whereas the circles correspond to 114.9◦. Full symbols corre-
spond to translation and open symbols to rotation. In the case of 90◦, the largest part
of the rotation starts when the translation is almost done. In contrast, for 114.9◦ the
rotation starts during the translation process. In this way, the translation is slowed
down by the rotation. This leads to the two-step regime. This figure is taken from
Ref. [77].
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Figure 4.11: Variation of the aspect ratio m. (a) Adsorption trajectories: the solid
lines show the points where the particle touches the undeformed fluid interface.
The adsorption trajectories are shown by the dashed lines. (b) The rescaled distance
between particle center and interface, the dimensionless quantity given as ξres = ξ/ξ0
for different aspect ratios. ξres(t) for a starting angle of ϑ(t = 0) ≈ 22.5◦ and rescaled
starting distance ξres(t = 0) ≈ −0.94. This figure is taken from Ref. [77].
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Figure 4.12: (a) Effective distance which the particle moves until it flips, the dimen-
sionless quantity ξtrans,eff = 1−ξϑ,eff for different values of m. (b) Time tsp which the
particle needs until it starts to flip for different values of m. The solid line is a fit with
the harmonic oscillator theory. This figure is taken from Ref. [77].

the exponent dHO differs from the expectations: instead of −(2/3), it is found to be
dHO = −1.68 ≈ −(5/3).

4.6 Interface deformation caused by the adsorption

By comparing our simulation results with the ones of the “flat interface” model, it
turns out that the interface deformation has an influence on the adsorption process.
Here, we quantify the interface deformation.
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(a) (b) (c)

(d) (e) (f)

Figure 4.13: Snapshots of the simulation data showing the interface deformation
during the adsorption process. (a) t = 100. (b) t = 600. (c) t = 1200. (d) t = 4000. (e)
t = 5800. (f) t = 6400. This figure is taken from Ref. [77].

If an anisotropic particle with a homogeneous wettability rotates, the fact that the
contact angle stays constant leads in most cases to an interface deformation around
the particle. The Young equation cannot be fulfilled by a flat interface anymore.
The few cases where the interface is not deformed are shown in Table 2.1. If the
adsorption process is sufficiently slow so that it can be assumed that the system
is close to equilibrium during the whole adsorption process, the contact angle is
defined. In order to illustrate this, the capillary number Ca for the system of interest
is considered. Ca is defined as

Ca =
µ~upar

σ12
. (4.20)

µ is the dynamic viscosity given in Eq. (3.34). ~upar is the velocity of the particle
center during the adsorption process. For the maximum and the average velocity of
the particle in the adsorption process, we obtain capillary numbers of Ca ≈ 0.085
and Ca ≈ 0.004, respectively. This value of Ca indicates that the contact angle is in
equilibrium during the whole adsorption process.

In order to illustrate the interface deformation, we show some snapshots of the
particle during the adsorption process at different times in Fig. 4.13. These snapshots
are taken for an adsorption process with an initial orientation of ϑ0 = ϑ(t = 0) ≈
0.0001◦. Figures 4.13(a) and 4.13(b) show the translational motion at the start of
the simulation. The fluid interface starts to deform when the particle enters into
the interface. Figure 4.13(a) clearly shows a monopolar interface deformation. The
rotation and the resulting dipolar interface deformation can be seen in Fig. 4.13(c) to
4.13(e). Figure 4.13(f) depicts the final state where the interface deformation vanishes.

The following quantity can be used as a measure for the interface deformation
(see Fig. 4.14): on the one hand, the position of the flat interface which we would
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λif,0λif

Figure 4.14: The volume λ created by the interface deformation caused by a particle
adsorbed at the fluid interface is shown. The undeformed flat interface yif,0 (as
it would be the case without particles) is shown by the solid line. The interface
deformation yif(ix, iz) is shown by the dashed line. This figure is taken from Ref. [77].

have without any particle is known a priori (solid line in Fig. 4.14). On the other
hand, the position of the real interface influenced by the particle can be obtained from
the results of the simulation (dashed line in Fig. 4.14). The volume created by the
difference of these two interfaces is given by

λ =
1
λp

Nx

∑
ix=1

Nz

∑
iz=1
|yif(ix, iz)− yif,0|. (4.21)

i j is the coordinate of a lattice node in j-direction (with j = x, z, the two directions
parallel to the interface) and N j is the number of lattice nodes in j-direction. yif(ix, iz)
and yif,0 are the values of the y coordinate for the real interface for each x = ix and
z = iz and the ideal flat interface, respectively. λp = (4/3)πR‖R2

⊥ is a normalization
factor and corresponds to the particle volume. λ = 0 indicates an undeformed
interface, however, in most cases λ is different from zero. The only cases of general
ellipsoidal particles with λ = 0 are shown in Table 2.1.

There are several contributions to λ which can be divided into two groups: (i)
The static contribution due to the wettability: this contribution just depends on the
phase space coordinates ξ and ϑ as well as the particle properties like θ and m. It is
given by Eq. (2.26). (ii) Dynamic contributions: the moving particle causes capillary
waves. This contribution also comprises finite size effects. They stem from the fact
that the range of the capillary wave is larger than the system size. Tests in which
the system size was varied have shown that a convergence could not be found for
system sizes that are realistic for our simulation method. Figure 4.15(a) depicts λ
for an adsorption process with an initial orientation of ϑ0 = 45◦. λres shows a single
large peak after about 440 timesteps (peak A). It then decays because of a capillary
restoring force (see Eq. (2.6)). This peak is caused by the translation and rotation
which take place at about the same time. After this peak damped oscillations of
λ can be observed for the next few thousand timesteps. Figure 4.15(b) shows the
same scenario for ϑ(t = 0) ≈ 0.0001◦. Unlike in the previous case, the translation
and the rotation take place at different times. They are completely decoupled. The
translation takes place mainly in the first 2000 timesteps and the largest deformation
of this part is reached after about 460 timesteps. This peak is called peak B. The
deformation decays during the following 1400 timesteps. The rotation of the particle
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starts after about 2000 timesteps and leads to a maximum of the deformation after
3260 timesteps (peak C). The deformation caused by the translation is about 3.4 times
larger than the deformation caused by the rotation: the translational motion pushes
the fluid much more than the rotation.

The time evolution of the rescaled deformation of the fluid interface λres = (4/3)λ
is shown by the squares in Fig. 4.15 for two different initial values of ϑ. The circles
and triangles show the rescaled values of ξres = ξ/ξ(t = 0) and ϑres = ϑ/90◦. λ, ξ
and ϑ are rescaled in order to keep them in a range between 0 and 1.

The influence of the fluid-fluid interfacial tension on the interface deformation is
shown in Fig. 4.16. Figure 4.16(a) shows the rescaled time of the peak tp,res = tp/ares
for the peak B (squares, ares = 755) and C (circles, ares = 8904) of Fig. 4.15(a) and the
peak A of Fig. 4.15(b) (triangles, ares = 642). ares is a normalization factor and chosen
in a way that tp,res forσ12 = 0.0138 (lowest value ofσ12) has a value of unity for every
peak. tp,res decreases with increasing σ12 for all cases.

In order to understand the behavior, we discuss some estimates from the consider-
ations in section 4.2. As the particles have a contact angle of 90◦ and the line tension
is neglected, the starting point for the consideration of the free energy is Eq. (4.1).
As shown in section 4.2, the system behaves like a damped harmonic oscillator and

as seen in Eq. (4.14) its frequency is given asωa =
√
εMσ12 − c2

DM. The time period
of the adsorption process can be estimated as tp ∝ 1/ωa which leads to a fit func-
tion tp =

√
bHOσ12 + cHO with fit parameters bHO and cHO related to εM and cDM.

εM is the proportionality factor between the frequency of the undamped harmonic
oscillator and the interfacial tension between the two fluids. cDM is the damping
constant. The inset of Fig. 4.16(a) shows that we can fit this function quite well (with
bHO ≈ 1.27 · 10−4 and cHO ≈ −1.95 · 10−7).

Figure 4.16(b) shows the rescaled height λmax,res of the peak B (squares, ares =
0.92), C (circles, ares = 0.19) and A (triangles, ares = 0.89). For lower values of σ12,
we can see an almost linear relation between λmax,res and σ12 which is pronounced
for peak A and B. This linearity comes from the fact that F and Fcap in Eq. (4.1)
and Eq. (4.3) depend linearly on σ12. For higher values of σ12, there are deviations
from this linearity. Deviations from the prediction come from the fact that the real
system is more complex than this idealized model. Fig. 4.17 shows the deformation
integrated over the time Λ =

∫
λ(t)dt for different values of the fluid-fluid interfacial

tension between σ12 ≈ 0.0138 and σ12 ≈ 0.0873. The noise of the lines increases
for increasing σ12. The larger as well as the smaller peak have higher values and
move to earlier times for increasing σ12. The reason for this is that larger values of
σ12 lead to larger forces acting on the particle which increases its velocity during the
adsorption process. Furthermore, the restoring force is stronger for higher values of
σ12 which reduces the total interface deformations. The fact that it does not decrease
monotonously comes from fact that larger values of σ12 lead also to larger particle
velocities which increases the capillary waves leading to an increase of Λ.
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Figure 4.15: (a) Time development of the rescaled interface deformation λres = (4/3)λ
(see Eq. (4.21)) for ϑ(t = 0) = 45◦ is shown by the squares. For comparison, the
time development of the rescaled particle position ξres = ξ and rescaled orienta-
tion ϑres = ϑ/90◦ are shown by the circles and triangles, respectively. Translation
and rotation take place simultaneously. (b) The same situation as in (a) but for
ϑ(t = 0) ≈ 0.0001◦. Translation and rotation and their influence on the interface de-
formation are completely decoupled. The comparison of (a) and (b) shows that the
deformation caused by translation is dominant. This figure is taken from Ref. [77].
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Figure 4.16: Influence of the fluid-fluid interfacial tension σ12 on the interface defor-
mation. (In both plots: peak A in Fig. 4.15: triangles, peak B in Fig. 4.15: squares, peak
C: circles) (a) Rescaled peak time. tp,res decreases for increasing σ12 because a higher
value ofσ12 corresponds to a higher force acting on the particle, making the adsorption
faster. Inset: for the purely translational mode it can be shown that it can be reason-
ably well described as a harmonic oscillator and fitted by tp = 1/

√
bHOσ12 + cHO.

(b) Rescaled height. λmax,res increases with increasing σ12. There is a linear increase
for small σ12 (σ12 ≤ 0.06) which can be explained by the equations of the harmonic
oscillator (see Eq. (4.3)). This figure is taken from Ref. [77].



64 Dynamics of the adsorption of a uniformly wetting ellipsoid to a fluid interface

 550

 600

 650

 700

 750

 800

 850

 900

 950

 0.02  0.04  0.06  0.08

Λ

σ12 [lattice units]

ϑ(t=0)=(10
-4

)
°

ϑ(t=0)=45
°
     

Figure 4.17: Influence of the fluid-fluid interfacial tension σ12 on the time integrated
interface deformation Λ =

∫
λ(t)dt for the two initial angles from Fig. 4.15. Λ

is decreasing with increasing σ12 because a higher value of σ12 leads to a faster
adsorption and larger restoring force which reduces the interface deformation. This
figure is taken from Ref. [77].

4.7 Interface deformation: influence on the free energy

The final states of the adsorption of a uniformly wetting ellipsoid (the stable state
(equilibrium) as well as the metastable state) to a flat fluid interface can be described
by finding local or global minima of the free energy. This has been done several times
assuming an ideally flat interfaces by neglecting interface deformation [26, 48]. Also
the equation of motion for the adsorption including the force acting on the particle
coming from the interface can be derived from free energy as it is given in Eq. (4.2)
and used in the “flat interface model”. In this section, we derive an expression for a
free energy which takes into account the actual deformation of the interface.

The important variables for this situation are shown in Fig. 4.18. ∆ξ is the distance
of the undeformed interface and the plane created by the three-phase contact line.
Note that this is generally not a plane for other particle orientations. h is the local
interface deformation and the zero-point is given at the 3-phase contact line created
by the fluid interface and the particle surface.

The starting point for this consideration is the free energy function as given in
Eq. (4.1). In order to show the influence of the interface deformation on the free
energy, we split the total interfacial area A12 between the two fluids into the sum
A12(ξ ,ϑ) = Aundef(ξ ,ϑ) + ∆Aifdef(ξ ,ϑ) and obtain

F (ξ ,ϑ) = σ12(Aundef(ξ ,ϑ) + ∆Aifdef(ξ ,ϑ)) = Fundef + ∆Fifdef

∆F (ξ ,ϑ) = F −F0 = σ12(−Aef(ξ ,ϑ) + ∆Aifdef(ξ ,ϑ)).
(4.22)

∆Fifdef and ∆Aifdef are the correction terms to the free energy and the interface area,
respectively, and take into account the deformation of the fluid interface induced
by the particle. They are functions of ξ and ϑ. Aundef is the area of a hypothetical
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Figure 4.18: The quantities needed to calculate the “new” free energy for an upright
orientation of the particle are shown here. The line at the bottom shows the unde-
formed interface. The line above shows the deformed interface. ∆ξ is the height
of the deformed interface at the points where it meets the particle (3-phase contact
line) above or below the undeformed interface. ξ is the distance between particle
center and undeformed interface. r0 and R0 are the radius of the circle created by the
deformed and undeformed interface, respectively. This figure is taken from Ref. [77].

flat interface and Fundef is the corresponding free energy. Aef is the area of the flat
interface occupied by the particle.

Before calculating the interface areas, we define the following two radii

R0 =

√
R2
‖ −ξ2

m
and r0 =

√
R2
‖ − (ξ − ∆ξ)2

m
. (4.23)

As shown in Fig. 4.18, r0 and R0 are the radius of the circle created by the deformed
and undeformed interface, respectively. They describe the respective three phase
contact line. Then, the exact solution for the excluded area from the undeformed
interface can be easily given as

Aef = πR2
0

Aundef = Aflat − Aef = Aflat − πR2
0.

(4.24)

With Eq. (4.24) and Eq. (4.23), we find

Aef = π

(
R2
‖

m2 −
ξ2

m2

)
= π

(
R2
⊥ −

ξ2

m2

)
. (4.25)

From the comparison between the two models in section 4.4, it turnes out that the
interface deformation influences the adsorption dynamics, but generally not the final
state. Thus, the following requirements for the correction term ∆Aifdef are laid down:

∆Aifdef

{
= 0 for an undeformed interface
> 0 for a deformed interface.

(4.26)
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This makes sure that the minimum of F is not shifted. As seen in Table 2.1, the
interface is undeformed for ξ = 0 and otherwise deformed for the neutrally-wetting
case.

In order to obtain a function for ∆Aifdef, we start with the calculation similar to the
one presented in Ref. [174] for small interface deformations: the infinitesimal element
of the undeformed interface is given as dS = dxdz and the one of the deformed
interface as dS∗ = dx∗dz∗. The relations are given as dx∗ = dx and

dz∗ =
√

dz2 + dh2 ≈

√
dz2 +

(
dh
dz

)2

dz2 = dz
√

1 + (∇h)2 ≈ dz
(

1 +
1
2
(∇h)2

)
.

(4.27)
h is the height of the interface and vanishes at the point where the interface meets the
particle surface. The excess interface area can be obtained in the following way:

d(∆Aifdef) = dS∗ − dS = dxdz
1
2
(∇h)2. (4.28)

∆Aifdef is given as

∆Aifdef =
1
2

∫ Rmax(φp)

r=r0(φp)

∫ 2π

φp=0
(∇h)2rdφpdr. (4.29)

r0(φp) is the point where the interface touches the particle. It is a function ofφp for a
general value of ϑ. In case of ϑ = 0, the three phase contact line is a circle as shown
in Fig. 4.18, and thus, the dependence onφp vanishes. Rmax(φp) is the cutoff of the
integration.

For simplicity, we assume a constant orientation of ϑ = 0. This example is chosen,
because it is simple to calculate. This corresponds to the adsorption trajectory of the
metastable state.

The differential equation and the solution for h in form of a multipole expansion
are given in Eq. (2.25) and Eq. (2.26). The important order for the situation of interest
here is the monopole

h(r) = A0 ln
r
r0

for r0 ≤ r ≤ Rmax, (4.30)

which does not depend on the directionφp. r is the distance from the particle center.
r0 is the radius of the circle created by the deformed interface and the particle. Rmax
is defined as the value of r where

h(r = Rmax) = A0 ln
Rmax

r0
= ∆ξ (4.31)

is fulfilled. It limits the range of the interface deformation. As h does not depend on
the angle in the monopole order in Eq. (4.30), the gradient is given by

∇h = êr
∂

∂r
h = êr A0

∂

∂r
ln

r
r0

= êr
A0

r
(4.32)
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Figure 4.19: Comparison of simulation data with results of Eq. (4.35) with a0 = 0.49.
The solid line shows the results from the simulation and the dashed line is fitted with
Eq. (4.35). This figure is taken from Ref. [77].

leading to (∇h)2 = (A0/r)2. êr is the unit vector in r direction. With Eq. (4.29) and
Eq. (4.32), we obtain

∆Aifdef =
A2

0

2

∫ Rmax

r=r0

∫ 2π

φp=0

1
r

dφpdr

= πA2
0 ln

Rmax

r0
.

(4.33)

Using Eq. (4.31) and Eq. (4.23), it is possible to simplify Eq. (4.33) to

∆Aifdef = π∆ξA0. (4.34)

This reduces the problem to the one of finding dependencies A0(ξ) and ∆ξ(ξ). The
relation between A0 and ∆ξ is given by Eq. (4.31). If we assume that the ln term in
Eq. (4.31) is approximately constant, it can be assumed a linear relation (see Fig. 4.19)
as

A0 = a0∆ξ . (4.35)

Figure 4.19 compares Eq. (4.35) with results obtained from the simulation. a0 = 0.49
and therefore describes the simulation data well. This reduces the problem to finding
the relation ∆ξ(ξ). With Eq. (4.34) and Eq. (4.35), we obtain

∆Aifdef = πa0∆ξ
2. (4.36)

The relation between ∆ξ and ξ depicted in Fig. 4.20. It is shown that there is a linear
dependence and two relation for the ranges ξ ≤ ξs and ξ ≥ ξs:

∆ξ =

{
H1ξ , for ξ ≤ ξs

H2ξ − H0, for ξ ≥ ξs.
(4.37)
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Figure 4.20: Comparison of simulation data with results of Eq. (4.37). The solid line
shows the results from the simulation. The dashed lines are fitted with Eq. (4.37) with
H0 = 0.58 and H2 = 0.37 for ξ ≤ ξs and H1 = 0.04 for ξ ≥ ξs. This figure is taken
from Ref. [77].
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Figure 4.21: Comparison of simulation data with results of Eq. (4.38). The solid line
shows the results from the simulation. The dashed lines are fitted with Eq. (4.38) with
A1 = 0.0023 for ξ ≤ ξs and B2 = 0.21, B1 = 0.66 and B0 = 0.52 for ξ ≥ ξs. This
figure is taken from Ref. [77].
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ξs = H0/(H2 − H1) is defined as the intersection of the two lines from Eq. (4.37). With
Eq. (4.35), Eq. (4.37) and Eq. (4.34), we find

∆Aifdef =

{
πH1(a0 H1 − 2

m )ξ
2 = A1ξ

2, for ξ ≤ ξs

π(H2ξ − H0)((a0 H2)ξ − a0 H0) = B2ξ
2 + B1ξ + B0, for ξ ≥ ξs.

(4.38)

The coefficients are given as A1 = πH1(a0 H1), B0 = πa0 H2
0 , B1 = −πH0(2a0 H2) and

B2 = π(a0 H2)H2. Figure 4.21 shows the fit for the simulation data by this relation.
Furthermore, Eq. (4.38) shows that ∆Aifdef vanishes for ξ = 0, i.e. the interface
deformation and its influence vanish for the final position. This means that the
interface deformation influences the adsorption process but not the final state.

Finally, for the given orientation, we can write down explicitly the free energy
given in Eq. (4.22) using Eq. (4.24) and Eq. (4.38):

∆Fifdef(ξ ,ϑ = 0) = σ12(Aundef(ξ ,ϑ = 0) + ∆Aifdef(ξ ,ϑ = 0))

= σ12

(
πR2

0 + π∆ξ

(
A0 −

(2ξ − ∆ξ)

m

))
.

(4.39)

With Eq. (4.23) and Eq. (4.38), we obtain the full dependence of Funiifdef from ξ as

∆Fifdef =

{
σ12
(
(A1 −m−2)ξ2 + R⊥

)
, for ξ ≤ ξs

σ12
(
(B2 −m−2)ξ2 + B1ξ + R⊥ + B0

)
, for ξ ≥ ξs.

(4.40)

The conditions of Eq. (4.26) are fulfilled by Eq. (4.39).
Thus, the equation of motion from Eq. (4.2) can be given for this situation using

Eq. (4.39) as

Mparξ̈ = −cDξ̇ −
{

2σ12(A1 −m−2)ξ , for ξ ≤ ξs

2σ12(B2 −m−2)ξ +σ12B1, for ξ ≥ ξs.
(4.41)

An additional term is added to Eq. (4.11) and we obtain

ξ̈ + 2cDMξ̇ +αHOξ = ξinh, (4.42)

withαHO = 2σ12(B2 −m−2)/Mpar. Thus, due to the interface deformation, an inho-
mogeneous term is added to the differential equation of the harmonic oscillator. This
additional term is given as ξinh = −σ12B1/Mpar. cDM = cD/(2Mpar) is the damping
coefficient. Figure 4.6(a) shows that the adsorption process in this example behaves
like an underdamped harmonic oscillator. It can be solved by

ξ(t) = ξhom(t) +ξinh

=

(
ξhom,0

αHO

)
exp(−cDMt)(αHO cosh(αHOt) + cDM sinh(αHOt)) +ξinh.

(4.43)

for ξ ≥ ξs. Thus, ξ(t) is given by a sum of the homogeneous solution of the harmonic
oscillator ξhom and an inhomogeneous part ξinh. For ξ ≤ ξs, it reduces to Eq. (4.15).
We saw that for a neutrally-wetting particle the interface deformation influences the
dynamics but not the final state. The condition of Eq. (4.26) is fulfilled.



70 Dynamics of the adsorption of a uniformly wetting ellipsoid to a fluid interface

4.8 Conclusion

In this section, the final states and the dynamics of the adsorption of a single ellipsoidal
particle with a uniform wettability to a fluid interface is studied. In conclusion, one
can say that the equilibrium orientation of the particle is the orientation parallel
to the interface. In this orientation, the particle occupies as much interface area
as possible and minimizes the free energy in this way. Furthermore, a metastable
state is found, where the particle has an upright orientation. The particle rotation
during the adsorption process of the particle can be divided into two regimes: in the
beginning, the particle rotates towards the upright orientation. This is caused by a
point-like force acting on the particle while it touches the interface. At a later stage,
the particle rotates towards the orientation parallel to the interface. By comparing the
simulation results with the “flat interface” model, a simplified model which does not
consider any hydrodynamical effects, it can be concluded that the hydrodynamics
must not be neglected. The two important hydrodynamical effects for the system of
interest are the drag force and the interface deformation. The interface deformation
can be divided into a static and a dynamic contribution. The dynamic contribution
from the translation is almost one order of magnitude larger than the one from the
rotation. It can be shown that the translation can be described by the equation of the
harmonic oscillator, where the harmonic potential follows from the free energy and
the damping constant from the drag force of the bulk fluid and the interface. However,
the deformation of the interface causes a deviation of the particle adsorption from the
exact behavior of the harmonic oscillator. Therefore, it is necessary to add a correction
factor to the free energy and the equation of motion in order to take into account the
interface deformation.



Chapter 5

Emulsions stabilized by
uniformly wetting ellipsoids

Abstract

Particle-stabilized emulsions have received an enormous interest in the recent past,
but our understanding of the dynamics of emulsion formation is still limited. For
simple spherical particles, the time dependent growth of fluid domains is dominated
by the formation of droplets, particle adsorption and coalescence of droplets (Ost-
wald ripening) which eventually can be almost fully blocked due to the presence
of the particles. Ellipsoidal particles are known to be more efficient stabilizers of
fluid interfaces than spherical particles and their anisotropic shape and the related
additional rotational degrees of freedom have an impact on the dynamics of emulsion
formation. This leads to additional timescales in the long-term time evolution of
emulsion formation. In this chapter, we investigate these timescales by means of sim-
ple model systems consisting of a single ellipsoidal particle or a particle ensemble at a
flat interface as well as a particle ensemble at a spherical interface. It is demonstrated
that the anisotropic shape of ellipsoidal particles causes two additional timescales to
be of relevance in the dynamics of emulsion formation: a relatively short timescale
can be attributed to the adsorption of single particles and the involved rotation of
particles towards the interface. As soon as the interface is jammed, however, capillary
interactions between the particles cause a local reordering on very long timescales
leading to a continuous change in the interface configuration and a surprising in-
crease of interfacial area. This effect can be utilized to counteract the thermodynamic
instability of particle-stabilized emulsions and thus offers the possibility to produce
emulsions with exceptional stability. Furthermore, the influence of control parameters
such as volume ratio of the fluids and contact angle on Pickering emulsions and bijels
is studied.

The results discussed in this chapter are based on Refs. [78, 79, 111].

71
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5.1 Introduction

In the following, we consider emulsions stabilized by a large number of anisotropic
colloidal particles. To simulate a bulk system, we use a cubic volume with a side
length of 256 lattice units and periodic boundary conditions in all directions. To
obtain a phase separation, the fluid-fluid interaction parameter between red and blue
fluids (see Eq. (3.22)) is set to gbr = 0.08. The initial density distributions of the two
fluids are chosen to be random.

As defined in section 2.4 and section 1.2, we distinguish between two different
types for these emulsions, the Pickering emulsion and the bicontinuous interfacially
jammed emulsion gel (bijel). The bijel [176] consists of two continuous phases whereas
the Pickering emulsion [152, 156] is composed of discrete droplets of one fluid im-
mersed in a second fluid phase. Bijels and Pickering emulsions stabilized by spherical
particles have been investigated in Ref. [68, 98]. The emulsion type is found to depend
on control parameters such as the volume ratio of the two fluid.

To characterize an emulsion, the time-dependent lateral domain size/droplet size

L(t) =
1
3 ∑

i=x,y,z
Li(t) (5.1)

is calculated. Its Cartesian components (i = x, y, z) are defined as

Li(t) =
2π√
〈k2

i (t)〉
, 〈k2

i (t)〉 =
∑k k2

i (t)s(k, t)
∑k s(k, t)

. (5.2)

〈k2
i (t)〉 is the second-order moment of the three-dimensional structure function

s(k, t) =
1
sn
|φ′k(t)|. (5.3)

φ′ = φ̃− 〈φ̃〉 is the Fourier transform of the fluctuations of the order parameter

φ̃ = ρr − ρb. (5.4)

ρr and ρb are the densities of the red and blue fluid, respectively, and defined in
Eq. (3.16).

The particle concentration is characterized by C = ŇpVp/V. Ňp is the number of
particles in the emulsion, Vp and V are the volume of the particles and the system,
respectively. The degree of anisotropy of a particle is given by the aspect ratio
m = R‖/R⊥. R‖ and R⊥ are the parallel and orthogonal radius of the particles,
respectively. The interaction parameter between the red and blue fluid (see Eq. (3.22))
is chosen as gbr = 0.08 which corresponds to a fluid-fluid interfacial tension of
σ12 = 0.0138.

5.2 Phase behavior and parameter studies

In this section, we discuss the influence of control parameters on emulsions. The
choice of the control parameters decides into which of the two phases the system
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evolves. Here, we look at the contact angle θ and the volume ratio of the fluids. θ is
the contact angle defined in chapter 2. The left plot in Fig. 5.1 shows the transition
from a bijel to a Pickering emulsion for an aspect ratio of m = 2 and a particle volume
concentration of C ≈ 0.2. The squares show the configurations which lead to a bijel
whereas the circles denote a Pickering emulsion. If the amount of the two fluids
present in the simulation is equal or not too different (e.g. a ratio of 4 : 3), we find
a bijel for all considered contact angles. However, if the fluid ratio is increased, we
find a Pickering emulsion. For intermediate fluid ratios, the obtained phase depends
on the chosen contact angle. For example for a ratio of 9 : 5, we obtain a bijel for a
contact angle of 90◦ and a Pickering emulsion for all higher values of θ.

The right plot in Fig. 5.1 shows the dependence of the domain size on the vol-
ume concentration of particles C for different concentrations between C = 0.08 and
C = 0.24 for an emulsion with a fluid ratio of 1 : 1 and θ = 90◦.

The results for anisotropic particles (here: m = 2) and spheres (m = 1) are
compared. As can be seen in the left inset of Fig. 5.1, these parameters for the case of
m = 2 lead to a bijel. For too small volume concentrations such as C ≈ 0.04, there are
insufficient particles available to stabilize the emulsion. The system finally reaches a
fully demixed state. The simulation data is displayed by circles for m = 2 and squares
for m = 1 (see [98]). L decreases with an increasing value of C. An increasing number
of particles stabilizing the emulsion leads to an increase of the total interfacial area
and thus to smaller domain sizes. The results can be fitted by the equation [98]

L(C) =
a
C
+ b (5.5)

(see solid (m = 2) and dashed (m = 1) lines in the right plot in Fig. 5.1) with values
b ≈ 11.08 for m = 2 and b ≈ 10.85 for m = 1. The offset b is due to the finite system
size in our simulation and is approximately independent of the particle shape. The
factor a depends on the shape of the particles. For spheres we find a value of a ≈ 3.86
whereas for m = 2 we find a ≈ 2.20. The right plot in Fig. 5.1 shows that the domain
size L is larger for spherical particles than for the case of anisotropic particles. If a
spherical particle with a radius R and a contact angle θ = 90◦ is adsorbed, it reduces
the interfacial area by an amount of A(m = 1) = 2πR2. If an anisotropic ellipsoid with
aspect ratio m and the same volume as the sphere is adsorbed and reaches the stable
point (see results of the single-particle adsorption in the previous chapter), the interfa-
cial area is reduced by an amount of A(m) = 2πR‖R⊥ = 2πm1/3R2. For the example
of m = 2, we obtain a reduction of the interface area of A(m = 2) ≈ 2.52πR2. Thus, if
the particle anisotropy increases, the occupied area A(m) increases. This means that
if the particle number is kept constant and the anisotropy is increased, the particles
can stabilize a larger interface which leads to smaller domain sizes. As the structure
of a bijel interface is quite complicated and the interfaces are generally curved, it is
not possible to utilize the relations given above to derive an exact dependence of the
domain size L on the particle aspect ratio m. However, the qualitative difference of
using spheres or ellipsoids as emulsion stabilizers can be well understood.
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Figure 5.1: (a) Phase diagram demonstrating the transition from a bijel (circle) to a
Pickering emulsion (square) for m = 2. The contact angle θ and the volume ratio
between the two fluids are varied. The squares show the configurations which lead
to a bijel whereas the circles denote a Pickering emulsion. (b) Average domain size
L in equilibrium versus the volume concentration of the particles C for a bijel with
particles of neutral wettability (θ = 90◦). The plot compares the data for spheres
(m = 1, squares) [98] with ellipsoids (here: m = 2, circles). The behavior can be
approximated by L = a

C + b (see solid line (m = 2) and dashed line (m = 1)) where a
and b are fit parameters. This figures are taken from Ref. [78].
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5.3 Long-term time evolution in emulsions due to parti-
cle anisotropy

In this section, the long term-time evolution of both emulsion types is discussed. We
find the two different types of emulsions in our simulations, namely the Pickering
emulsion (Fig. 5.2, left) and the bijel (Fig. 5.2, right). As shown in the previous subsec-
tion, the choice of parameters (such as particle contact angle, particle concentration,
fluid-fluid volume ratio, particle aspect ratio) determines the type of emulsions. Pa-
rameter studies for emulsions have been discussed in Refs. [98] and [78] for spherical
and ellipsoidal particles, respectively. In the current section, we limit ourselves to
anisotropy effects on the time dependence of the emulsion formation. We use the
following particle shapes: prolate ellipsoids (m = 2; Fig. 5.2, top), spheres (m = 1;
Fig. 5.2, center) and oblate ellipsoids (m = 1/2; Fig. 5.2, bottom). For m = 1/2, we
choose R‖ = 5∆x and R⊥ = 10∆x. For the other values of m, the radii R‖ and R⊥ are
chosen as such that the particle volume is kept constant, resulting in R‖ ≈ 12.6∆x
and R⊥ ≈ 6.3∆x for m = 2 as well as R‖ = R⊥ ≈ 7.9∆x for spheres. The particles
are neutrally-wetting (contact angle θ = 90◦) and the particle volume concentration
is chosen as C = 0.24. The simulated systems of volume VS = L3

S have periodic
boundary conditions in all three directions and a side length of LS = 256∆x. Initially,
the particles are distributed randomly. At each lattice node, a random value for each
fluid component is chosen so that the designed fluid-fluid ratio is kept (1:1 for the
bijels and 5:2 for the Pickering emulsions). When the simulation evolves in time, the
fluids separate and droplets/domains with a majority of red or blue fluid form.

The time development of L(t) for the three different particle types (prolate, spher-
ical and oblate (m = 2, 1 and 1/2) and for Pickering emulsions and bijels is shown in
Fig. 5.3. We can identify three regimes: in the first few hundred timesteps, the initial
formation of the droplets/domains starts. Then, the growth of droplets/domains
is driven by Ostwald ripening. At even later times, droplets/domains grow due to
coalescence. When two droplets unify, the area coverage fraction of the particles at the
interface is increased, because the surface area of the new droplet is smaller than that
of the two smaller droplets before. At some point, the area coverage fraction of the
particles is sufficiently high to prevent further coalescence. The state which is reached
at that time is (at least kinetically) stabilized and one obtains a stable emulsion. The
values for L(t) are larger for bijels than for Pickering emulsions. This can be explained
by the way we calculate L(t) (see Eq. (5.1) and Eq. (5.2) together with related text)
using a Fourier transformation of the order parameter field (see definition in Eq. (5.4)).

It can clearly be seen that anisotropic particles are more efficient in the interface
stabilization than spheres, since they can cover larger interfacial areas leading to
smaller fluid domains (note that the simulation volume is kept constant). However,
the difference in L(t) for m = 2 and m = 1/2 is small. This can be understood as
follows: as mentioned above, if a neutrally-wetting prolate ellipsoid is adsorbed at a
flat interface, it occupies an area AP,F(m > 1) = m1/3 Ap,s, where Ap,s is the occupied
interface area for a sphere with the same volume. This corresponds in the case of
m = 2 to the occupied interface being larger by a factor of 1.26 as compared to spheres.
For an oblate ellipsoid, the occupied interface area is AP,F(m < 1) = m−2/3 Ap,s which
for m = 1/2 is by a factor of 1.59 larger than the area occupied by spheres. Since
in emulsions the interfaces are generally not flat, these formulae can only provide
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Figure 5.2: Snapshots of typical simulated Pickering emulsions (left) and bijels (right)
after 105 timesteps. The emulsions are stabilized by prolate ellipsoids (m = 2, top),
spheres (m = 1, center) and oblate ellipsoids (m = 1/2, bottom). The parameter
determining if one obtains a bijel or a Pickering emulsion is the fluid volume ratio
which is chosen as 1:1 for the bijels and 5:2 for Pickering emulsions. This figure is
taken from Ref. [79].
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Figure 5.3: Pickering emulsion and bijel: Time development of the average domain
size L(t) (see Eq. (5.1)) for m = 1 and m = 2. At first view, a steady state is reached
after about 105 timesteps. L(t) is larger for bijels than for Pickering emulsions which is
due to the measurement being based on the Fourier transform of the order parameter.
Ellipsoids are able to stabilize larger interface areas than spheres leading to smaller
values for L(t). This figure is taken from Ref. [79].

a qualitative explanation of the behavior of L(t): if the interface curvature is not
negligible anymore, we lose some of the efficiency of interface stabilization which is
more pronounced for m < 1. This explains why the value of L(t) for m = 1/2 is only
slightly smaller than for m = 2.

It seems that L(t) reaches a steady state after some 105 timesteps for both types of
emulsions and for all three values of m. However, if one zooms in one can observe
that L(t) develops for a longer time period, if the particles have a non-spherical shape.
As will be demonstrated below, the reason for this phenomenon is the additional
rotational degrees of freedom due to the particle anisotropy. Furthermore, the time
development of L(t) for emulsions stabilized by prolate particles requires more time
than that for the oblate ones. If a particle changes its orientation as compared to
the interface or a neighboring particle, this generally changes the interface shape.
In this way the domain sizes are influenced, leading to changes of L(t) – an effect
which is not observed for m = 1. Figure 5.4 and Fig. 5.5 depict a zoom-in of the time
development of L(t) for Pickering emulsions and bijels with m = 2 and m = 1/2,
respectively. One observes that L(t) decays in all four cases. The kink in Fig. 5.4 after
about 2.8 million timesteps is due to the coalescence of two droplets of the Pickering
emulsion. A substantial difference is the amplitude of the range of the decay. It is
larger for the bijel since it consists of a single large interface whereas the Pickering
emulsion consists of many small interfaces. The large interface in the bijel is much
more deformable. This explains the larger range of the decay of L(t) for the bijel. The
fluctuations are of the same order for Pickering emulsions and bijels. Furthermore,
the range of the decay is larger for m = 2 than for m = 1/2. The time of reordering is
much shorter for m = 1/2 as compared to m = 2. These effects can be explained by
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Figure 5.4: Pickering emulsion: zoom of the time dependent average domain size
L(t) for m = 2, m = 1 and m = 1/2. The slow but continuous decrease of L(t) clearly
shows the occurrence of additional timescales in the domain growth. The kink in the
measurement for m = 2 can be attributed to the coalescence of two droplets. This
figure is taken from Ref. [79].
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Figure 5.5: Bijel: Zoom for m = 2 and m = 1/2: Time development of the average
domain sizes depicting the impact of the additional timescales. The range of the
variation of L(t) is larger as compared to the Pickering emulsion due to the impact of
small deformations on the larger effective interface of the bijel. This figure is taken
from Ref. [79].
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the presence of additional rotational degrees of freedom for the anisotropic particles.
While oblate particles have only a single additional rotational degree of freedom as
compared to spheres, prolate particles show an even more complex behavior due to
their second additional rotational degree of freedom.

In this section, we demonstrated that particle anisotropy causes additional time-
scales to influence the growth of domains in particle-stabilized emulsions. In the
following sections we discuss model systems in order to obtain a deeper under-
standing of this effect. We will restrict ourselves to prolate particles with m = 2.
Furthermore, the high resolution of the particles in the current section was only cho-
sen to be able to sufficiently resolve the oblate objects. In order to reduce the required
computational resources, we use smaller particles in the model systems studied below
and in the previous chapter (R‖ = 8∆x and R⊥ = 4∆x). It has been checked carefully
that the reduced particle size does not have a qualitative impact on the results.

5.4 Single particle adsorption

In the previous section, it is shown that there is an additional time development
caused by particle anisotropy. In this and in the following sections, we try to under-
stand it with the help of model systems. The first model system is the adsorption of a
single particle to a flat fluid interface and discussed in the previous chapter. For all
starting orientations of the particle, it can be easily seen that the adsorption time takes
up to the order of 104 timesteps and thus much shorter compared to the additional
time evolution in the emulsions. The rotation of a particle towards the interface can
be related to one additional timescale, but it is not enough to understand the full
additional time behavior.

5.5 Particle ensembles at a flat fluid-fluid interface

After having studied the adsorption of a single particle, we discuss the behavior of a
many-particle ensemble at a flat interface. What is the influence of the hydrodynamic
interaction between many particles on the timescales involved in emulsion formation?
For the case of the single-particle adsorption the particle orientation towards the inter-
face (ϑ) is an important parameter. For prolate particles, also the mutual orientation
(φ) of the particles is important and one has an additional degree of freedom leading
to particle orientational ordering. To characterize the ordering of the particles we use
two order parameters and two correlation functions.

Measures for global ordering effects of the particles are the orientational order
parameters S and Q. We define the uniaxial order parameter S as [37, 110]

S =
1
2
〈
3 cos2 ϑ− 1

〉
, (5.6)

where 〈〉 denotes the averaging over particles. Originally, S is an order parameter
for studying liquid crystals which indicates the phase transition from the isotropic to
the anisotropic, nematic phase. Here, the parameter S is used as a measure for the
orientation of the particle ensemble towards the interface. If all particles are oriented
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Figure 5.6: Top left: Sketch of the initial condition for the many-particle system. All
particles are oriented almost orthogonal to the interface corresponding to the initial
configuration. Top right: Sketch of the final state. All particles are oriented parallel to
the interface. Bottom: Different constellations of mutual orientation of next neighbors.
This figure is taken from Ref. [79].

orthogonal to the interface, we have S = S⊥ = 1 (see top right of Fig. 5.6). The
orientation of all particles parallel to the interface leads to S = S‖ = −0.5 (see top left
of Fig. 5.6).
The biaxial order parameter Q is defined as [37]

Q =
3
2
〈
sin2 ϑ cos(2φ)

〉
. (5.7)

The parameter Q is a measure for the mutual orientation of the particles oriented
parallel to the interface. If all particles lying parallel to the interface are oriented in
the same direction, it is Q = Qaniso = 1.5. Q = Qiso = 0 means that the particles
oriented parallel to the interface have a two-dimensional isotropic ordering.
The local ordering effects are investigated by using two correlation functions. The
discretized form of the pair correlation function g(r) is defined as (in the discrete
form)

g(r) =
1

2πgnNp

〈
∑

i, j 6=i

∫ r+ 1
2

r− 1
2

δ(r̃− ri j)dr̃

〉
, (5.8)

where Np is the number of particles, r and ri j are the distance from a reference particle
and the distance between the two particle centers of particle i and j in units of R‖,
respectively, and gn is a normalization factor chosen such that g(r) → 1 for r → ∞.
g(r) gives a probability to find a particle at a distance r from a reference particle. It is
a measure for the ordering of the particle centers and ignores the orientation. As a
measure for the local orientational ordering effects, the angular correlation function is
defined as (in the discrete form) [40]

g2l(r) =
∫ r+ 1

2

r− 1
2

〈cos(2l(φ(0)−φ(r̃)))〉 dr̃. (5.9)

In the following, we choose l = 1 in order to have the appropriate values of this order
parameter for a given value of φ discussed below. It is referred to in the following
as g2. g2(r) gives a measure for the average orientation of particles at distance r
from a reference particle. If the particles at distance r from the reference particle
are all oriented parallel to the reference particle we have g2(r) = 1 (see right and
left configuration in the bottom of Fig. 5.6) and an orthogonal orientation leads to
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Figure 5.7: Zoomed snapshot after 104 timesteps of the state where the particles are
flipped (Related to top right in Fig. 5.6). This figure is taken from Ref. [79].

g2(r) = −1 (see central configuration in the bottom of Fig. 5.6). In the following, we
use smoothed versions of g and g2 where we average over neighboring data points.
The flat interface considered in this section is periodic in two dimensions parallel
to the interface and each period has a size of AI = L2

I , with LI = 512 = 64R‖. The
system is confined by walls 40 lattice units distant from the interface in the third
dimension. The particle coverage fraction for N particles adsorbed at the interface is
defined as

χ(ξ ,ϑ) =
NAP(ξ ,ϑ)

AI
. (5.10)

AP(ξ ,ϑ) is the area which the particle would occupy at a hypothetical flat interface
and depends on the distance between the particle center and the undeformed interface
and the particle orientation relative to the flat interface. ξ is the distance between the
particle center and the undeformed interface. In the following, we relate the coverage
fraction to the case of ξ = 0 and ϑ = 0◦ (χI) or ϑ = 90◦ (χF) corresponding to the
initial state and the equilibrium state for θ = 90◦ (see previous section). This leads to
χI = NAP,I/AI and χF = NAP,F/AI with AP,I = πR2

⊥ and AP,F = πR‖R⊥.
Initially, the particles are oriented almost orthogonally to the interface (see top left

of Fig. 5.6). The initial value for the polar angle is chosen as ϑ0 = ϑ(t = 0) ≈ 0.6◦

for all particles. This is close to the orientation orthogonal to the interface (ϑ = 0).
The deviation from ϑ = 0 causes the rotation of the particles. The values for the
azimuth angleφ and the particle positions are chosen randomly. This initial condition
ensures that on the one hand, the particles are almost orthogonal to the interface
and on the other hand the particles still flip. Analogously to the case of the single-
particle adsorption, the particles flip to an orientation parallel to the interface (see
Fig. 5.7). Figure 5.8 shows the time development of S for different values of χI
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Figure 5.8: Time development of the two order parameters S(t) and Q(t) (see Eq. (5.6)
and Eq. (5.7)) for m = 2, θ = 90◦,σ ≈ 0.041 in lattice units. Q(t) is shown for a single
value of χI only, since it stays at a value of approximately 0 for all χI . S(t) is shown
for different values of χI . In case of highly packed interfaces, i.e. for large values of
χI , not all particles are able to fully align with the interface. For larger values of χI , S
needs a longer time to get into the equilibrium than shown here. This figure is taken
from Ref. [79].

(χI ≈ 0.08 (squares), χI ≈ 0.38 (circles), χI ≈ 0.46 (upward pointing triangles)
and χI ≈ 0.52 (downward pointing triangles)) and the time development of Q for
χI ≈ 0.38 (diamonds). The parameter Q starts at 0 and ends at a small value
(Qfinal ≈ 0.05� Qaniso) far away from the value of total ordering. A similar behavior
is found for all values of χI . Figure 5.7 shows that there are smaller domains where
particles are oriented in the same direction, but every domain has a different preferred
particle direction which might lead to small but still finite values of Q. Another reason
for the finite value of Q can be the finite system size and finite particle number which
change the parameter as follows [40]:

Q = Q∞ + O
(

1√
N

)
. (5.11)

Q∞ is the value of the biaxial order parameter that the corresponding infinitely ex-
tended system with an infinite amount of particles would have, and the finite size
effect is of order of 1/

√
N.

The time evolution of parameter S starts for all values of χI with a value of
S⊥ = 1. This corresponds to the initial configuration for all simulation runs. For
lower values of χI , the parameter S reaches S‖ = −0.5, corresponding to the case, that
the particles flip completely. For larger values of χI , the final value of the parameter
is Sfinal > S‖ = −0.5. This corresponds to the case where some particles cannot
flip completely to the equilibrium orientation, because there is insufficient space.
The final values of S (obtained after 105 timesteps) are shown in the outer plot of
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Figure 5.9: The final values of the order parameter S are plotted for different particle
densities χI . As shown in 5.8 a transition from a fully ordered to a disordered state
can be found at a critical value of χI,C ≈ 0.42. Inset: the time the order parameter S
(defined in Eq. 5.6) requires to reach the final value (time which particles need to flip).
For small values of χI , t f is independent of χI but above a critical value of χI = χI,C
t f increases with increasing χ by almost one order of magnitude. This figure is taken
from Ref. [79].

Fig. 5.9 as a function of χI . We find a transition point at χI,C ≈ 0.42 corresponding
to χF,C ≈ 0.84. If all particles are oriented parallel to the interface, the system
corresponds practically to a two dimensional system of ellipses. However, the value
of χI,C found is below the value of the closest packing density for a two-dimensional
system of ellipses with m = 2 which is χF,max ≈ 0.91. Such a system was also studied
in Ref. [40] with Monte Carlo (MC) simulations. For the case of an ellipse with an
aspect ratio m2d = 2, a transition point of χ2dmc ≈ 0.78 from isotropy to a solid
phase was found. The solid phase describes a state where the particle centers as well
as the orientations are ordered. We do not reach the limit of the solid phase. This
suggests that hydrodynamic interactions and the absence of confinement in the third
dimension still play a dominant role. The biaxial order parameter in the MC system
grows up to Q ≈ 1 (see Fig. 11 in Ref. [40]) corresponding to a global anisotropic state
with a quite high degree of ordering for χF > χ2dmc. This effect is not observed in
our system. The reason for this difference is the method used to reach this state. A
two-dimensional system of ellipses was studied in Ref. [40] whereas we simulated
three-dimensional ellipsoids which form an effective two-dimensional system by
flipping to the interface.

We can see that in the many-particle system and for small and moderate χI ,
about 103 timesteps are required for the particles to flip which is the same order of
magnitude as in the case of the single particle adsorption for small values of χI . The
inset in Fig. 5.9 shows the time the order parameter S needs to reach its final value.
This corresponds to the time required for the whole particle ensemble to be flipped
completely (χI < χc) or to reach the semi-flipped state for χI > χc. For χI < 0.38, t f
stays almost constant at about 4500 timesteps. Here, t f is the time where S reached
98% of its final value. In this regime, the distance between the particles is sufficiently
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large such that the influence of hydrodynamic interactions on the flipping behavior
can be neglected. For higher values, it increases very sharply and hydrodynamic
interactions between the particles must not be neglected anymore. Furthermore, the
time needed to flip completely for the very dense systems (jammed state) is about
one order of magnitude larger.

The biaxial order parameter does not show any global ordering, but the snapshot in
Fig. 5.7 shows some local ordering effects. Hence, we need other ways to characterize
the local ordering effects and utilize the two local correlation functions g(r) and g2(r)
defined above. The particles have a contact angle of 90◦, so there are no capillary
interactions between them in the final state, when all of them have flipped completely
and the system has reached an equilibrium. However, there are dipolar interface
deformations and thus, the interactions during the flipping process of the particles
and for χ > χc which causes capillary interactions at this time. After flipping there are
still some capillary waves going through the system, leading to interactions between
the particles. The pair correlation function g(r) is shown in Fig. 5.10(a) for three
different values of χI (χI ≈ 0.23, χI ≈ 0.31 and χI ≈ 0.38) after 105 timesteps. The
first peak is pronounced in all three cases. The distance r of this peak decreases for
increasing χI as well as the degree of ordering. For the highest χI , a depletion region
leading to a minimum after the peak is pronounced. To obtain a measure of the local
orientational ordering effects, we investigate the orientational correlation function
g2(r) as shown in Fig. 5.10(b) for the same 3 values of χI . The first two positive peaks
and the first negative peak can be explained with the drawings in the bottom of
Fig. 5.6. The first positive peak is due to a side-to-side alignment of two particles.
Fig. 5.7 shows several domains of side-to-side alignment. The first negative peak
comes from an alignment where the particles are oriented perpendicular to each other
and the second positive peak comes from a tip-to-tip alignment or second nearest
neighbors of side-to-side orientation. The degree of translational and orientational
ordering increases with increasing χI .

After having discussed the correlation functions, we investigate the time devel-
opment of g(r) in order to understand the time development of the average domain
size L(t). Figure 5.11 shows g(r) at different times between 104 and 106 timesteps.
The first peak decreases but at later times the following peaks are more pronounced.
Thus, the degree of ordering increases. After 4 · 105 timesteps this development has
almost come to an end. The reason for this remaining development is the particle
reordering. The particles form domains where they align parallel to each other. These
domains become larger with time.

In this section, we have shown that the presence of many particles at an interface
leads to two additional timescales in the reordering. The first one is the rotation of
the particle towards the interface. The particle rotates towards its final orientation
parallel to the interface. For lower values of χI , this process does not depend on
χI and is not different from the single particle adsorption. For larger values of χI ,
the time needed to come to its final orientation increases. Hydrodynamic as well as
excluded-volume effects become more important. Above a critical value, not every
particle reaches its “final” orientation. The mutual reordering of the particles at the
interface (corresponding to g in Fig. 5.11) can also be observed. The first two peaks
get more pronounced after several 105 timesteps as compared to the state after 104

timesteps shown in Fig. 5.10(b).
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Figure 5.10: (a) Pair correlation function g(r) (defined in Eq. (5.8)) (b) orientation
correlation function g2(r) (defined in Eq. (5.9)). In both cases the ordering increases
with increasing χI . This figure is taken from Ref. [79].

The rearrangement of the particles takes 106 timesteps. This can be related to a
second additional timescale for the emulsion formation.

5.6 Particle ensemble at a spherical fluid-fluid interface

In the previous section, the behavior of particle ensembles at a flat fluid-fluid interface
was discussed. However, in emulsions the interfaces are generally not flat. Pickering
emulsions usually have (approximately) spherical droplets and bijels have an even
more complicated structure of curved interfaces. The simplest realization of a curved
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Figure 5.11: Time development of g(r) for χI ≈ 0.38. The second peak is more
pronounced at later timesteps. The particles reorder and the ordering increases. The
reordering process is almost done after 4 · 105 timesteps. This figure is taken from
Ref. [79].

interface is a single droplet and as such this is studied in this section.

The simulated system is periodic and each period has a size of LS = 256 lattice
units. The droplet radius and the number of adsorbed particles are chosen to be
Rdrop = 0.6LS ≈ 76.8 and 600, respectively. In the beginning of the simulation, the
particles are placed orthogonal to the local interface tangential plane. As we have
seen already for the case of flat interfaces the particles flip to an orientation parallel to
this tangential plane. This state is shown in Fig. 5.12 after 2 · 105 timesteps. The time
development of S is shown in Fig. 5.15. It has been found that the influence of the
interface curvature on the flipping process is larger than the influence of the particle
coverage. The time needed for the particles to flip is about a factor two smaller in the
case of the curved interface. Here, we investigate the particle correlation function
(see Eq. (5.8)) for the particle ensemble. Figure 5.13 shows g for χI ≈ 0.27 at three
different times. After 104 timesteps it is still close to the correlation function of the
initial condition. After 105 timesteps some changes can be seen. The first peak is
reduced but the second peak is more pronounced. There is no substantial change
between 1 · 105 and 2 · 105 timesteps. Compared to the state at 105 timesteps, the
correlation function shows pronounced peaks at longer distances from the particle
(about 6R‖). The particles mostly reorder during the first 105 timesteps, since at later
times only minor changes in the particle order can be observed. Similar to the case
of flat interfaces that was discussed in the previous section, the particle ensemble
forms domains where the particles are ordered in a nematic fashion. The peaks in the
correlation function are more pronounced in the case of droplets than in the case of a
flat interface. The reason is given by the capillary interactions between the particles
which are much stronger in the case of curved interfaces. In particular, non-zero
capillary interactions persist between spheroids even in the case of neutrally wetting
particles.
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Figure 5.12: Snapshot of a particle ensemble at a spherical fluid interface after 2 · 105

timesteps. The Figure is taken from Ref. [111].

0.8

0.9

1.0

1.1

1.2

1.3

 1  2  3  4  5  6  7  8

g

r [parallel particle radius]

.

.

.t=1 10
4

t=1 10
5

t=2 10
5

Figure 5.13: Time development of the order parameter g(r) for particles adsorbed at
a spherical interface. The picture is taken from Ref. [111].
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The time development of g(r) to a droplet as discussed in this section differs from
the behavior in the case of a flat interface. For the droplet, g(r) arrives at its final
structure after about 105 timesteps, whereas to a flat interface about four times as
many steps are required. In addition, for flat interfaces, g(r) only shows one or two
peaks (depending on χI), while for the particle covered droplet five peaks are found
due to a larger range of ordering of the particles. This is a result of the stronger
capillary interactions between the particles due to the interface curvature.

We can understand one of the additional timescales with the behavior of the ellip-
soidal particles to a single droplet. The particles reorder and it can be shown that this
leads to a small change of the shape of the droplet which is (almost) exactly spherical
in the beginning [106]. A change of the interface shape caused by reordering of
anisotropic particles leads to a change of L(t). The reordering of particle ensembles at
flat as well as spherical interfaces takes of the order of 105 timesteps. This reordering
takes place in idealized systems with constant interfaces which do not change their
shape considerably. In real emulsions, however, the interface geometry changes sub-
stantially during their formation. For example, two droplets of a Pickering emulsion
can coalesce. After this unification the particle ordering starts anew. This explains the
fact that the additional timescale we find in our emulsions is of the order of several
106 timesteps.

5.6.1 Comparison between the influence of the flat and the spheri-
cal interface on the particle ensemble

In the previous parts, particle ensembles at flat interface as well as spherical interface
were discussed. Here, we discuss the differences between both cases.

In this subsection, we compare flat and spherical interface and its influence on the
ensemble of elongated ellipsoidal particles with aspect ratio m = 2. The results are
compared to the corresponding case of a flat interface. The initial particle orientation
is such that the long axis is orthogonal to the local interface (cf. Fig. 5.14(a)). As
discussed above, for the case of a single prolate ellipsoidal particle at a flat interface,
the equilibrium configuration is a particle orientation parallel to the interface. We
vary the coverage fraction χ = NAp/Ad which is defined as the ratio of the initial
interface area covered by the N particles orientated orthogonal to the interface and
the total surface area of the spherical droplet Ad. Ap is the area which is covered
by a single particle. Note that the covered area increases when the particles rotate
towards the interface. The simulations discussed in this section have been performed
for χ = 0.153 and χ = 0.305.

Figures 5.14(a) and (b) show the particle-laden droplet almost at the beginning
of the simulation (after 103 time steps), where all particles are perpendicular to the
interface, for both values of χ. For the case of χ = 0.305, the particles are comparably
close to each other so that capillary interactions lead to the clustering motion of
particles. The reason for these capillary interactions is a deformation of the interface
caused by particles rotating towards the interface. In addition the rotating particles
cause a small deviation of the droplet from its originally spherical shape which also
leads to capillary interactions [196]. In Fig. 5.14(c), at the end of the simulation, the
particles have completed a rotation towards the interface and stabilize the as much
interfacial area as possible. However, their local dynamics and temporal re-ordering
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is a continuous interplay between capillary interactions, hydrodynamic waves due to
interface deformations and particle collisions. Figure 5.16(a) shows the time evolution
of the order parameter S (as defined in Eq. (5.6)) for particles at a droplet interface
for χ = 0.153 and χ = 0.305 and the corresponding cases for particles at a flat
interface. An ideal spherical shape of the droplet is assumed for the calculation of
S. Initially, the order parameter assumes the value S⊥ = 1 which corresponds to
perfect alignment perpendicularly to the interface. In the case of flat interfaces, the
order parameter reaches the final value of S ≈ S‖ = −0.5. This corresponds to
the state where all particles are aligned with the interface plane. For particle laden
droplets (cf. Fig. 5.14(c)), a value of S ≈ −0.4 > S‖ is found which indicates that
the particles are not entirely aligned with the interface. Furthermore, S fluctuates
in time. One possible reason for this deviation of S from S‖ is that the droplet does
not have the exact spherical shape which is assumed for the calculation of S. This
would lead to an overestimated value of S. The fluctuation of S can be explained by
distortions of the droplet shape due to the dynamics of the particle rotations. Another
difference between the curved and the flat interface is the time scale for the particle
flip. However, one cannot see a significant effect of χ on the time development of the
order parameter.

To measure the spatial short range ordering of the particles, we use the pair
correlation function as defined in Eq. (5.8). In Fig. 5.16(b), the time dependence of
g(r) is shown for a spherical interface and χ = 0.305. One notices that all maxima
decrease in time. This means that the local ordering decreases, particularly in the
first 104 time steps. Afterward, g(r) changes only slightly. Figure 5.16(c) compares
g(r) for χ = 0.153 and χ = 0.305 after 103 time steps and can be used to explain the
differences of the snapshots in Fig. 5.14(a) and (b): the order is higher for a smaller
concentration χ. In the case of χ = 0.305, the ellipsoids are attracted by capillary
forces leading to a clustering of particles. This causes disorder which manifests itself
in smaller peak amplitudes of g(r).

In conclusion, the particle coverage χ has a marginal influence on the duration
of the flipping towards the interface. However, the particles rotate faster when the
interface is spherical. For increasing χ, the spatial particle ordering is reduced since
the average particle distance is sufficiently small to allow for attractive capillary forces
which in turn cause particle clustering.

5.7 Conclusion

In this chapter, we have investigated the dynamics of the formation of Pickering
emulsions and bijels stabilized by ellipsoidal particles as well as the influence of
control parameters on the final emulsion type. In contrast to emulsions stabilized by
spherical particles, spheroids cause the average time dependent droplet or domain
size to slowly decrease even after very long simulation times corresponding to several
million simulation timesteps. The additional timescales related to this effect have been
investigated by detailed studies of simple model systems. At first, the adsorption of
single ellipsoidal particles was shown to happen on a comparably short timescale
(≈ 104 timesteps). Second, particle ensembles at flat interfaces, however, might
require substantially more time in case of sufficiently densely packed interfaces.
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Figure 5.14: (a) and (b) Snapshots of the particle-laden droplet after 103 timesteps
(close to the initial state) and the coverage fractions (a) χ = 0.153 and (b) χ =
0.305. One observes a higher global spatial order for the more dilute system in (a)
as compared to the denser case in (b). The particles are oriented orthogonal to the
interface in the initial state. (c) Final state after 2 · 104 timesteps and with χ = 0.305
with an orientation of the particles parallel to the interface. The picture is taken from
Ref. [111].

Here, local reordering effects induced by hydrodynamic interactions and interface
rearrangements prevent the system from attaining a steady state and add a further
timescale to the emulsion formation (≈ 105 timesteps). Third, this reordering is
pronounced in the case of curved interfaces, where the movement of the particles
leads to interface deformations and capillary interactions. During the formation of an
emulsion, droplets might coalesce (Pickering emulsions) or domains might merge
(bijels). After such an event the particles at the interface have to rearrange in order to
adhere to the new interface structure. Due to this, the local reordering is practically
being “restarted” leading to an overall increase of the interfacial area on a timescale
of at least several 106 timesteps.

Our findings provide relevant insight in the dynamics of emulsion formation
which is generally difficult to investigate experimentally due to the required high
temporal resolution of the measurement method and limited optical transparency of
the experimental system. It is well known that in general particle-stabilized emulsions
are not thermodynamically stable and therefore the involved fluids will always phase
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Figure 5.15: Time evolution of the uniaxial order parameter S (defined in Eq. (5.6)):
the order decreases faster for the case of a sphere, while the coverage fraction does
not play an appreciable role. The Figure is taken from Ref. [111].

separate – even if this might take several months. Anisotropic particles, however,
provide properties which might allow the generation of emulsions that are stable
on substantially longer timescales. This is due to the continuous reordering of the
particles at liquid interfaces which leads to an increase in interfacial area and as such
counteracts the thermodynamically driven reduction of interface area.
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Figure 5.16: (a) The time dependence of the pair correlation function g(r) (defined
in Eq. (5.8)) for particles adsorbed at a spherical interface (χ = 0.305) is shown for
different times. (b) Pair correlation function for the spherical interface after 103 time
steps for different values of χ corresponding to Fig. 5.14(a) and (b). One can see that
the order for the denser case is reduced due to capillary interactions which cause
the particles to cluster causing a reduced long-range order. The Figure is taken from
Ref. [111].



Chapter 6

Adsorption of a single Janus
particle to a fluid interface

Abstract

It is an unsolved problem how the interplay between the particle shape and the
Janus effect influences the final state and the dynamics of the adsorption of a single,
ellipsoidal Janus particle to a flat fluid interface. The particle shape and the Janus
effect are characterized by the aspect ratio m and the wettability contrast ∆θ. The
understanding of the behavior of a Janus particle at a fluid interface is interesting
for scientific reasons and important in applications such as particle laden interfaces
and particle stabilized emulsions. An analytical version of a simplified free energy
calculation is presented. By comparing the final orientations from this calculation
with those from simulations, it turns out that there is qualitative agreement, but a
more complete free energy model is needed for a full understanding of the behavior
of the Janus particle at the fluid interface. Therefore, a more detailed calculation of
the free energy assisted by simulation results is presented.

6.1 Introduction

Here, as well as in the following chapter, different systems with one or more Janus
particles at fluid interfaces are discussed. They are named after the ancient Roman
god Janus with two faces. In the context of fluid interfaces, Janus particles combine
the general colloidal properties (such as the role as emulsion stabilizer) with the
properties of amphiphilic molecules.

We restrict ourselves to symmetric, parallel Janus particles as defined in section 2.1
and pictured in Fig. 6.1. The particle surface is divided into two equal proportions:
a more apolar region with a contact angle θA = 90◦ + ∆θ and a more polar region
with a contact angle θP = 90◦ − ∆θ. The Janus influence is given by the parameter
∆θ ≥ 0 and defined in Eq. (2.4). Both areas of different wettability have exactly the
same size. The second control parameter of the Janus particle is the aspect ratio m of
the ellipsoid (see Eq. (2.1)).
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θA

θP

Figure 6.1: Sketch of a symmetric, parallel Janus particle. The particle surface is
divided into two equally sized areas of wetting (characterized by θP (white area) and
θA (dark area)).

A general overview on Janus particles is given in Ref. [190]. Furthermore, an
overview of their behavior at a fluid interface is provided by Fernandez-Rodriguez et
al. [62, 63]. Janus particles at a fluid interface and a thin film are discussed in Ref. [136].
There are several ways of the synthesis of Janus particles and of the treatment of
different surface areas. The core can be an inorganic one such as silica or organic
and the outside can be coated for example with Chromium(III) hydroxide or organic
molecules such as benzophenone methacrylate [123].

There are several studies involving a single Janus particle at a flat fluid-fluid
interface [16, 92, 144, 145]. A comparison between the free energy of homogeneous
particles and Janus particles, both with spherical shape, in contact with a fluid inter-
face is presented in Ref. [16]. Park et al. used a “flat interface” model to calculate the
configurations of ellipsoids and dumbbells for the symmetric [145] and the asymmet-
ric case [144]. It is shown in Ref. [92] that the interfacial curvature matters, when a
Janus particle is adsorbed at a curved fluid interface. To the best knowledge of the
author, there is no study or publication yet investigating the adsorption dynamics of
a single Janus particle to a flat fluid interface.

In chapter 4, we discussed the adsorption of a single ellipsoid with a uniformly
wetting surface at a flat fluid interface including the consideration of the interface
deformation and its influence on the particle behavior. Here, we look at the adsorp-
tion of an ellipsoidal Janus particle and include the influence of its heterogeneous
wettability (Janus effect). Also here, a deformation of the fluid interface for some of
the different configurations is expected.

Furthermore, the system discussed in this chapter can be related to similar systems
in the following way: we consider three properties, which can be used to influence the
orientation of a single, ellipsoidal Janus particle at a flat fluid interface: the particle
shape given by its aspect ratio, an external (e.g. magnetic) field acting on a particle
with a (magnetic) moment and the Janus character given by the wettability contrast.
There are three possibilities to take two elements from a repertoire of the three
elements mentioned above. Two of these pairs are studied: the competition between
the particle shape and the magnetic field strength is studied with the assumption of
an undeformable interface [26] and in consideration of the interface deformation [44].
The second choice is the concurrence between the Janus effect and a magnetic field
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strength [192, 193].
Here, we focus on the third possibility, the interplay between the aspect ratio and

the Janus effect. The influence of both contributions on the adsorption process and
the final state is studied. If the effect of the interface deformation is included, the free
energy of the system can be written as a sum of the following two contributions:

F = Fshape +FJanus. (6.1)

The geometrical contribution Fshape favors an orientation where as much interfacial
area as possible is occupied (orientation parallel to the interface as found in chapter 4),
whereas the Janus contribution FJanus prefers an orientation where each wetting area
is immersed in its preferred fluid (orientation perpendicular to the interface).

6.1.1 The system of interest

Here, we discuss the details of the system of interest for this chapter. The position
and the orientation of the particle with respect to the undeformed, flat interface
are characterized by the variables ξ and ϑ, respectively, as shown in the center part
of Fig. 2.1 and Fig. 4.18 and defined in section 4.3. ξ is the distance between the
undeformed interface and the particle center in units of R‖ and ϑ is the polar angle
and given as the angle between the main axis and the interface normal. The system of
interest is composed of two equally sized fluid layers which consist of two immiscible
fluids such as oil and water. They form a flat fluid-fluid interface. It is confined by
walls at the top and the bottom. Periodic boundary conditions apply in the other two
directions parallel to the interface (more details are given in section 4.3). The particle
is initially placed in a way touching the flat interface with different initial orientations
ϑ0 = ϑ(t = 0) and initial positions ξ0 = ξ(t = 0). ξ0 describes the points where the
particle touches the fluid interface and depends on ϑ0. Here, the range of values for ϑ0
differs from the uniformly wetting case. There, the range was limited to 0 ≤ ϑ0 ≤ 90◦

due to the up-down symmetry of the ellipsoid with a uniformly wetting surface. The
existence of two different wetting regions breaks this up-down symmetry. For this
reason, the range 0 ≤ ϑ0 ≤ 180◦ is chosen to cover the whole spectrum of initial
orientations. The particle is placed in two different ways as shown in Fig. 6.2 and
explained in the following. The particle adsorbs to the interface between fluid 1 and
fluid 2. There, fluid 1 is defined as the fluid where the particle is immersed at the
start of the simulation and fluid 2 is the fluid in which the particle enters during
the adsorption process. The Janus particle is divided into the following two areas:
the area which prefers fluid 1 (white area in Fig. 6.2) and the one preferring fluid 2
(dark area in Fig. 6.2). This leads to two situations of the initial particle orientation for
the adsorbing process: the first orientation range is the “preferred initial orientation”
(PIO) with 0 ≤ ϑ0 < 90◦ (left particle in Fig. 6.2), where the wetting area preferring
fluid 2 touches the interface and enters fluid 2. The next one is the “unpreferred
initial orientation” (UIO) with 90◦ < ϑ0 ≤ 180◦ (right particle in Fig. 6.2), where the
oppositely wetting area is at the interface. In case of ϑ0 = 90◦, the border between
both wetting areas touches the interface. ϑ′ is defined as the effective polar angle and
given as

ϑ′ =

{
ϑ, for ϑ ≤ 90◦

180◦ − ϑ, for ϑ > 90◦.
(6.2)
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Fluid 1

Fluid 2

Figure 6.2: The initial orientations ϑ0 of a symmetric Janus particle touching a flat
interface between two fluids. Fluid 1 is defined as the fluid in which the particle is
immersed in the beginning and fluid 2 is the fluid into which the particle enters. The
dark area of the Janus particle prefers fluid 2 whereas the white area prefers fluid
1. Due to the missing up-down symmetry, the range of the initial orientation ϑ0 is
extended from 0 ≤ ϑ0 ≤ 90◦ to 0 ≤ ϑ0 ≤ 180◦: the left particle is in the “preferred
initial orientation” (PIO, 0 ≤ ϑ0 < 90◦) and the right particle in the “unpreferred
initial orientation” (UIO, 90◦ < ϑ0 ≤ 180◦).

The parameter ϑ′ makes sure that the range of values for the angle in a ϑ′-ξ-plot stays
the same as in the case of a particle with a uniform wettability in chapter 4.

Similar to chapter 4, five reference values for the effective initial orientation ϑ′0 are
chosen:

ϑ′0 = nϑ22.5◦, nϑ = {0, 1, 2, 3, 4}. (6.3)

All these initial orientations ϑ′0 are taken for the PIO and the UIO. ϑ′0 = (10−4)◦ is
chosen as an additional orientation and only useful for the PIO as a hint if the upright
orientation (ϑ = 0) is a minimum of the free energy.

6.2 A simplified free energy model for Janus particles

In the first part of this section, a simplified free energy model for a single Janus
particle at a flat fluid interface is presented. The following two assumptions are made:
the first one is that we consider an undeformable, flat interface. Furthermore, only
the extreme particle orientations parallel and orthogonal to the interface are taken
into account. The upright orientation is the orientation, where each wetting area is
fully immersed in its preferred fluid. This orientation is expected, if the Janus effect
dominates. The parallel orientation is the orientation, where the particle occupies
as much interface area as possible. This orientation is expected if the shape of the
particle dominates. This model is referred to in the following as the “simplified Janus
model”. The starting point is the free energy as given in Eq. (2.15). Neglecting the
line tensions, it simplifies to

F (ξ ,ϑ) = σ12 A12 + ∑
i=1,2

∑
j=A,P

σi j Ai j. (6.4)

A and σ are the interface areas and the interfacial tensions, respectively. 1 and 2
denote the two fluids whereas P and A denote the polar and apolar region of the
particle surface, respectively.
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We consider the initial state where the particle is fully immersed in fluid 1 which
changes Eq. (6.4) to

F0 = σ12 Aflat + 0.5Aell(σ1A +σ1P). (6.5)

Aell is the total area of the ellipsoid surface. Aflat is the area of the flat fluid interface in
absence of the particle. F0 is the free energy of the reference state where the particle
is immersed in the bulk and away from the interface.

For the final particle orientation parallel to the interface (ϑfinal = 90◦), Eq. (6.4)
changes to

F‖ = (Aflat − A‖)σ12 + 0.25Aell

(
∑

i=1,2
(σiP +σiA)

)
. (6.6)

Aflat − A‖ is the remaining fluid-fluid interface after the particle adsorption and A‖
is the area of the fluid-fluid interface excluded by the particle oriented parallel to
the interface. The free energy difference is given as ∆F‖ = F‖ − F0 = −A‖σ12 +
0.25Aell(∑i=A,P(σ2i −σ1i)). Using Eq. (2.10) which holds for both of the two wetting
areas of the particle independently, we obtain

∆F‖ = σ12

(
0.25Aell

(
∑

i=A,P
cosθi

)
− A‖

)
. (6.7)

The symmetry from Eq. (2.4) and the addition theorem of the cosine function leads to
the following relation between the contact angles of the two wetting regions of the
Janus particle:

cosθA = − cosθP. (6.8)

Using Eq. (6.8) to simplify Eq. (6.7), we obtain

∆F‖ = −σ12 A‖. (6.9)

For the particle orientation parallel to the interface normal, the free energy is given
as F⊥ = (Aflat − A⊥)σ12 + 0.5Aell(σ1A +σ2P). A⊥ is the excluded interfacial area
due to a particle with orthogonal orientation. In the same way as above, we obtain
∆F⊥ = F⊥ −F0 = −A⊥σ12 + 0.5Aell(σ2P −σ1P). The following relation is obtained:

∆F⊥ = −σ12(0.5Aell cosθP + A⊥) = −σ12(0.5Aell sin ∆θ+ A⊥), (6.10)

with cosθP = sin ∆θ. This relation follows from Eq. (2.4) and from the addition
theorem of the cosine function. In order to find the orientation of the stable point
of the Janus particle at the interface, it is necessary to find the global minimum of
the free energy. ∆θt is defined as the transition value of ∆θ above which the particle
orientation parallel to the interface normal minimizes the free energy. Comparing
Eq. (6.9) and Eq. (6.10) leads to the following value of ∆θt for the transition point:

sin ∆θt =
2(A‖ − A⊥)

Aell
. (6.11)
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Figure 6.3: The phase diagram (∆θt-m) obtained from the “simplified Janus model”.
In the area above the line the upright orientation is the stable state whereas in the
other region the particle orientation parallel to the interface is the stable state. The
line represents Eq. (6.13).

Thus, sin ∆θt depends on the aspect ratio via the three interfacial areas. The latter
ones are given as

0.5Aell = πR2
⊥ +

πR⊥R2
‖√

R2
‖ − R2

⊥

arcsin


√

R2
‖ − R2

⊥

R‖


= πR2

⊥

(
1 +

m√
m2 − 1

arcsin

(√
m2 − 1

m

))
,

A⊥ = πR2
⊥, A‖ = πR⊥R‖ = πmR2

⊥ and A‖ = πR2
⊥.

(6.12)

This changes Eq. (6.11) to the following relation for ∆θt(m):

sin ∆θt =
m− 1(

1 + m√
m2−1

arcsin
(√

m2−1
m

)) . (6.13)

It relates the Janus parameter at the transition point to the aspect ratio of the particle.
As an example, for m = 2 (using Mathematica 9.0), we obtain ∆θt ≈ 17◦. The function
given in Eq. (6.13) is shown in Fig. 6.3 for the range of the aspect ratio which is used
in the simulation of the particle adsorption (1 ≤ m ≤ 6). The parallel orientation
minimizes the free energy below the line and the upright orientation above.

In the following, the predictions from the “simplified Janus model” are compared
to the simulation results. Can we reproduce the upright orientation, the parallel
orientation and the separation line between them by means of the simulations?
Therefore, we follow several paths through the m-∆θ phase diagram from Fig. 6.3
and compare the equilibrium orientation with the final particle orientations obtained
from the simulation. At first, we follow the lines along a constant aspect ratio m
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Figure 6.4: Final orientation of a Janus particle for m = 1.5. A tilted (dashed line) and
an upright (solid line) orientation of the particle are shown depending on the Janus
parameter ∆θ. The vertical lines divide the range of ∆θ into three regions. In the left
region, it can be concluded from the simulation results that the tilted orientation is
the global minimum. In the right region, the upright orientation is the only one which
is found. In the central region, both tilted and upright orientations are found in the
simulation results. It cannot be seen which one corresponds to the energetic minimum.
The right sketch shows an upright orientation which is also there in the “simplified
Janus model”. The left sketch shows a tilted orientation. This is in contradiction to
the exactly parallel orientation in the “simplified Janus model”. In the simulation the
parallel orientation is only found in the limit of ∆θ = 0.

with a varying Janus parameter ∆θ. This corresponds to a vertical line through
the phase diagram. It is shown for m = 1.5 in Fig. 6.4 and for several values of
m ≥ 2 in Fig. 6.5(a). As illustrated in Fig. 6.4, the values of the Janus parameter ∆θ
can be divided into three ranges. The ranges are confined by dashed, vertical lines.
In the left range, the tilted orientation is the stable point. In the centered range, it
cannot be concluded from the simulation results directly, if the tilted orientation or
the upright orientation minimizes the free energy. In the right range, the upright
orientation is the only final orientation found from the simulation. The distinction
between the left and the centered range is done as follows by using the simulation
results: the adsorption trajectory of interest is the one with ϑ′0 = (10−4)◦ (for the initial
orientations see Eq. (6.3) and the accompanying text). If the adsorption trajectory for
this initial orientation ends up in a tilted orientation, it is assumed that this orientation
represents the global minimum of the free energy. If this trajectory ends up in upright
orientation, then it is not possible to see directly from the simulation results which of
the two orientations minimizes the free energy. The horizontal line through the phase
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Figure 6.5: (a) Final value of the angle ϑup of the particle after the adsorption to a fluid
interface in the tilted state is shown for a constant aspect ratio m and as a function of
the Janus parameter ∆θ. It can be shown that the line of m = 2 follows the equation
ϑup = aϑ∆θ2 + bϑ∆θ+ cϑ with aϑ = (−2.18 · 10−2)/◦, bϑ = −5.31 · 10−1 and cϑ = 90◦.
(b) The final angle ϑup of the particle after the adsorption to a fluid interface in the
tilted state is shown for a constant ∆θ and depending on m.
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diagram corresponds to a constant ∆θ and is shown in Fig. 6.5(b). In the simulation,
the Janus parameter is restricted to the range of 0 ≤ ∆θ ≤ 24.4◦.

At first, we consider the upright orientation where the Janus effect dominates.
Fig. 6.4 shows that the upright state can be reproduced for m = 1.5 and ∆θ ≥ 15.6◦.
This is indicated by the second black line in Fig. 6.4. In this range, the upright
orientation is the only orientation which is found, and thus, it can be concluded that
this is the equilibrium orientation. The simulation results can reproduce the upright
orientation only for m = 1.5 exactly.

The following step is the reproduction of the parallel orientation ϑ = 90◦. An
orientation close to 90◦ is shown in the left range of Fig. 6.4 as well as in both plots in
Fig. 6.5. The lines in Fig. 6.4 and Fig. 6.5(a) show directly that the parallel orientation
is exactly reached in the limit of ∆θ = 0. Instead of the parallel orientation, there is
a range of tilted orientations which contains the parallel orientation in some limits.
It can be assumed from Fig. 6.5(b) by extrapolation that the parallel orientation is
reached in the limit of m = ∞.

Can the transition point between both orientations be reproduced from the sim-
ulation results shown in Fig. 6.3 and in Eq. (6.13) for the “simplified Janus model”?
The transition point is predicted by the “simplified Janus model” for m = 1.5 as
∆θt ≈ 10.7◦ for this aspect ratio. This transition point cannot be explicitly reproduced
due to the extension of the centered range in Fig. 6.4. The value of 10.7◦ lies within
the centered range. For m > 1.5 the range of area of a minimum with the upright
orientation cannot be seen. Therefore, it is not possible to reproduce a separation line
there.

6.3 Improvement of the free energy model

In section 6.2, a simplified approximation is used to estimate the particle orientation
which minimizes the free energy. It turned out that the “simplified Janus model”
is not sufficient to predict the final states of the particle at the interface. Now, we
extend the free energy model to a completely free rotation of the particle and take
into account the interface deformation. As it is not possible to calculate all areas of
the fluid interface analytically, we use the Monte Carlo integration of those of the
interface areas from Eq. (6.4) which are not solvable analytically. The results of the
simulation for the particle configuration and the shape of the interface are used to
obtain their value. m > 1 is assumed in the whole consideration.

The starting point is the free energy as given in Eq. (6.4) and Eq. (6.5). For the
following consideration, it is rewritten as

∆F (ξ ,ϑ) = F −F0 = −σ12 Aex + ∑
i=A,P

A1i(σ1p −σ2p) (6.14)

= σ12

((
∑

i=A,P
A1i cos(θi)

)
− Aex

)
(6.15)

= σ12(sin(∆θ)(Aunpr − Apr)− Aex). (6.16)

Apr and Aunpr are the interfacial area between each wetting region on the one side
and its preferred and unpreferred fluid on the other side, respectively. Equation (2.10)
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is used for Eq. (6.15). Equation (6.16) makes use of Eq. (2.4). Aex is the interface
area excluded by the adsorbed particle. It is split into a contribution from a flat
interface Aef and a contribution taking account to the difference caused by interface
deformation ∆Aifdef as it is already done for the uniformly wetting case in Eq. (4.22):

∆F (ξ ,ϑ) = σ12(sin(∆θ)(Aunpr − Apr)− Aef + ∆Aifdef). (6.17)

In order to enable the comparison of these interfacial areas, all of them are considered
in units of R2

‖. The interfacial areas between a given wetting area of the particle
surface and a given fluid fulfill the following relation:

∑
i=A,P

A1i =
1
2

Aell = Apr + Aunpr. (6.18)

Aell is the area of the total surface of an ellipsoid (see Eq. (2.18) and the following
equations) and given for m > 1 as

Aell = 4πR2
⊥

(
1
2
+

m2

4E ln
(

1 + E
1− E

))
= π

R2
‖

m2

(
2 +

m2

E ln
(

1 + E
1− E

))
= πR2

‖

(
2

m2 +
1
E ln

(
1 + E
1− E

))
.

(6.19)

E is the eccentricity from Eq. (2.20). Eq. (6.17) can be simplified with Eq. (6.18) as

∆F (ξ ,ϑ) = σ12

(
Aell

(
1
2
− aell

)
cos(θi)− Aef + ∆Aifdef

)
, (6.20)

with the fraction of the preferred interfacial area aell = 2Apr/Aell. This reduces the
problem to the calculation of the following three interfacial areas: aell, Aef and ∆Aifdef.

Aef is the excluded area of the flat fluid interface due to the adsorbed particle. It
has the shape of an ellipse with the radii R⊥ andR and is given for ξ = 0 as

Aef = πR⊥R, (6.21)

with

R =
R‖√

sin2(ϑ) + m2 cos2(ϑ)
. (6.22)

Equation (6.21) can be rewritten with Eq. (6.22) and Eq. (2.1) in order to be in units of
R2
‖,

Aef =
πR2
‖

m
√

sin2(ϑ) + m2 cos2(ϑ)
. (6.23)

The last contributing interfacial area ∆Aifdef depends on the interfacial deforma-
tion indicated by h. h is the local level of the interface compared to the undeformed
flat interface. The general shape of the interface deformation is given by Eq. (2.26).
The final state of a symmetric Janus particle at a flat fluid interface is found to have
a leading order of a hexapolar symmetry of the interface deformation around an
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ellipsoidal particle in a tilted orientation [160]. In this case, Eq. (2.26) with m̃ = 3 and
B3 = ∆φm̃(m̃ = 3) = 0 reduces to

h(r,φp) =

(
r0(φp)

r

)3

A3 cos(3φp) for r ≥ r0(φp). (6.24)

r0(φp) is the contact line, where the fluid interface touches the particle surface. It is
related to the points where the interface touches the particle. For a flat interface, the
following relation can be obtained from a geometrical consideration as

r0(φp) =
R√

sin2(φp)m2d + cos2(φp)
. (6.25)

m2d = R/R⊥ is the aspect ratio of the ellipse created by the three phase contact line
of the particle surface and the fluid-fluid interface and R and R⊥ are the two radii
of this ellipse. It is assumed that Eq. (6.25) is approximately fulfilled for particle
configurations with an interface deformation.

In a manner similar to the one in section 4.7, ∆Aifdef is obtained from Eq. (4.29).
According to Eq. (6.24), h depends on the angle φp, and thus, ∇h is more complex
than in Eq. (4.32) and given as

∇h = êr
∂

∂r
h + êφp

1
r

∂

∂φp
h

= −3r3
0

r4 (A3 cos(3φp))êr −
A3R3(1 + (1 + m2

2d) cos(2φp)) sin(φp)

r4(cos2(φp) + m2
2d sin2(φp))2.5

êφp .
(6.26)

With the relation for the orthogonal unit vectors êr · êφp = 0 and Eq. (6.25) for r0, the
square of ∇h from Eq. (6.26) is given as

(∇h)2 =
9r6

0

r8 (A3 cos(3φp))
2 +

A2
3R6(1 + (1 + m2

2d) cos(2φp))2 sin2(φp)

r8(cos2(φp) + m2
2d sin2(φp))5

=
A2

3R6

r8(sin2(φp)m2
2d + cos2(φp))3(

9(cos(3φp))
2 +

(1 + (1 + m2
2d) cos(2φp))2 sin2(φp)

(cos2(φp) + m2
2d sin2(φp))2

)
= ΥCΥrΥφp . (6.27)

ΥC ≡ A2
3R6 is a prefactor. Υr ≡ r−8 and Υφp ≡ (∇h)2/(ΥCΥr) take into account the
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dependences of r andφp, respectively. With Eq. (6.27) in Eq. (4.29), we obtain

∆Aifdef =
1
2

∫ Rmax(φp)

r=r0(φp)

∫ 2π

φp=0
(∇h)2rdφpdr (6.28)

=
ΥC

2

∫ Rmax(φp)

r=r0(φp)

∫ 2π

φp=0
ΥrΥφp rdφpdr (6.29)

= −ΥC

12

∫ 2π

φp=0
Υφp

(
1

R6
max
− 1

r0(φp)6

)
dφp (6.30)

=
ΥC

12

(
1
R6 −

1
R6

max

) ∫ 2π

φp=0
Υ̃φp dφp (6.31)

=
πΥC

12

(
1
R6 −

1
R6

max

)
Υint(m2d) (6.32)

=
πA2

3

12

(
1− R6

R6
max

)
Υint(m2d). (6.33)

The integration over r−7 runs from the interface-particle contact line r0(φp) to the
cut-off radius Rmax(φp). The r−7 dependence is a consequence of the r−8 depen-
dence from Υr and the r from the integration over the polar coordinates. Equa-
tion (6.27) is used for Eq. (6.29). The spatial integration leads to a r−6 dependence
as shown in Eq. (6.30). Equation (6.31) makes use of the separation between the
spacial and the angular dependence, Eq. (6.25) and the relation of the cutoff radius

Rmax = Rmax/
√

sin2(φp)m2
2d + cos2(φp) with the parameterRmax. Υ̃φp is defined as

Υ̃φp = Υφp(sin2(φp)m2
2d + cos2(φp))3.

Υint(m2d) = π(9 + Υnum(m2d)), (6.34)

used in Eq. (6.32), is the result of the integration over φp. Υnum is the result of a
numerical integration. A3 can be obtained from simulation results.

After the derivation of the necessary equations, we define dimensionless quanti-
ties. A dimensionless expression for the free energy is defined as ∆Γ = ∆F/(πσ12R2

‖).
The interfacial areas and the parameters of the interface deformation are made di-
mensionless as Ãi = Ai/R2

‖ and A3 = Ã3/R‖, respectively. Using these definitions,
Eq. (6.20) changes to

∆Γ =
∆F

σ12R2
‖π

=
1
π

((
1
2
− aell

)
Ãell sin(∆θ)− Ãef + ∆Ãifdef

)
. (6.35)

Rmax is assumed to be ∞. With Eq. (6.19), Eq. (2.20), Eq. (6.23), Eq. (6.34) and Eq. (6.33),
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Figure 6.6: The dimensionless free energy ∆Γ (see Eq. (6.35)) is shown for the tilted
state as well for the upright state for m = 2. A transition point is found at ∆θt ≈ 20◦.
For ∆θ < ∆θt the tilted state minimizes the free energy. The upright state minimizes
the free energy above ∆θt.

it can be rewritten as

∆Γ =

(
1
2
− aell

)
sin(∆θ)

(
2

m2 +
1√

1−m−2
ln

(
1 +
√

1−m−2

1−
√

1−m−2

))

− 1

m
√

sin2(ϑ) + m2 cos2(ϑ)
+

Ã2
3

12
Υint(m2d)

=

(
1
2
− aell

)
sin(∆θ)

(
2

m2 +
1√

1−m−2
ln

(
1 +
√

1−m−2

1−
√

1−m−2

))

− 1

m
√

sin2(ϑ) + m2 cos2(ϑ)
+

Ã2
3

12
(9 + Υnum(m2d)).

(6.36)

For the upright orientation, the free energy can be calculated exactly as shown in
Eq. (6.10). For the tilted orientation, the factor aell cannot be calculated analytically.
It is calculated with the Monte Carlo method. The factor Ã3 is read out from the
interface deformation obtained by the simulation. The result of Eq. (6.36) for the tilted
orientation is compared with the one for the upright orientation in order to find the
global minimum of the free energy.

Figure 6.6 shows the dimensionless free energy ∆Γ as a function of ∆θ for m = 2.
It compares the values of ∆Γ for the tilted state and the upright state. A transition
point is found at ∆θt ≈ 20◦. For ∆θ < ∆θt the geometry dominates and the upright
orientation minimizes the free energy. For larger values of the Janus parameter,
the wettability effect dominates and the upright orientation poses the free energy
minimum.

The phase diagram depending on ∆θ and m is shown in Fig. 6.7. The results are
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Figure 6.7: The regions in the m-∆θ phase diagram where the tilted and upright state
minimize the free energy are shown by squares and circles, respectively. The black
line separates both areas.

obtained from the simulation of a Janus particle adsorption to a flat interface and
Eq. (6.36). The study is done in the ranges of 0 ≤ ∆θ ≤ 25◦ and 1.5 ≤ m ≤ 6. The
regions where the shape dominates and the tilted state are shown by red squares. The
Janus dominated regions with the upright orientation as the free energy minimum
are shown by blue circles. For m ≥ 3 the tilted state is found in the whole simulated
region. For smaller aspect ratios transition points are found. The transition value of
∆θ increases with an increasing aspect ratio m.

6.4 Adsorption trajectories

Up to here in this chapter, final states of the particle at the fluid interface were
calculated from the free energy and compared with results from the simulation. To
conclude the chapter, the trajectories of the adsorption of a single Janus particle to a
flat fluid interface are shown in ϑ′-ξ diagrams. We present three different situations
where the interplay between particle shape and wettability difference has a different
impact. The three examples differ in the choice of the two parameters m and ∆θ.

The dashed and dotted lines show the adsorption trajectories for the PIO (“pre-
ferred initial orientation”, see Fig. 6.2) and the UIO (“unpreferred initial orientation”),
respectively. The square indicates the ending point of both dashed and dotted lines.
The circle and blue triangles show the exclusive ending points of dashed and dotted
lines, respectively. The solid lines indicate the points where the particle touches the
interface. This is the initial condition for the PIO and the UIO as shown in Fig. 6.2.
The Roman numerals relate the points for the final states in Fig. 6.8(a) and Fig. 6.9 to
the sketches in Fig. 6.8(b) and Fig. 6.8(c).

The first situation with the parameters m = 2 and ∆θ ≈ 2◦ is presented in
Fig. 6.8(a). All trajectories with ϑ′0 > 0 end up in a tilted state (as shown by the square
in Fig. 6.8(a) and state “I” in Fig. 6.8(b)) characterized by the final position of ξup = 0.
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Figure 6.8: (a) ϑ′-ξ-plot: the adsorption of a single Janus particle at a flat interface
for m = 2 and ∆θ ≈ 2◦. The dashed and dotted lines represent the trajectories for
the PIO and UIO, respectively. The following types of ending points or final states
(characterized by ξ and ϑ′) are shown here: The square indicates the ending point
of both dashed and dotted lines. The circle and triangles show the exclusive ending
points of dashed and dotted lines, respectively. The Roman numerals relate the
points for the final states to the following sketches: (b) Sketch of the tilted state (“I”,
0 < ϑ′ < 90 and ξ = 0). It is related to the square (upper ending point in (a)). The
interface is deformed in this configuration. (c) Sketch of the metastable states for
different versions of the upright orientation ϑ′ = 0 (“II”). Left particle: every wetting
area is immersed completely in the preferred fluid. ϑ = 0, ξ = 0 (related to the circle).
Middle (“III”) and right (“IV”) particle: one wetting area is completely and the other
one partly in its unpreferred fluid. ϑ = 180◦, ±ξunpr (related to both triangles and
given in Eq. (6.37)). The interface is flat for all three final states.
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The final orientation is tilted and close to the parallel orientation found for a particle
with a uniformly wetting surface. This is close to the state with the largest interfacial
area occupation. The latter was achieved in the case for a uniformly wetting particle,
where the particle is oriented parallel to the interface. Even the line of ϑ0 = (10−4)◦

ends up in state “I”. This is an evidence that for this orientation the free energy
maximum is there even for Janus particles, at least for this set of parameters.

For the trajectories of the initial orientation of ϑ′0 = 0, the particle does not rotate
and stays in the upright orientation. There is a distinction to be made between the
states from the PIO (ϑ0 = 0) and the UIO (ϑ0 = 180◦). In the PIO, the particle ends
at the point ϑ′0 = 0 and ξpr = 0. This state is indicated by the circle in Fig. 6.8(a) and
the left particle (state “II”) in Fig. 6.8(c). Each wetting area is completely immersed
in its preferred fluid and the border between both wetting areas is exactly in contact
with the interface. The interface is undeformed in this state. In the UIO, the final
position splits as ±ξunpr for the two adsorption trajectories coming from both sides of
the interface. ξunpr is the absolute value of the position for the upright orientation in
the UIO. For a positive sign of ξ0, the particle ends up in a distance of ξunpr above the
interface and for a negative sign of ξ0 in a distance of ξunpr below the interface. This
state is indicated by the two triangles in Fig. 6.8(a) for both values of ξunpr and the
centered and right particle in Fig. 6.8(c). A relation for ξunpr can be obtained from the
geometrical consideration of an ellipsoidal particle as follows:

ξunpr =
mR‖ tan(∆θ)√
1 + m2 tan2(∆θ)

. (6.37)

In this configuration (ϑ0 = 180◦ and ±ξunpr), the Young equation (see Eq. (2.10)) can
be fulfilled by a flat fluid interface. In the recent example with m = 2, ∆θ = 1.95◦

and R‖ = 1 (the latter one due to the fact that ξunpr is like ξ in units of R‖), we obtain
ξunpr = 6.8 · 10−2 from Eq. (6.37). This is close to the value from the simulation
ξunpr ≈ 9.5 · 10−2 (the blue triangle from Fig. 6.8(a)). The deviation is a result of the
discretization of the particle on the lattice.

Figure 6.9(a) shows the adsorption trajectories for m = 2 and ∆θ ≈ 19.5◦. The
Janus effect is stronger as compared to the previous example. Furthermore, the
structure of ending points is more complex. Beside the upper point ϑup (state “I”)
and the upright point ϑupright (states “II”, “III” and “IV”), there is an additional end
point related to the orientation ϑmiddle (“second tilted orientation”, state “V”). It is a
tilted orientation similar to the one of state “I”, but with a different value of the angle.
Its value is located between the two other orientations as ϑupright < ϑmiddle < ϑup.
The final point of a given adsorption trajectory depends on the initial orientation as
follows: for the PIO, the final position is given as ξ = 0 for all initial orientations.
The trajectories for the two upper starting angles (ϑ0 ≥ 67.5◦) end up in the upper
final point (state “I”). The trajectory of ϑ0 = 45◦ ends up (as the only one from the
considered initial orientations defined in Eq. (6.3)) in the “second tilted orientation”.
The trajectories for the two lower values of ϑ0 end up in the upright orientation
ϑupright (state “II”). In contrast to the situation of Fig. 6.8(a), there is an extended range
of initial orientations which end up finally in the upright orientation.

For the UIO, the ending point structure is completely different from the PIO. The
trajectories for the reference orientations ϑ′0 ≤ 22.5◦ end up in the upper final point.
For an initial orientation of ϑ0 = 180◦, the particle keeps its orientation during the



6.4. Adsorption trajectories 109

0

20

40

60

80

0

I

II

III

IV

V

[parallel particle radius]ξ

[]
ϑ
°

(a)

0

20

40

60

80

-1 -0.5 0 0.5 1

II

[parallel particle radius]ξ

[]
ϑ
°

(b)

Figure 6.9: Two (additional) examples of ϑ′-ξ-plots for the adsorption of a single
Janus particle, related to different values of m and ∆θ. There are more deviations
from the uniformly wetting case as compared to Fig. 6.8(a). Line and ending point
color are the same as in Fig. 6.8(a). The Roman numerals relate the points for the final
states in Fig. 6.8(b) and Fig. 6.8(c). State “V” is a tilted state similar to state “I”, but
with a different angle ϑ. (a) (∆θ ≈ 19.5◦, m = 2) The structure of the ϑ-ξ plot is more
complicated as compared to Fig. 6.8(a). For the PIO, there are two different tilted
states. Furthermore, the range of initial orientations for the final upright orientation
is extended. (b) (m = 1.5 and ∆θ ≈ 19.5◦) Only one final point is there at upright
position ϑfinal = ϑupright = 0 as shown by the left particle in Fig. 6.8(c).
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adsorption process. The position is predicted from Eq. (6.37) ξunpr ≈ 5.78 · 10−1 and
from the simulation results ξunpr = 6.22 · 10−1. All UIO trajectories of ϑ0 6= 180◦

end up in ξ = 0. Note that state “V” can be found in several regions in the m-∆θ
diagram. It is shown in the calculations in section 6.3, that there is no region in the
m-∆θ diagram , where state “V” minimizes the free energy.

A fully Janus dominated case is shown in Fig. 6.9(b) for m = 1.5 and ∆θ ≈ 19.5◦.
All studied trajectories end up in the upright orientation (state “II”). There is no tilted
state found for any of the initial orientations. On the one hand, the anisotropy is
so weak that the free energy gain due to the excluded interfacial area Aex for a final
orientation of ϑ > 0 is small. On the other hand, the Janus effect (∆θ) is strong enough
to force an orientation where each wetting area is in its preferred fluid.

In this section, three versions of ϑ-ξ plots for different sets of values of m and ∆θ
are shown. Figure 6.8(a) shows an example of shape domination and (at least for the
PIO) similar to the case of the adsorption a particle with a homogeneous wettability.
More deviations from the behavior as seen in the uniformly wetting case are found
in the two plots in Fig. 6.9. The plot in Fig. 6.9(a) exhibits a more complex structure
of final states. Five final orientations are found, amongst them two tilted states with
different orientations. Fig. 6.9(b) shows an adsorption process which is dominated
completely by the Janus influence. The trajectories from all initial angles end up in
the upright orientation.

6.5 Conclusion

In this chapter, the adsorption of a single Janus particle to a flat fluid-fluid interface
is studied. The focus is on the influence of the interplay between the geometry
and the Janus effect. The final states of the particle at the fluid interface obtained
from the simulation are compared to the results from the free energy calculation.
A simplified and fully analytical model, the “simplified Janus model”, is able to
predict the simulation results within a specific range, but there are several limitations.
The separation line between the areas which are dominated by the shape and the
Janus effect, respectively, which is found in the “simplified Janus model” cannot be
reproduced by the simulation results. The simulations show that there are different
final states, but they do not indicate the minimum of the free energy. Furthermore,
the tilted orientation which is found in the simulation results is not included in the
“simplified Janus model”. A better model for the free energy calculation is presented
in the second step. It takes into account the full rotation of the particle and the
deformability of the interface. It turns out that the equilibrium state determined
by the minimum of the free energy is a tilted orientation for large aspect ratios and
small wettability differences, where the shape dominates. In case of small aspect ratio
and large wettability difference, the Janus effect dominates and the particle is in an
upright orientation. Thus, the equilibrium state of an ellipsoidal Janus particle at
a fluid interface can be tuned by the choice of aspect ratio and wettability contrast.
Furthermore, it is shown that the adsorption free energy decreases with a decreasing
wettability contrast. The intensity of this decay is higher, if the wettability contrast
is so large that the particle is in an upright orientation. Finally, it is shown that a
symmetric, ellipsoidal Janus particle can have up to three metastable points whereas
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the uniformly wetting counterpart has only one metastable point.
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Chapter 7

Janus particle ensembles at fluid
interfaces

Abstract

Particle laden fluid interfaces play an important role in different applications such
as the stabilization of emulsions. The interplay between the particle geometry and
the surface wettability contrast influences the collective behavior of an ensemble of
symmetric, ellipsoidal Janus particles at a flat interface between two fluids. Therefore,
the collective rotation of an ensemble of Janus particles adsorbed at a flat fluid
interface is studied for different values of the aspect ratio and the Janus parameter.
This is one important step towards the understanding of the formation and the
properties of an emulsion stabilized by Janus particles with anisotropic shape. The
particles are in an upright orientation at the beginning. Two types of rotation behavior
are found. The first type is the normal rotation, where the particles rotate towards
the tilted state. If the aspect ratio and the wettability contrast are large enough, the
particle centers are pushed out of the interface. This slows down the flipping process
considerably. In the extreme case, some particles are even expelled from the interface.
In the end of the chapter, an outlook on emulsions stabilized by ellipsoidal Janus
particles is provided.

7.1 Introduction

In this section, we discuss the collective behavior of an ensemble of symmetric,
parallel Janus particles at a flat fluid-fluid interface (see Fig. 6.1 for the definition of
a “Janus particle”). We investigate the influence of the interplay between the Janus
effect and the particle geometry on the ensemble behavior.

This study is related to some of the previous parts of this thesis as follows: it
is an extension of chapter 6, where the behavior of a single Janus particle at a flat
interface is studied and section 5.5, where an ensemble of uniformly wetting particles
is discussed. The adsorption of a single Janus particle turned out to be more complex
than the case of a uniformly wetting particle. This is depicted by the increased number

113
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of possible ending points in the adsorption diagrams. Therefore, it can be expected
that the collective behavior of an ensemble of Janus particles at a fluid interface is
also more complex as compared to an ensemble of uniformly wetting particles. It is
already discussed in chapter 5 for emulsions stabilized by uniformly wetting particles
that the particle anisotropy leads to an additional time behavior of particle stabilized
emulsions in contrast to the case of a spherical particle shape. Model systems with
a single or multiple particles at a fluid interface can explain this additional time
behavior. In this way, it can be expected that both, the adsorption of a single Janus
particle to a fluid interface from the previous chapter, and the behavior of an ensemble
of Janus particles at a fluid interface discussed here improve our understanding of
emulsions stabilized by Janus particles. The question here is how the particle shape
and the Janus effect influence the collective rotation behavior of a Janus ensemble at a
flat interface.

A recent overview of the behavior of Janus particle ensembles at a flat fluid
interface is provided in Ref. [63]. Several times, the capillary interaction between an-
isotropic Janus particles at a flat fluid interface is studied [126, 147, 160]. In Ref. [160],
the interaction between Janus ellipsoids at a flat, deformable fluid interface is cal-
culated. Furthermore, it is found that a single Janus particle causes an interface
deformation with hexapolar symmetry, if it is oriented in a tilted state and if no exter-
nal field influences the particle. For Janus cylinders, a variety of assembly structures
is found [147]. Capillary interactions between spherical Janus particles can appear
because of a diffuse boundary between the two wettability areas [146] or due to Janus
particles not being in their preferred orientation [159, 193]. An ensemble of Janus
particles at a spherical fluid interface is studied in Ref. [125]. Janus particles can be
used to stabilize Pickering emulsions. The free energy is calculated for an emulsion
stabilized by spherical Janus particles in Ref. [7]. The authors find that the Pickering
emulsion stabilized by Janus particles is thermodynamically stable if the wettability
contrast of the particles is sufficiently large.

7.2 An ensemble of Janus particles at a flat fluid inter-
face

Here, we study a particle ensemble at a flat fluid interface. The particles are symmetri-
cal and parallel Janus particles and have an ellipsoidal shape as shown in Fig. 6.1. The
system of interest is depicted in Fig. 7.1. They are characterized by the aspect ratio m
and the Janus parameter ∆θ. For m = 2, the particle radii are given as R‖ = 12 and
R⊥ = 6. For other aspect ratios, R‖ and R⊥ are changed in a way that the product
R‖(m) · R⊥(m) stays constant. This implies that the interface area which the particle
occupies in an orientation parallel to the interface does not change for the different
aspect ratios. The simulations are performed for parameter ranges of 2 ≤ m ≤ 6
and 0 ≤ ∆θ ≤ 24.4◦. The system size is 256∆x in each of the two directions parallel
to the flat interface and 64∆x in the third direction. Then, the interfacial area in
absence of the particles is given as AI = 2562∆x2. In the beginning, the particles
are placed at the interface with an initial orientation of ϑ0 ≈ 179.4◦ in the “unpre-
ferred initial orientation” (UIO, see definition in Fig. 6.2). This is the initial state
shown in the upper left snapshot in Fig. 7.1. In this orientation, each wetting area is
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Figure 7.1: Snapshot of an ensemble of Janus particles at a flat fluid-fluid interface
(m = 2 and ∆θ = 24.4◦). Top left: side view of the initial state. All particles are
oriented almost in the upright orientation. Each wetting area is in its unpreferred
fluid. Bottom left: side view of the final state (after 40000 time steps). The particles
are oriented in a tilted orientation close to the parallel orientation. Right: top view of
the final state (after 40000 time steps).

almost fully in contact with its unpreferred fluid, i.e. the hydrophobic region is in
contact with the polar fluid and the hydrophilic region is in contact with the apolar
fluid. In this way, a rotation of the particles should be induced. Np = 100 particles
are contained in the system. This corresponds to a coverage of the initial state of
χ = (Np Ap)/AI = (NpπR2

⊥)/AI ≈ 0.17 for m = 2. The azimuthal angle φ and the
position in the two directions parallel to the fluid interface of each particle are chosen
randomly. It is ensured that an overlap between the particles in avoided. The position
of each particle center in the direction orthogonal to the fluid interface is chosen such
that the particle centers are at the same level as the fluid interface. Due to the missing
up-down symmetry of the Janus particles and the resulting range of the polar angle
(0 ≤ ϑ ≤ 180◦, discussed for Janus particles in chapter 6, see Fig. 6.2), the order
parameter S (used and defined in chapter 5 for the characterization of an ensemble of
uniformly wetting particles at a fluid interface) is not suitable to describe the system.
Furthermore, ϑ′ used in the previous chapter is not suitable here since the particle
orientation has to be fully resolved. Therefore, we track the average value of the polar
angle ϑens(t) for all particles of the ensemble. It is defined as

ϑens(t) =
1

Np

Np

∑
i=1
ϑi(t). (7.1)

ϑi is the orientation of particle i with respect to the interface.
Figure 7.2 shows the time evolution of ϑens for different aspect ratios and the

following four Janus parameters: ∆θ = 0◦, ∆θ = 9.8◦, ∆θ = 19.5◦ and ∆θ = 24.4◦.
The starting point in all cases is ϑens ≈ 179.4◦.
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Figure 7.2: Time evolution of the average orientation ϑens for different values of the
Janus parameter ∆θ and aspect ratios (a) m = 2 and (b) m = 6.

Figure 7.2(a) depicts the situation the particles with an aspect ratio of m = 2. In
all examples, the particles flip from the upright orientation to a final orientation. In
case of vanishing Janus parameter, all particles are finally oriented in the parallel
orientation ϑ = 90◦ with respect to the interface. The Janus particles end up in a
tilted orientation for the other values of ∆θ. The duration of the rotation process
decreases with increasing Janus parameter. This can be understood as follows: the
force which causes the particle to rotate increases with increasing wettability contrast.
A dependence of the torque (defined in Eq. (4.17)) from the wetting contrast of a Janus
particle ∆θ can be obtained using Eq. (6.10) as

Dcap − Dcap,0 ∝ sin(∆θ). (7.2)
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Dcap is the torque for a given Janus parameter ∆θ and Dcap,0 is the reference value
of the torque for ∆θ = 0. The torque increases with increasing wettability contrast.
Thereby, the rotation process is faster for larger values of the wettability contrast. A
typical rotation process is illustrated in Fig. 7.1. A side view of the initial state and
the final state are shown by the snapshot at the top and at the bottom of the left side,
respectively. A top view of the final state is shown on the right side. The position of
the particle centers in the direction normal to the interface stays constant during the
rotation process.

Figure 7.2(b) shows the time evolution of ϑens for m = 6. For the two lower values
of ∆θ, there is a “direct rotation” process which is comparable to the one which is
seen also for m = 2. “Direct rotation” denotes the fact that all particles rotate directly
towards the final orientation of the particles without delay. This is the expected
rotation behavior and also observed for the ensemble of uniformly wetting particles
in section 5.5. It is in agreement with Eq. (7.2) A different rotation behavior can be
observed for the upper two values of ∆θ. There is a delay in the collective rotation.
This delay increases strongly with increasing ∆θ. For the largest value of ∆θ, the
rotation takes more time than the time period shown in the plot. This rotation type is
referred to in the following as “delayed rotation”.

The influence of the particle shape and the wetting contrast on the duration of the
rotation process te and the final average orientation ϑe are composed for the whole
range of m and ∆θ in both plots of Fig. 7.3. Figure 7.3(a) shows the time te which the
average orientation ϑens needs to reach the final value. For a lower value of the aspect
ratio (m ≤ 4), a regular behavior can be found. te decreases, if the Janus parameter
∆θ increases and it increases for an increasing aspect ratio. Note that it is difficult to
compare the process for different m directly as the coverage χ cannot have the same
value for the different m in the whole range of possible particle orientations.

For m = 5 and small values of the Janus parameter ∆θ, the same behavior as for
m ≤ 4 can be observed. For m = 5 and large values of ∆θ as well as for m = 6, the
behavior is completely different. te increases with an increasing ∆θ. This increase is
much stronger as compared to the decrease of te in the previous situation.

Figure 7.3(b) shows the behavior of ϑe, the final value of ϑens. The lines for all
aspect ratios start at 90◦ for ∆θ = 0. This corresponds to the final parallel orientation
which is found for uniformly wetting particles. For sufficiently small values of the
aspect ratio (m ≤ 5), ϑe decreases for an increasing ∆θ. This decrease is strongest
for m = 2 and diminishes for an increasing aspect ratio. The same behavior can be
observed for m = 6 and small values of ∆θ. For m = 6 and large values of ∆θ, ϑe
increases.

In summary, both plots in Fig. 7.3 show that there is a complex dependence of the
particle rotation on the particle shape and the Janus parameter. It can be said that
there are two different regimes in the particle rotation. The regimes have an impact
on both dynamics and final state of the collective rotation. The first one is a “direct
rotation” regime. It can be found for sufficiently small values of the aspect ratio. The
particles rotate until the tilted state is reached (as shown in Fig. 7.1) and the particle
center does not move in the direction normal to the interface. The values of ϑe and
te are determined by the interplay between the particle shape and the wettability
contrast in the following way: te decreases with increasing ∆θ and increases with
increasing m. This behavior is expected from free energy considerations (see Eq. (7.2)).
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Figure 7.3: (a) Time te needed to reach the final orientation. te decreases for increasing
∆θ in the “direct rotation” regime (m ≤ 4 and m = 5 with a mall value of ∆θ). A
opposite behavior can be found in the “delayed rotation” (sufficiently large values
of the Janus parameter and the aspect ratio), where te with increasing ∆θ. (b) Final
orientation ϑe (ϑe = ϑens(t) for t→ ∞). ϑe decreases for an increasing Janus parameter.
There is an abnormal behavior for m = 6 and sufficiently large value of the Janus
parameter.
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Figure 7.4: Snapshot of an ensemble of Janus particles at a flat fluid-fluid interface
(m = 6 and ∆θ = 19.5◦) after 10000, 20000, 30000 and 40000 timesteps to understand
the “delayed rotation” regime in Fig. 7.2(b).

A second regime, the “delayed rotation”, is found for large values of the aspect
ratio and the Janus parameter. te is much larger compared to the previous regime.
Furthermore, te increases with increasing ∆θ. This contradicts the expectation from
the free energy consideration (see Eq. (7.2)) and indicates that the collective rotation
process is more complex than in the “direct rotation” regime. In the following, we take
a closer look at the rotation process in this regime. There, the particle rotation process
takes much longer and in the extreme case the average final orientation is different
from what is found in the first regime. Snapshots of the collective rotation process
provide a deeper insight in order to understand what happens during the rotation
process in this regime. Figure 7.4 shows snapshots of the particle rotation process for
m = 6 and ∆θ = 19.5◦. A large number of particles is pushed away from the fluid
interface until they just touch the interface with the edge. Afterwards, most of the
particles or even all of them are slowly readsorbed to the fluid interface and rotate up
to the tilted state. This procedure slows down the rotation process enormously.

In order to understand why particles are pushed away from the fluid interface,
we study the early stage of the rotation process. Figure 7.5 shows snapshots of the
particle rotation process for m = 6 and ∆θ = 19.5◦ between 1000 and 6000 timesteps.
At timesteps 2000 very few particles are already rotating. Their centers stay on the
level oft the interface during the rotation process. As it is illustrated in Fig. 7.6, the
rotation of the few particles (Fig. 7.6(a)) leads to capillary shock waves. These shock
waves create a deflection of the Janus boundary of those of the particles which not
yet started to rotate from the level of the fluid interface (Fig. 7.6(b)). This causes a
displacement of the center of these particles from the fluid interface. In the extreme
case, one or few particles are even ejected completely from the interface. The motion
of the particle center away from the interface can be understood by the free energy
function as a function of the distance between the particle center and the flat interface
for the upright orientation ϑ = 180◦ in the following way: each wetting area is in its
unpreferred fluid and the particle is close to this orientation. In the previous chapter,
it is found that in this orientation there are two particle positions which minimize
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Figure 7.5: Snapshot of an ensemble of Janus particles at a flat fluid-fluid interface
(m = 6 and ∆θ = 19.5◦) in the initial phase of the rotation process. The snapshots
show the positions of the particle ensemble after 1000, 2000, 3000, 4000, 5000 and 6000
timesteps.

(a) (b)

Figure 7.6: Illustration of the situation which leads to the ejection of particles from
the interface. (a) The particle is in the initial orientation at ϑ0 ≈ 179.4◦. This generates
a rotation of the particle until the particle reaches a final tilted orientation. Not all
particles start to rotate at the same time. (b) The particles which have not yet start to
rotate at a given time can be influenced by the rotating particles in the following way:
If the rotation is strong enough, a deflection of the Janus boundary of those of the
particles which not yet started to rotate is created by capillary waves. These particle
are pushed away from the interface or are even expelled completely.
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the free energy where the center of the Janus particle is displaced by a distance ξunpr
above or below the fluid interface. The position where the Janus boundary touches
the interface is related to a maximum of the free energy with dF/dξ = 0. To leave this
position, a small displacement from this position has to be induced. This is done by
capillary waves mentioned above. The displacement which minimizes the free energy
is given by Eq. (6.37). For example, for the situation shown in Fig. 7.4 and Fig. 7.5
(m = 6 and ∆θ = 19.5◦), the displacement is given as ξunpr ≈ 9.04 · 10−1 in units of
R‖. In this position, only the tip of the ellipsoid touches the interface. In the following
snapshots in Fig. 7.5, it can be seen that more and more particles are ejected in the
following. In a later phase, most of the particles or even all of them are readsorbed.

Strong ordering effects of ellipsoidal particles with a magnetic moment at a
flat fluid interface are found for the interplay between the magnetic field and the
shape [43] and for the interplay between the magnetic field and the Janus effect [193].
Such patterns are not found here for the following reason: we consider capillary
interactions which have a position dependence of Ucap ∝ rβ. If an ellipsoidal particle
is in a tilted orientation due to an external field, it causes a capillary deformation with
a dipolar symmetry. This leads to an exponent of β = −2. In our system, the tilted
orientation of the ellipsoid without an external field causes an interface deformation
with a hexapolar symmetry and an exponent of β = −6. Therefore, the capillary
interaction has a much shorter range in the system discussed here as compared to the
other two examples.

7.3 Emulsions stabilized by Janus particles

To conclude the chapter, an outlook on emulsions stabilized by Janus particles is
provided. Here, we study the influence of the Janus effect on the formation of an
emulsion. Fig. 7.7 shows a snapshot of an emulsion stabilized by Janus particles.

In section 5.3, we have studied the long term time evolution of the domain or
droplet size caused by the particle shape anisotropy. The properties such as the
system size are defined there. The parameter of interest is the average domain size
L(t) defined in Eq. (5.1) and Eq. (5.2). In order to investigate the influence of the
Janus character on the formation of emulsions, we vary the Janus parameter ∆θ of
the stabilizing particles.

Note that our simulation is limited with respect to the range of the Janus parameter,
i.e. 0 ≤ ∆θ ≤ 5.48◦. The simulation becomes unstable for larger values while
simulating the demixing process during emulsion formation. The forces and torques
(see Eq. (7.2)) in the first timesteps of demixing for sufficiently large wettability
contrasts are too strong for having a stable simulation. In Ref. [7], it is found that
emulsions stabilized by Janus particles can be thermodynamically stable for values of
∆θ which are sufficiently large. The range of values of ∆θ that can be achieved in our
simulation is not large enough to obtain thermodynamically stable emulsions. Fig. 7.8
shows the long term time development of L(t) for a bijel with m = 2 for different
values of the Janus parameter: ∆θ = 2.74◦ and ∆θ = 5.48◦. Furthermore, the line for
the uniformly wetting case (∆θ = 0) is shown for comparison. There is just a small
difference between these three lines. This means that there is no strong influence from
the wettability difference of the stabilizing particles on the emulsion formation in
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Figure 7.7: Snapshot of a Bijel after 400000 timesteps.
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the range of interest. However, there is a small decrease of L(t) with increasing ∆θ.
The decrease of L(t) is related to an increase of the interfacial area stabilized by the
particles. In this way, there is a small tendency to increase the stabilizing efficiency of
the Janus particles.

7.4 Conclusion

In this chapter, Janus particles at fluid interfaces are discussed. The first system of
interest is an ensemble of Janus particles at a flat interface. The influence on the
interplay between the particle shape and the wettability contrast on the collective
rotation of the particles is studied. Generally, it is shown that the dependence of the
collective rotation on the particle shape and the wettability contrast is complex: the
rotation can be divided into two regimes with respect to m and ∆θ. In the “direct
rotation” regime the particles just rotate and the particle center constantly stays at the
position of the interface. The duration of the process and the final orientation depend
on m and ∆θ as expected from the free energy considerations. In the second regime,
the “delayed rotation”, the particle centers are pushed away from the interface and
readsorbed later. This slows down the adsorption process.

The chapter clauses with an outlook on emulsions stabilized by Janus particles. A
small increase of the stabilization efficiency can be observed, if the wettability contrast
increases.

The next step in the study of emulsions stabilized by ellipsoidal Janus particles
can be the improvement of the simulation method in a way that larger wettability
contrasts can be simulated. Thermodynamically stable emulsions can be realized, if
the wettability contrast is sufficiently large. Furthermore, also orthogonal Janus parti-
cles are an interesting option as emulsion stabilizers because it is easier to minimize
free energy in the optimal orientation.
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Chapter 8

Conclusion and outlook

Particle stabilized emulsions have been studied since the beginning of the last century
and gained more attention in the last few decades. Most of the previous studies
are experimental. Few studies have been done by means of computer simulations.
Computational studies may provide a deeper insight into the time dependent domain
structure of emulsions. The time evolution for domain sizes in the formation process
is studied for spherical emulsion stabilizers [98]. Furthermore, some efforts have
been made in the understanding of model systems with single particles or particle
ensembles at fluid interfaces. However, the understanding of these emulsions and
model systems is still limited.

In the beginning of the thesis, the adsorption of a single ellipsoidal particle to a flat
fluid interface is studied. The final state where the particle is oriented parallel to the
fluid interface, is reproduced and thus, the simulation validated. By comparing our
simulation results with an approximation which neglects all hydrodynamical effects,
we conclude that the deformation of the interface and generally hydrodynamics
cannot be neglected for studying the adsorption process. The two important hydrody-
namical effects for the system of interest are the drag force and the deformation of the
fluid interface. It can be shown that the translational motion can be approximated by
the equation of the harmonic oscillator, with a harmonic potential obtained from the
free energy of the system and the damping constant from the drag force of the bulk
fluid and the interface. However, the deformation of the interface causes a deviation
of the particle adsorption from the exact behavior of the harmonic oscillator. For
calculating the free energy, the influence of interfacial deformation on the interfacial
areas has to be taken into account.

Related to emulsions stabilized by uniformly wetting particles, we investigate the
dynamics of the formation of Pickering emulsions and bijels stabilized by ellipsoidal
particles as well as the influence of control parameters on the final emulsion type. In
contrast to emulsions stabilized by spherical particles, ellipsoidal particles cause the
average time dependent droplet or domain size to slowly decrease even after very
long simulation times corresponding to several million timesteps. The additional
timescales related to this effect are investigated by detailed studies of simple model
systems. At first, the adsorption of single ellipsoidal particles is shown to happen

This text is partly based on Ref. [79].
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on a comparably short timescale (≈ 104 timesteps). Second, particle ensembles at
flat fluid-fluid interfaces, however, might require substantially more time in case
of sufficiently densely packed interfaces. Here, local reordering effects induced by
hydrodynamic interactions and interface rearrangements prevent the system from
attaining a steady state and add a further timescale to the emulsion formation (≈ 105

timesteps). Third, this reordering is pronounced in the case of curved interfaces
where the movement of the particles leads to interface deformations and capillary
interactions. During the formation of an emulsion, droplets might coalesce (Pickering
emulsions) or domains might merge (bijels). After such an event, the particles at the
interface have to rearrange in order to adhere to the new interface structure. Due to
this, the local reordering is practically being “restarted” leading to an overall increase
of the interfacial area on a timescale of at least several 106 timesteps.

These findings provide relevant insight in the dynamics of emulsion formation,
which is generally difficult to investigate experimentally due to the required high
temporal resolution of the measurement method and limited optical transparency of
the experimental system. It is well known that in general particle-stabilized emulsions
are not thermodynamically stable and therefore the involved fluids will always phase
separate – even if this might take several months. Anisotropic particles, however,
provide properties, which might allow the generation of emulsions that are stable
on substantially longer timescales. This is due to the continuous reordering of the
particles at liquid interfaces, which leads to an increase in interfacial area and as such
counteracts the thermodynamically driven reduction of interface area.

After the discussion of homogeneous particles, we study Janus particles at fluid
interfaces. The wettability contrast at the particle surface improves the interfacial
activity. This can be a crucial factor for an improvement of the stabilization of
emulsions. The behavior of a single Janus particle at a flat fluid-fluid interface
depends on the interplay between the particle shape and the wettability contrast. The
simulation results of the adsorption of a single Janus particle to a flat fluid interface
is compared with two different free energy models. It turns out that the full particle
rotation and the interface deformation have to be taken into account. For weekly
anisotropic particles with a strong wettability contrast, the equilibrium orientation
is an upright orientation with respect to the interface. For highly anisotropic Janus
particles, the equilibrium state is a tilted orientation. Furthermore, it is demonstrated
that a Janus particle at the interface can have up to three different final orientations.

The collective behavior of an ensemble of Janus particles at a flat fluid interface
depending on particle shape and the wettability contrast is shown to be complex.
Two types of a rotational behavior are found: the first one is the “direct rotation”. The
particles rotate towards a tilted orientation and the particle centers do not move in
the direction normal to the interface. The influence of the wettability contrast is as
predicted from free energy considerations. This type is found for lower values of the
aspect ratio. For larger values of the aspect ratio, a second type is found, the “delayed
rotation”. The influence of the wettability contrast contradicts the predictions from
free energy considerations which indicate a more complex rotation behavior. Some of
the particle centers are pushed away from the interface and readsorbed later. This
slows down the rotation process noticeably. In the end of the chapter, an outlook of
emulsions stabilized by Janus particles is provided. It is shown that the wettability
contrast has a small impact in the stabilization efficiency.
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In summary, it is shown that particles with an anisotropic shape lead to an ad-
ditional contribution to the time evolution of the emulsion formation. This can be
understood by means of model systems and related to the particle orientation towards
the interface as well as mutual orientation of the particles. This is a possible way to
increase the life time of particle stabilized emulsions. If a particle has an anisotropic
shape and an inhomogeneous surface wettability the behavior of a single particle and
a particle ensemble at the interface can be controlled by the interplay between aspect
ratio and wettability difference. Finally, it is demonstrated that hydrodynamics and
especially the interface deformability play an important role for the dynamics and
the final states of colloidal particles at the fluid interface.

There are different possibilities to continue the study of this thesis. The emulsion
stabilizers in this thesis are colloidal particles interacting with a hard core potential
(apart from hydrodynamic interactions). An interesting point is how other inter-
particle potentials influence the different timescales of the emulsion formation. Possi-
ble potentials are a screened Coulomb potential and a van der Waals potential. This
can include a different screening of the electrostatic Coulomb potential by different
fluid types (water and oil) for particles adsorbed at the fluid interface.

The investigations on Janus particles in this thesis are carried out with symmetric
Janus particles. The next step can be a study of asymmetric Janus particles. Both
wetting areas can have a different size. Furthermore, the deviation of the contact
angle of each wetting area from the neutrally wetting case can be generally different.
It is shown for uniformly wetting particles that the optimal particle wettability for
the stabilization of a Pickering emulsion has a certain degree of preference for the
continuous phase instead of a neutral wetting due to the curvature of the surface of
emulsion droplets. In the same way, it is interesting to see, if Janus particles with a
certain degree of asymmetry are more efficient in stabilizing Pickering emulsions as
compared to symmetric Janus particles.

Another recommendation for future research is a study of the influence of the two
types of rotation found for a Janus particle ensemble (as discussed in chapter 7) on the
formation process of emulsions. It can be assumed that the second type of rotation
has an additional influence on the timescale there.



128 Conclusion and outlook



Bibliography

[1] P. Ahlrichs and B. Dünweg. Simulation of a single polymer chain in solution by
combining lattice Boltzmann and molecular dynamics. The Journal of Chemical
Physics, 111(17):8225, 1999.

[2] C. Aidun, Y. Lu, and E. Ding. Direct analysis of particulate suspensions with
inertia using the discrete Boltzmann equation. J. Fluid Mech., 373:287, 1998.

[3] S. Aland and A. Voigt. Simulation of common features and differences of
surfactant-based and solid-stabilized emulsions. Colloids and Surfaces A: Physic-
ochemical and Engineering Aspects, 413:298, 2012. 25th Meeting of the European
Colloid and Interface Society.

[4] R. Alargova, D. Warhadpande, V. Vesselin, and O. Velev. Foam superstabiliza-
tion by polymer microrods. Langmuir, 20(24):10371, 2004.

[5] A. Amirfazli, S. Hänig, A. Müller, and A. W. Neumann. Measurements of line
tension for solid-liquid-vapor systems using drop size dependence of contact
angles and its correlation with solid-liquid interfacial tension. Langmuir, 16(4):
2024, 2000.

[6] S. Arditty, C. Whitby, B. Binks, V. Schmitt, and F. Leal-Calderon. Some general
features of limited coalescence in solid-stabilized emulsions. The European
Physical Journal E: Soft Matter and Biological Physics, 11:273, 2003.

[7] R. Aveyard. Can Janus particles give thermodynamically stable Pickering
emulsions? Soft Matter, 8:5233, 2012.

[8] R. Aveyard, J. Clint, D. Nees, , and N. Quirke. Structure and collapse of particle
monolayers under lateral pressure at the octane/aqueous surfactant solution
interface. Langmuir, 16(23):8820, 2000.

[9] R. Aveyard, J. Clint, D. Nees, and N. Quirke. Structure and collapse of particle
monolayers under lateral pressure at the octane/aqueous surfactant solution
interface. Langmuir, 16(23):8820, 2000.

[10] R. Aveyard, B. Binks, and J. Clint. Emulsions stabilised solely by colloidal
particles. Adv. Coll. Int. Sci., 100(0):503, 2003.

129



[11] M. Basavaraj, G. Fuller, J. Fransaer, and J. Vermant. Packing, flipping, and
buckling transitions in compressed monolayers of ellipsoidal latex particles.
Langmuir, 22:6605, 2006.

[12] B. Berne and P. Pechukas. Gaussian model potentials for molecular interactions.
J. Chem. Phys., 56:4213, 1972.

[13] P. Bhatnagar, E. Gross, and M. Krook. A model for collision processes in gases.
I. Small amplitude processes in charged and neutral one-component systems.
Phys. Rev., 94:511, 1954.

[14] B. Binks. Particles as surfactants-similarities and differences. Current Opinion in
Colloid & Interface Science, 7(1–2):21, 2002.

[15] B. Binks and J. Clint. Solid wettability from surface energy components: Rele-
vance to Pickering emulsions. Langmuir, 18(4):1270, 2002.

[16] B. Binks and P. Fletcher. Particles adsorbed at the oil-water interface: A theo-
retical comparison between spheres of uniform wettability and Janus particles.
Langmuir, 17:4708, 2001.

[17] B. Binks and T. Horozov. Colloidal Particles at Liquid Interfaces. Cambridge
University Press, August 2008. ISBN 0521071313.

[18] C. Blanc, D. Fedorenko, M. Gross, M. In, M. Abkarian, Mohamed A. Gharbi,
J. Fournier, P. Galatola, and M. Nobili. Capillary force on a micrometric sphere
trapped at a fluid interface exhibiting arbitrary curvature gradients. Phys. Rev.
Lett., 111:058302, 2013.

[19] J. Bleibel, S. Dietrich, A. Domı́nguez, and M. Oettel. Shock waves in capillary
collapse of colloids: a model system for two-dimensional screened Newtonian
gravity. Phys. Rev. Lett., 107:128302, 2011.

[20] J. Bleibel, A. Domı́nguez, and M. Oettel. Colloidal particles at fluid interfaces:
Effective interactions, dynamics and a gravitation–like instability. The European
Physical Journal Special Topics, 222(11):3071, 2013.

[21] J. Bleibel, A. Domı́nguez, F. Günther, J. Harting, and M. Oettel. Hydrodynamic
interactions induce anomalous diffusion under partial confinement. Soft Matter,
10:2945, 2014.
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[90] H. Hertz. Über die Berührung fester elastischer Körper. Journal für reine und
angewandte Mathematik, 92:156, 1881.

[91] E. Herzig, K. White, A. Schofield, W. Poon, and P. Clegg. Bicontinuous emul-
sions stabilized solely by colloidal particles. Nature Materials, 6:966, 2007.

[92] Y. Hirose, S. Komura, and Y. Nonomura. Adsorption of Janus particles to
curved interfaces. The Journal of Chemical Physics, 127(5):054707, 2007.

[93] M. Hore and M. Laradji. Microphase separation induced by interfacial segre-
gation of isotropic, spherical nanoparticles. The Journal of Chemical Physics, 126
(24):244903, 2007.

[94] T. Horozov, D. Braz, P. Fletcher, B. Binks, and J. Clint. Novel film-calliper
method of measuring the contact angle of colloidal particles at liquid interfaces.
Langmuir, 24(5):1678, 2008.

[95] T. Hunter, R. Pugh, G. Franks, and G. Jameson. The role of particles in stabilising
foams and emulsions. Advances in Colloid and Interface Science, 137(2):57, 2008.

[96] N. Jaensson, M. Hulsen, and P. Anderson. Stokes–Cahn–Hilliard formulations
and simulations of two-phase flows with suspended rigid particles. Computers
& Fluids, 111:1, 2015.



[97] F. Janoschek, F. Toschi, and J. Harting. Simplified particulate model for coarse-
grained hemodynamics simulations. Phys. Rev. E, 82:056710, 2010.

[98] F. Jansen and J. Harting. From bijels to Pickering emulsions: A lattice Boltzmann
study. Phys. Rev. E, 83:046707, 2011.

[99] C. Janßen and M. Krafczyk. A lattice Boltzmann approach for free-surface-flow
simulations on non-uniform block-structured grids. Computers & Mathematics
with Applications, 59(7):2215, 2010.

[100] C. Janßen, S. Grilli, and M. Krafczyk. On enhanced non-linear free surface
flow simulations with a hybrid lbm-vof model. Computers & Mathematics with
Applications, 65(2):211, 2013.

[101] A. Joshi and Y. Sun. Numerical simulation of colloidal drop deposition dy-
namics on patterned substrates for printable electronics fabrication. Journal of
Display Technology, 6(11):579, 2010.

[102] I. Kalashnikova, H. Bizot, P. Bertoncini, B. Cathala, and I. Capron. Cellulosic
nanorods of various aspect ratios for oil in water Pickering emulsions. Soft
Matter, 9:952, 2013.

[103] B. Kaoui, J. Harting, and C. Misbah. Two-dimensional vesicle dynamics under
shear flow: Effect of confinement. Phys. Rev. E, 83:066319, 2011.

[104] G. Kaptay. On the equation of the maximum capillary pressure induced by
solid particles to stabilize emulsions and foams and on the emulsion stability di-
agrams. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 282–283:
387, 2006.

[105] W. Kegel and J. Groenewold. Scenario for equilibrium solid-stabilized emul-
sions. Phys. Rev. E, 80:030401, 2009.

[106] E. Kim, K. Stratford, R. Adhikari, and M.E. Cates. Arrest of fluid demixing by
nanoparticles: A computer simulation study. Langmuir, 24:6549, 2008.

[107] E. Kim, K. Stratford, and M. Cates. Bijels containing magnetic particles: A
simulation study. Langmuir, 26(11):7928, 2010.

[108] C. Körner, M. Thies, T. Hofmann, N. Thürey, and U. Rüde. Lattice Boltzmann
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A. Valocchi, and J. Harting. Multiphase lattice Boltzmann simulations for
porous media applications. Computational Geosciences, 20(4):777, 2016.

[123] L. Liu, M. Ren, and W. Yang. Preparation of polymeric Janus particles by
directional uv-induced reactions. Langmuir, 25(18):11048, 2009.

[124] J. Loudet, A. Alsayed, J. Zhang, and A. Yodh. Capillary interactions between
anisotropic colloidal particles. Phys. Rev. Lett., 94:018301, 2005.

[125] X. Luu and A. Striolo. Ellipsoidal Janus nanoparticles assembled at spherical
oil/water interfaces. The Journal of Physical Chemistry B, 118(47):13737, 2014.

[126] X. Luu, J. Yu, and A. Striolo. Ellipsoidal Janus nanoparticles adsorbed at the
water-oil interface: Some evidence of emergent behavior. The Journal of Physical
Chemistry B, 117(44):13922, 2013.

[127] F. Mackay and C. Denniston. Coupling MD particles to a lattice-Boltzmann
fluid through the use of conservative forces. Journal of Computational Physics,
237(0):289, 2013.

[128] B. Madivala, J. Fransaer, and J. Vermant. Self-assembly and rheology of ellip-
soidal particles at interfaces. Langmuir, 25(5):2718, 2009.



[129] B. Madivala, S. Vandebril, J. Fransaer, and J. Vermant. Exploiting particle shape
in solid stabilized emulsions. Soft Matter, 5:1717, 2009.

[130] G. Madras and B. McCoy. Transition from nucleation and growth to Ostwald
ripening. Chemical Engineering Science, 57(18):3809, 2002.

[131] A. Maestro, E. Guzmán, F. Ortega, and R. Rubio. Contact angle of micro- and
nanoparticles at fluid interfaces. Current Opinion in Colloid & Interface Science,
19(4):355, 2014.

[132] A. Maiti and S. McGrother. Bead–bead interaction parameters in dissipative
particle dynamics: Relation to bead-size, solubility parameter, and surface
tension. The Journal of Chemical Physics, 120(3):1594, 2004.

[133] D. McClements. Nanoemulsions versus microemulsions: terminology, differ-
ences, and similarities. Soft Matter, 8:1719, 2012.

[134] S. Melle, M. Lask, and G.G. Fuller. Pickering emulsions with controllable
stability. Langmuir, 21(6):2158, 2005.

[135] A. Morgan, N. Ballard, L. Rochford, G. Nurumbetov, T. Skelhon, and S. Bon.
Understanding the multiple orientations of isolated superellipsoidal hematite
particles at the oil-water interface. Soft Matter, 9:487, 2013.

[136] G. Morris, K. Hadler, and J. Cilliers. Particles in thin liquid films and at inter-
faces. Current Opinion in Colloid & Interface Science, 20(2):98, 2015.

[137] B. Newton, K. Brakke, and D. Buzza. Influence of magnetic field on the orien-
tation of anisotropic magnetic particles at liquid interfaces. Phys. Chem. Chem.
Phys., 16:26051, 2014.

[138] T. Ngai and S. Bon, editors. Particle-Stabilized Emulsions and Colloids. RSC Soft
Matter Series. The Royal Society of Chemistry, 2015. ISBN 978-1-84973-881-1.

[139] Y. Nonomura, S. Komura, , and K. Tsujii. Adsorption of disk-shaped janus
beads at liquid-liquid interfaces. Langmuir, 20(26):11821, 2004.

[140] B. O’Donnell and B. Helenbrook. Drag on ellipsoids at finite reynolds numbers.
Atomization and Sprays, 15(4):363, 2005.

[141] M. Oettel and S. Dietrich. Colloidal interactions at fluid interfaces. Langmuir,
24(4):1425, 2008.

[142] M. Oettel, A. Domı́nguez, and S. Dietrich. Attractions between charged colloids
at water interfaces. Journal of Physics: Condensed Matter, 17(32):L337, 2005.

[143] E. Orlandini, M. Swift, and J. Yeomans. A lattice Boltzmann model of binary-
fluid mixtures. Europhys. Lett., 32(6):463, 1995.

[144] B. Park and D. Lee. Configuration of nonspherical amphiphilic particles at a
fluid-fluid interface. Soft Matter, 8:7690, 2012.



[145] B. Park and D. Lee. Equilibrium orientation of nonspherical Janus particles at
fluid–fluid interfaces. ACS Nano, 6(1):782, 2012.

[146] B. Park, T. Brugarolas, and D. Lee. Janus particles at an oil-water interface. Soft
Matter, 7:6413, 2011.

[147] B. Park, C. Choi, S. Kang, K. Tettey, C. Lee, and D. Lee. Geometrically and
chemically anisotropic particles at an oil-water interface. Soft Matter, 9:3383,
2013.

[148] V. Paunov. Novel method for determining the three-phase contact angle of
colloid particles adsorbed at air-water and oil-water interfaces. Langmuir, 19
(19):7970, 2003.

[149] F. Perrin. Mouvement brownien d’un ellipsoide - I. dispersion diélectrique pour
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Nomenclature

Acronyms

LB Lattice Boltzmann
MD Molecular dynamics
PE Pickering emulsion
Bijel Bicontinuous interfacially jammed emulsion gel

Symbols

Latin

A Area of an interface between two fluids or one fluid and one solid
Aflat Area of a flat interface between two fluids in absence of particles
Aef Area of the interface between two fluids occupied by a particle in the

flat interface approximation
Aundef Remaining interface between two fluids in the flat interface approxima-

tion
∆Aifdef Correction term taking into account interface deformability
Aell Surface area of an ellipsoid
Ac Cross section of an elastic collision
aθ Parameter relating particle color ∆ρ to particle contact angle θ
aHO Parameter of the equation from the harmonic oscillator describing the

adsorption of a single particle to a fluid interface
bθ Parameter relating particle color ∆ρ to particle contact angle θ
bHO Parameter of the equation from the harmonic oscillator describing the

adsorption of a single particle to a fluid interface
C Particle volume fraction in an emulsion
C0 Parameter to control the mass correction in the LB method
Ca Capillary number
~c Thermal velocity of the fluid particles
cv Specific heat capacity per fluid molecule
cD Total drag coefficient
cD,b Bulk contribution
cD,i Contribution to the total drag coefficient from the fluid interface
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cDM Damping constant of the harmonic oscillator
cs Speed of sound in the fluid
~ci Discrete lattice velocity in LB
cHO Parameter of the equation from the harmonic oscillator describing the

adsorption of a single particle to a fluid interface
~D Torque acting on a colloidal particle
Dcap Torque acting on a colloidal particle due to a fluid interface
d Thickness of the interface between two fluids in the LB simulation
dHO Parameter of the equation from the harmonic oscillator describing the

adsorption of a single particle to a fluid interface, exponent
e Thermal energy per particle
E Eccentricity of an ellipsoid
~F Force acting on a (colloidal) particle
~Fp Force acting on a fluid molecule
Fcap Capillary adsorption force
Fdrag Drag force
f Probability distribution function for the gas particles
f eq Maxwell-Boltzmann distribution function, equilibrium of f
fi Probability distribution function in LB simulation, component of direc-

tion i
f eq
i Maxwell-Boltzmann distribution function, equilibrium of f , component

of direction i
F Free energy
F0 Free energy where the particle is immersed in one fluid, initial state,

reference state
∆F Free energy difference
Fnuc Free energy of a nucleus
gcc′ Coupling constant between two fluid species (c and c′)
gcc Coupling constant between particles of one fluid species
gbr Coupling constant between two fluid species blue and red
G Geometrical aspect factor
G Gaussian curvature of a fluid interface
g(r) Probability to find a particle at a distance r from a reference particle
g2l The angular correlation function, a measure for local orientational order-

ing effects
g2 The angular correlation function for l = 1
H Representation of the entropy in Boltzmann’s H-theorem
H Mean curvature of a fluid interface
h Local level of the fluid interface indicating the interface deformation,

undulation of the fluid interface
I Moment of inertia of a colloidal particle
Ǐ State of total mixture of both fluids, initial state of emulsion formation
J Janus balance
KH Force constant of the Hertz potential
Kn Knudsen number
kcap Capillary spring constant
kB Boltzmann constant
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K Geodesic curvature of the three-phase contact line
L Average size of a domain or a droplet in an emulsion
Li Average size of a domain or a droplet in an emulsion, component i
LS System size
L Length of the three phase contact lines
Ma Mach number
Mp Mass of a fluid particle, fluid molecule
Mpar Mass of a colloidal particle
m Particle aspect ratio (ellipsoid)
m2d Aspect ratio of a two dimensional ellipse (area of the fluid interface

excluded by an ellipsoidal particle)
Np The number of particles
N j The number of molecules of a given fluid
NFN Neighboring fluid nodes in the LB method
Ňp The number of particles in an emulsion
n The number density of the fluid
ô Unit vector of the particle orientation
P Pressure of the fluid
δP Pressure difference due to the Laplace pressure
Q Biaxial order parameter
R Radius of a spherical particle
R‖ Parallel particle radius
R⊥ Orthogonal particle radius
Rdrop Radius of a droplet in an emulsion
Rnuc Radius of a nucleus during the formation of the emulsion
Rmax Cut-off radius for the integration over the interface deformation
r Distance between the centers of two colloidal particles
ri j Distance between the centers of the colloidal particles i and j
r0(φp) Radius of the three phase contact line created by fluid interface and

particle surface
R Radius/one of the two radii of an ellipse (area of the fluid interface

excluded by an ellipsoidal particle)
S Uniaxial order parameter
S Entropy
SS Entropy of an emulsion
T Temperature
t Time
te Time which a single particle or an ensemble of particles needs to reach

the final state at a fluid interface
tsp Time which the particle needs until it starts to rotate
tp Time scale of interface deformation during the adsorption of a single

particle to a fluid interface
∆t Time step in the LB method
Ucol,if Total interaction between two colloidal particles adsorbed at a fluid

interface
Udirect Direct interactions between two colloidal particles adsorbed at a fluid

interface, interactions which can also be found in the bulk
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Ucap Potential between two colloidal particles at a fluid interface due to
capillary interactions

~u Macroscopic velocity of the fluid
ui Macroscopic velocity of the fluid, component i
~upar Velocity of the colloidal particle
V System volume
~v Microscopic velocity ~v of the gas particles
xJanus Janus distance
~x Position
∆x Distance between two neighboring lattice points in LB
yif Height of the real interface in the discrete lattice
yif,0 Height of the ideally flat interface in the discrete lattice

Greek

α Janus angle
αHO Frequency of the damped harmonic oscillator
∆Γ Dimensionless free energy
ε Berne-Pechukas parameter
ε Geometry constant for the adsorption of a particle to a fluid interface
εM Geometry constant per particle mass for the adsorption of a particle to a

fluid interface
ζi Principal curvature (component i) of the fluid interface (i = 1, 2)
θ Particle contact angle
θA Contact angle of the apolar region of a Janus particle
θP Contact angle of the polar region of a Janus particle
θ0 Particle contact angle from Young equation (depending only on the

interfacial tensions)
θκ Particle contact angle from modified Young equation (depending on the

interfacial tensions and the line tension)
∆θ Janus parameter, wettability contrast
∆θt Value of ∆θ where the equilibrium orientation changes from the upright

orientation to the tilted or parallel orientation
ϑ Polar angle of a particle at a fluid interface,

measure for the particle orientation towards the interface,
angle between particle main axis and interface normal

ϑ0 Polar angle of a particle at a fluid interface at t = 0
ϑens Average value of the polar angle ϑ in a particle ensemble
κ Line tension
Λ Volume created by the difference of the real and the flat interface, λ,

integrated over the time
λ Volume created by the difference of the real and the flat interface, a

measure for the interface deformation
λ f Mean free path
µ Dynamic viscosity
ν Kinematic viscosity
ξ Distance between the particle center and the undeformed flat interface
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ξtrans,eff Measure for the change of the opening angle of adsorption trajectories
and for the point, where the particle starts to rotate

ρ Density of the fluid
ρc Density of component c
ρtotal Total density (sum of the densities of all fluid species)
ρb Density blue of the fluid
ρr Density red of the fluid
ρ0 Reference density
∆ρ Particle color, difference between blue and red density, LB parameter to

control the contact angle
σ Berne-Pechukas parameter, plays the role of a center-to-center distance

if the particles touch each other
σ Interfacial tension
σ12 Interfacial tension between two fluids
σip Interfacial tension between fluid i and the surface of a particle (i = 1, 2)
τ Relaxation time of the particle distribution function towards the equilib-

rium
Φ Volume fraction of the dispersed phase in an emulsion
φ Azimuth angle a particle at a fluid interface
φp Azimuth angle in reference system of particle
φH Hertz potential acting between colloidal particles
χ Fraction of the interface covered by adsorbed particles
Ψc Monotonous weight function representing an effective mass of a fluid

component in the LB method
Ω Bhatnagar-Gross-Krook (BGK) collision operator for LB
ω Molecular collision frequency
ω0 Frequency of an undamped harmonic oscillator
ωa Frequency of a damped harmonic oscillator
~ωpar Rotation vector of a colloidal particle
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Summary

Emulsions stabilized by colloidal particles have attracted considerable interest over
the past decades and are used in medicine, cosmetics, food and oil industry. Gener-
ally, two emulsion types with particle-covered interfaces can be distinguished: the
Pickering emulsion with discrete droplets of one fluid immersed in a second fluid
and the bijel (bicontinuous interfacially jammed emulsion gel) with two continuous
fluid phases. Most studies are done for spherical particles with homogeneous wet-
tability as stabilizers, while the influence of anisotropy of the stabilizing particles is
poorly understood. This thesis focuses on particles with anisotropic shape (ellipsoids)
and inhomogeneous surface wettability (Janus particles) in their role as emulsion
stabilizers. Model systems with particles at fluid interfaces are used to gain a deeper
insight into the behavior of anisotropic emulsion stabilizers. The simulation method
used for this investigation is the lattice Boltzmann method combined with molecular
dynamics.

After an introduction to the topic and the simulation method, the adsorption of
a uniformly wetting ellipsoid to a flat fluid interface is discussed. In its final state,
the particle is oriented parallel to the interface. The influence of the aspect ratio, the
wettability and the interfacial tension between the fluids is investigated and explained
by a harmonic oscillator model. We find that the hydrodynamics including the
interface deformation during the adsorption process must not be neglected. Therefore,
a correction term of the free energy for the particle at the interface, taking account to
the interface deformation, is presented.

Emulsions and particle ensembles at a fluid interface are discussed in the following.
It is shown that control parameters such as the ratio of the fluid concentrations and
the contact angle have an influence on the emulsion type. Furthermore, we study the
influence of the shape anisotropy of the particle on the long-term time behavior of the
average domain size during the formation of the emulsion. It turns out that emulsions
stabilized by ellipsoidal particles show an additional time evolution as compared to
the ones stabilized by spheres. This behavior can be explained by particle adsorption
and rotation at the interface and a continuous reordering of adsorbed particles due to
capillary interactions. In summary, it is shown that particles with an anisotropic shape
lead to two extra timescales in the emulsion formation process which can improve
the emulsion stability and increase the life time.

The last part of the thesis focuses on Janus particles at fluid interfaces. We discuss
the influence of the interplay between particle shape and wettability contrast on
the final state of a single Janus particle at a flat fluid interface. The results are
compared with two different free energy models. It turns out that the full set of
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particle orientations and the deformation of the interface both need to be considered.
The set of final states (tilted orientation and orientation orthogonal to the interface)
depends on the choice of the wettability difference and the aspect ratio. The influence
of the interplay between both parameters on the collective rotational behavior of a
particle ensemble at a flat fluid interface is then studied and two types of rotational
behavior are found: for lower values of the aspect ratio the particles rotate up to a
tilted orientation and the particle center does not move in the direction orthogonal to
the fluid interface. For larger aspect ratios and larger wettability contrasts particles
are pushed away from the interface and can be readsorbed. This slows down the
rotation process noticeably. These results demonstrate that the behavior of a single
Janus particle and of a particle ensemble at a fluid interface can be well controlled by
the interplay between aspect ratio and wettability difference.
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