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Abstract

Solid particle-stabilized Pickering emulsions can be used as alternative reaction
systems, for example, for the homogeneously catalyzed hydroformylation reaction.
This study addresses the understanding of the physicochemical behavior of Pickering
emulsions in terms of the hydroformylation in a recycable process.

In the first part (see chapter 4), fumed silica with different hydrophobicities were
used to stabilize the emulsions. Hence, the droplets with W/O Pickering emulsions
exhibit a size that is a function of particle concentration and energy input during
the preparation. Furthermore, adsorption of interface impurities on the particles is
observed, resulting in an increase of the interfacial tension. In addition, the Pickering
emulsions are highly stable in a batch reactor. Hence, the hydroformylation reaction
in Pickering emulsions was optimized and a complete recycling cycle with a membrane
filtration was successfully demonstrated.

In chapter 5, hydrophilic particles with different particle shapes, so-called Halloysite
nanotubes and fumed silica, which stabilize an O/W Pickering emulsion were used
due to higher conversions. The larger Halloysite nanotubes initially exhibit an
isotropic interface orientation that converts to a radial configuration by increasing
the particle concentration. It was possible to modify the Halloysite nanotubes, but
the change in wettability was not strongly pronounced. Furthermore, emulsions
stabilized by pristine Halloysite nanotubes or by silica show a dependency on the
particle concentration, hence, in the case of Halloysite nanotubes, the droplet size
does not decrease monotonically. The addition of the interface-active Rh-catalyst
leads to a droplet size in the order of nanometers, resulting in droplets without
adherent particles. The increase in the droplet size to the micrometer scale leads to
an adherence of the particles. Thus, a corresponding model of Pickering emulsions is
postulated in a batch reactor, with intermediate emulsion stability promoting the
reaction.

The last chapter (see chapter 6) investigates the interaction between positively charged
particles and the negatively charged rhodium (Rh-) catalyst in terms of emulsion
structure and hydroformylation. The positively charged polystyrene particles used
stabilize a W/O emulsion while the modified positively charged Halloysite nanotubes
stabilize an O/W emulsion. It is shown that the Rh-catalyst adsorbs at the particle
surface, which does not change the emulsion type. Further, in the case of polystyrene-
stabilized Pickering emulsions, the particle density at the interface is also not
affected by the adsorption of the Rh-catalyst. However, the diffusion behavior of
the polystyrene particles at the interface is influenced by the adsorption of the
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Rh-catalyst on the particle surface. In general, it is demonstrated that the positive
surface charge for both particle types leads to a higher conversion and selectivity in
comparison to their negatively charged analogous.



Zusammenfassung

Feststoffstabilisierte Pickering Emulsionen können als alternatives und neuartiges
Reaktionsmedium zum Beispiel für die homogen katalysierte Hydroformylierung
eingesetzt werden. Diese Forschungsarbeit befasst sich mit dem Verständnis des
physikochemischen Verhaltens und den Eigenschaften der Pickering Emulsionen in
Bezug auf die Hydroformylierung in einem recycelbaren Prozess.

Im ersten Teil (siehe Kapitel 4) wird pyrogene Kieselsäure mit verschiedenen Hy-
drophobizitäten für die Stabilisierung der Emulsionen verwendet. Dabei zeigen die
W/O Pickering Emulsionstropfen eine Abhängigkeit von der Partikelkonzentration
und dem Energieeintrag bei der Herstellung. Des Weiteren wird eine Adsorption von
Grenzflächenverunreinigung an den Partikeln beobachtet, welche zu einer Zunahme
der Grenzflächenspannung führt. Die Pickering Emulsionen zeigen eine sehr hohe
Stabilität in einem Batchreaktor, wodurch die Hydroformylierung optimiert wurde
und ein kompletter Recyclingzyklus mit Hilfe der Membranfiltration erfolgte.

In Kapitel 5 werden hydrophile Partikel mit verschiedenen Partikelformen, soge-
nannten Halloysite nanotubes und pyrogene Kieselsäure, die eine O/W Pickering
Emulsion stabilisieren, verwendet, da diese höhere Reaktionsergebnisse liefern. Die
größeren Halloysite nanotubes zeigen zuerst eine isotrope Grenzflächenanordnung,
die mit Zunahme der Partikelkonzentration zu einer radialen Konfiguration übergeht.
Die Halloysite nanotubes sind erfolgreich modifiziert worden, jedoch ist die Än-
derung der Benetzung nicht stark ausgeprägt. Beide Emulsionen, stabilisiert durch
unbehandelte Halloysite nanotubes oder Kieselsäure, zeigen eine Abhängigkeit von
der Partikelkonzentration. Jedoch verläuft diese im Falle von Halloysite nanotubes
nicht monoton. Die zusätzliche Verwendung des grenzflächenaktiven Rhodium
(Rh-) Katalysators führt dazu, dass Tropfen im Größenbereich von Nanometern
erzeugt werden, die jedoch keine Partikel auf der Oberfläche aufweisen. Wenn
der Tropfendurchmesser einige Mikrometer erreicht hat, werden die Partikel an die
Tropfenoberfläche angelagert. Darauf basierend wurde ein entsprechendes Modell von
Pickering Emulsionen in einem Batchreaktor in Anwesenheit eines Rh-Katalysators
postuliert, wobei eine intermediäre Emulsionsstabilität die Reaktion begünstigt.

Als letztes (siehe Kapitel 6) wird die Wechselwirkung von positiv geladenen Partikeln
mit dem negativ geladenen Rh-Katalysator in Hinblick auf die Emulsionsstruktur
und Hydroformylierung untersucht. Hierzu werden positive Polystyrolpartikel, welche
eine W/O Emulsion stabilisieren sowie positiv modifizierte Halloysite nanotubes,
die hingegen eine O/W Emulsion stabilisieren, verwendet. Es wird gezeigt, dass
der Rh-Katalysator auf der positiv geladenen Partikeloberfläche adsorbiert, was
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zu keiner Änderung des Emulsionstyps führt. Des Weiteren nimmt im Falle von
Polystyrolpartikeln stabilisierten Emulsionen die Partikelpackungsdichte nach der
Adsorption des Rh-Katalysators nicht ab. Gleichwohl ändert sich das Diffusionsver-
halten der Polystyrolpartikel an die Grenzfläche, nachdem der Katalysator an die
Partikeloberfläche adsorbiert. Generell wird gezeigt, dass die positive Oberflächen-
ladung beider Partikelarten, im Vergleich zu ihren negativ geladenen Pendants, zu
einer Verbesserung der Reaktion und der Selektivität führt.



Chapter 1

Introduction

Emulsions are stable suspensions of two immiscible liquids, in which one phase
(droplets) is dispersed into another one (continuous phase). The droplets coalesce to
minimize the energy state of the system without stabilization.1 The coalescence leads
to a breakup of the emulsion until the two liquid phases are completely separated.
To reduce the coalescence and to stabilize the emulsion droplets, surfactants or solid
particles can be used.2 The latter type was first observed in 1903 by W. Ramsden3

and systematically studied by S. U. Pickering,4 after whom the emulsions are named.
Hence, the particle-stabilized emulsions are referred to as Pickering emulsions (PEs).
The solid particles strongly adhere to the oil/water interface5 6 and stabilize the
emulsions against coalescence. The free energy of detachment of the solid particles is
of several thousand kT higher than that of surfactants. For example, solid particles
such as silica,7 latices,8 microgels,9 cellulose crystals,10 bacteria,11 and natural clay12

can be used to stabilize the PEs. To extend the functionality of PEs, nanoparticles
are often used. Hence, the surface-to-volume ratio of nanoparticles increases by
decreasing the particle size, and quantum-mechanical effects dominate the properties
of the particles. These selectively adjusted effects and the properties of PEs result in
a synergistic effect. Further, by changing the wettability of particles, the emulsion
type water-in-oil (W/O) or oil-in-water (O/W) can be adjusted. The main aspects
of the high stability against coalescence and the large internal surface area (due
to the dispersibility of one phase in another) of PEs lead to various applications13

such as homogeneous catalytic reactions14 like the hydroformylation reaction.15 16 17 18

The hydroformylation reaction, discovered by Otto Roelen in 1938, is today one of
the most important industrial scale processes.19 20 In this homogeneously catalyzed
reaction, olefins are converted to aldehydes by a mixture of carbon monoxide and
hydrogen. Usually, from the reaction, a product mixture is obtained, of which the
linear aldehyde is the most desired product for further industrial processing.21 In
order to recover the valuable transition metal catalyst from the product after the
reaction, Ruhrchemie has developed a process concept for the hydroformylation of
olefins in a two-phase system with a water-soluble rhodium (Rh-) catalyst.22 One
disadvantage of this process, however, is its limitation to short-chain olefins (C≤5)
due to the poor solubility of longer chain olefins in water. Therefore, long-chain
olefins must still be hydroformylated in homogeneous phase, resulting in difficult
separation of the precious catalyst from the product.23 24 Pickering emulsions,25 are
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potential systems for the hydroformylation13 26 and subsequent separation of the
catalyst. The general motivation of this work is shown in Figure 1.1.

Figure 1.1: General illustration of a possible process of a homogeneously catalyzed
hydroformylation reaction in a Pickering emulsion.

Although PEs should be designed that give high conversion and simultaneous high
selectivity for aldehydes. In addition, the PEs should be stable enough to separate
the product/reactant mixture from the expensive catalyst to recycle the catalyst
for further hydroformylation. Hence, the key issue is the understanding of the
physicochemical properties of PEs.

In chapter 4, hydrophobic fumed silica nanoparticles are used to stabilize W/O
PEs. The behavior of the particles at the interface and the influence of particle
concentration and/or energy input on the droplet size and the stability of PEs are
investigated. Further, the feasibility of PEs in a batch reactor is studied under
various reactor conditions like shear stress, pressure, temperature, and the influence
of synthesis gas. Finally, the hydroformylation reaction is optimized, and a recycling
process combined by a membrane filtration is investigated.

Furthermore, chapter 5 shows the effect of particle shape on PEs using hydrophilic
Halloysite nanotubes (HNTs) and a comparison with hydrophilic fumed silica nanopar-
ticles. The influence of HNT concentration on droplet size, PE stability, and particle
orientation at the interface is investigated, and the HNT surface is modified. Further-
more, the influence of the Rh-catalyst on the properties of PEs (interfacial activity,
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droplet size, particle attachment, the energy of detachment, and stability against
coalescence) is investigated. In addition, the hydroformylation reaction in PEs
stabilized by HNTs or silica is studied, and a possible mechanism for the behavior of
PEs in a batch reactor is postulated.

In the final chapter 6, the effect of particle charge on the oppositely charged Rh-
catalyst is investigated. Hence, the surface of HNTs is modified to contain a positive
charge. The immobilization of the Rh-catalyst is demonstrated, and a synergy effect
between HNTs and Rh-catalyst is observed with respect to the hydroformylation.
Furthermore, these results are compared with positively charged polystyrene particles.
The effect of the charge of these polymer particles on catalyst immobilization, emulsion
type, attachment, and arrangement of the particle at the interface, droplet size, and
on hydroformylation is investigated.





Chapter 2

Scientific Background

Pickering emulsions (PEs) are potential and alternative media that are used in several
applications today. They can be found in biomedicine, cosmetics, the food industry
and/or the chemical industry.9 27 28 The number of publications and patents has risen
sharply29 since Ramsden3 observed these solid stabilized emulsions and the eponym
S. U. Pickering4 has systematically studied this type of emulsion. A comparison
of the PEs with classical surfactant-stabilized emulsions shows that the stability
against coalescence is significantly higher in the case of the PEs (see Table 2.1). In
addition, the particles (except Janus particles) do not need the amphiphilic character
of surfactants.30

Table 2.1: Comparison between particles and surfactant at a curved liquid-liquid
interface.

particles surfactant
Adsorption energy up to 10000 kT several kT
Attachment irreversible dyn. equilibrium
Curvature contact angle packing parameter

Further, the particles irreversibly attach to the interface, and the curvature is defined
by the contact angle of the attached particle, while in the case of surfactant, the
attachment is determined by a dynamic equilibrium of attached/detached surfac-
tant molecules, and the curvature is defined by the packaging parameter of the
surfactant.31 32

2.1 Particle Attachment to the Interface

The kinetics of the particles to the interface cannot be easily expressed by the Fickian
diffusion law because particles must overcome a barrier before they can be attached to
the interface.33 This step is very complex, and several effects can play an important
role. The diffusion process of nanoparticles to an interface without mechanical
energy input was investigated by drop shape analysis (see subsection 3.3.3). Kutuzov
and co-workers34 used cadmium selenide (CdSe) nanoparticles and showed that an
attachment of the particles to the toluene/water interface leads to a time-dependent
decrease until an equilibrium value is reached. Furthermore, it was observed that
different particle sizes and concentrations have different logarithmic decays. It has
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been suggested that the kinetics of the particle attachment can be separated into
two regimes. At a low particle density at the interface, the diffusion coefficient can
be expressed with the Stokes law, and it is diffusion controlled. An increase of the
particle density at the interface leads to a reduction and aberration of the diffusion
coefficient from the Stokes theory. This leads to a change from a diffusion-controlled
process to an interaction-controlled process, which is caused by the particle-particle
interaction near the interface. In fact, the particles attached to the interface interrupt
the incoming particles by collisions at the sub-layer, creating a potential barrier to
particle attachment. Nikiforidis and co-workers35 additionally demonstrated that the
attached particles can also cause a rearrangement at the interface, which was also
determined by drop shape analysis. Based on the theoretical approach of Kutuzov
and co-workers34, Ferdous and co-workers36 studied the effect of temperature, pH,
and ionic strength on the negatively charged gold nanoparticles attachment to the
liquid-liquid interface. It was shown that an increased temperature leads to a
disordering of the attached particles at the interface, which results in an increase
of the interfacial tension. Hence, an increase in the pH value (using NaOH) and
the ionic strength (using NaCl) results in an increase in particle attachment to the
interface, which leads to a reduction in the interfacial tension. The effect of pH
and ionic strength was explained by the charge screening of the negatively charged
gold particles by Na+ ions, which leads to a reduction of the double layer of the
particles, resulting in denser particles at the interface. Dugyala and co-workers37

also postulated a theory of the barrier for the particle attachment, but for negatively
charged particles (silica was used in the study). In the study, the repulsive barrier
was explained by an image charge generated by the negatively charged silica particles.
Charge screening of the particles in the presence of NaCl also leads to a reduction of
the image charge, resulting in a reduction of the barrier. This allows the particles to
be easily attached to the interface.

Kaz and co-workers38 and Wang and co-workers39 studied the dynamics of particles
that breach the oil/water interface. It has been shown that the particle fluctuates up
and down at the interface until the equilibrium state is reached after the relaxation.
The driving force of this effect was directed to a heterogeneous contact line due to
defects at the particle surface. The relaxation is provided by the aging of this contact
line.40

The attachment kinetics of more complex particles like microgel particles such as
Poly(N-isopropyl acrylamide) (PNIPAM) and Janus particles are also investigated.
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Further information on PNIPAM can be found in the publications of Li and co-
workers41, Cohin and co-workers42, or in Deshmukh and co-workers.43 and in the
case of Janus particles, in the publications of Kumar and co-workers44 or Isa and
co-workers.45

2.2 Particles Attached at the Liquid-Liquid Interface

The particles attach to the interface (see Figure 2.1) due to the reduction of the surface
free energy (free enthalpy) in the system.5 46 47 Many workers like Scheludko and
co-workers,48 Rapacchietta and co-workers,49 Mingins and co-workers,50 Neumann
and co-workers,51 Levine and co-workers52 and Owoseni and co-workers53 examined
the spherical and/or rod-shaped particles at the liquid interface and postulated the
theoretical description. The theoretical approach is discussed in detail by Binks
(2006).54

Figure 2.1: A spherical particle (left) with a radius (r) and a rod-shaped particle
(right) with radius (r ; front view) and length (l; side view) attached to an oil/water
interface. The contact angle (α) is defined as the two-dimensional projection of the
particle (front view). The schematic representation is adapted from Binks [2006]54
(sphere, left) and from Owoseni [2014]53 (rod, right).

The energy of detachment (∆G, free enthalpy) in the case of spherical particles can
be expressed by Equation 2.1 and Equation 2.2 that contain the particle radius (r),
the interfacial tension of oil/water (γoil/water), and the contact angle (α).

∆Gdet./water = πr2γoil/water (1 − cos(α))2 (2.1)

∆Gdet./oil = πr2γoil/water (1 + cos(α))2 (2.2)
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With a spherical particle, ∆Gdet./water increases and, simultaneously, ∆Gdet./oil de-
creases by increasing the contact angle from 0○ to 180○. In Figure 2.2, it can be
observed that a minimum of the system is achieved at a contact angle of 90○, which
is several orders of magnitude greater than the thermal energy kT. In other words,
when a spherical particle adheres to the interface, energy is required to release the
particle from the interface and move it into the oil or water phase.

Figure 2.2: Free enthalpy (∆G) of a spherical particle in an oil/water system as a
function of the contact angle (α). ∆Gdet./water (rectangles, black line) is the movement
of the particles from the water phase into the oil phase, and ∆Gdet./oil (triangles, red
line) is the movement of the particles from the oil phase into the water phase. The
free enthalpy is referred to as the thermal energy kT. The calculation was carried
out with γoil/water=50 mN/m and r=8 nm. Adapted from Binks [2006].54

It has to be mentioned that due to the curvature of a droplet, an attached particle
contact angle of 90○ is not exactly possible. Hence, the contact angle at a curved
interface is always above or below 90○.

For rod-shaped particles, the expressions for ∆G are extended due to different
geometry compared to spherical particles.55 56 The Equation 2.3 and Equation 2.4
contain the particle the length (l) in addition to particle radius (r), the interfacial
tension of oil/water (γoil/water), and the contact angle (α).
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∆Gdet./water = 2rlγoil/water [sinα − α cosα(1 + r
l
) + r cos2α sinα

l
] (2.3)

∆Gdet./oil = 2rlγoil/water [sinα + (π − α) cosα(1 + r
l
) + r cos2α sinα

l
] (2.4)

Figure 2.3: Comparison of the free enthalpy (∆G) of a spherical particle (red circles;
r=57 nm) and a rod-shaped particle (black rectangles; r=8 nm, l=800 nm) in an
oil/water system as a function of the contact angle (α). Both objects have the same
outer surface (Asphere=Arod=4.1⋅10-14 m2). The free enthalpy is referred to as the
thermal energy kT. The calculation was carried out with γoil/water=50 mN/m and
the assumption of a lateral attachment of the rod-shaped particle at the interface.

Figure 2.3 shows that the different geometry of the rod-shaped particle compared
to a spherical particle with the same surface leads to a larger ∆G. This parameter
can be used to modify the ∆G selectively. In both cases, however, the geometry is
linearly included in the above equations. In contrast, the contact angle is included
exponentially for spherical and rod-shaped particles.

The particles at the interface are not rigidly attached and show mobility at the
interface that is caused by attractive van-der-Waals interactions or/and by capillary
forces.57 58 59 60 These long-range capillary forces are caused by wetting phenomena
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(immersion forces) and/or by gravity (floating forces)61 and can lead to an orga-
nization of the nanoparticles at the oil/water interface. It should be mentioned
that capillary forces can be attractive, which pulls the particles together, or repul-
sive, which pushes the particles away from each other, depending on the meniscus
slope angle and the contact lines.61 62 63 In particular, nanorods exhibit capillary
forces.64 65 66 Bowden and co-workers67 68 represented the self-assembly of hexagonal
plates driven by lateral capillary forces. It has been shown that the direction of the
contact between the particles can be determined by partially changing the wettability
of the particles. Lewandowski and co-workers69 used anisotropic cylindrical micropar-
ticles and showed that due to the deformation of the surface (interface distortion)70,
the particles assemble in an end-to-end orientation.71 Loudet and co-workers72 73 74

observed a similar effect on anisotropic ellipsoidal particles, but a possible reorgani-
zation of the ellipsoids was observed from end-to-end to side-to-side orientation due
to smoother edges. This reorganization leads to a reduction in energy.70 Madivala
and co-workers75 used ellipsoidal particles and Lou and co-workers7 silica microrods
(with smooth edges) to stabilize PEs and observed similarly structured assemblies of
the particles at the curved droplet interface. In both cases, this organization was
explained by capillary forces.

2.3 Particles at Curved Interface - Pickering Emulsions

The application of PEs in reaction systems requires stable emulsions. However,
emulsions are thermostatically unstable and coalesce to reduce the total surface
energy, leading to phase separation.76 77 To prevent the destabilization of the emulsion
by coalescence,78 79 many different particles can be used to stabilize PEs.28 80 There are
several studies on PEs stabilized with polymer particles,81 82 83 84 85 Janus particles,44 45

or organic particles.1 10 29 86 87 88 Sihler and co-workers89 even showed that in the
continuous phase, dissolved dyes aggregate at the interface and act as stabilizers
of PEs. Inorganic particles, in particular silica particles79 90 91 92 were those most
frequently studied by different workers. These studies have resulted in several theories
about PEs, which will be summarized in this part.
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2.3.1 Types of Pickering emulsions

PEs can be classified by the phase in that one is dispersed into the other. When
water droplets are dispersed into the continuous oil phase, the emulsion is called
water-in-oil (W/O) PE (α > 90○). Conversely, the emulsions are called oil-in-water
(O/W) PEs (α < 90○).32 In some cases, this classification is not sufficient. Vis and
co-workers93 used nanoplates to stabilize a water-in-water (W/W) Pickering emulsion.
The water/water phase separation was realized by adding two different polymers
into the particular water phase at high concentrations, and an interfacial tension
was adjusted in the regime of µN/m. The study of Rozynek and co-workers94 shows
an oil-in-oil (O/O) PE using different oils with different viscosities. According to the
Bancroft rule, the particles are dispersible in the continuous phase of the respective
Pickering emulsion (see Figure 2.4 A). In contrast, an anti-Bancroft type is available
when the particles are dispersible in the dispersed phase, i. e., in the droplets. It
is assumed that the particles attach to the droplet surface from the inside of the
droplet (see Figure 2.4 B).83 95 96 97

Figure 2.4: A droplet of a Pickering emulsion stabilized by solid particles. (A)
Particles are dispersible in the continuous phase (Bancroft-type), and (B) particles
are dispersible in the dispersed phase (anti-Bancroft type). Adapted from Golemanov
[2006].98

Golemanov and co-workers98 showed that polystyrene latex particles can stabilize
the anti-Bancroft emulsion type and proposed a theoretical model for predicting
the droplet size. This theory pointed out that in both cases (Bancroft and anti-
Bancroft), the droplet size depends on the particle concentration, but in the case of
Bancroft-type, the volume fraction has to be taken into account, whereas in the case
of anti-Bancroft type not.
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2.3.2 Coverage

Another important feature of PEs is the coverage (C ) of a droplet by particles.99

Arditty and co-workers2 deduce the basic equations for spherical particles, and the
coverage was defined as the ratio of the sum of the two-dimensional projected surface
of the particles adhering to the interface (Sparticles) and the total surface area of
the droplets (Adroplets). The coverage for spherical particles depends on the droplet
diameter (ddroplet), the mass of the particle used (mparticles), and on the total volume
of the dispersed phase (Vdispersed).90

C = Sparticles

Adroplets
= 6Vdispersed
ddroplet ⋅mparticles

(2.5)

Kalashnikova and co-workers10 modified the expression for the coverage and adapted
it to anisotropic particles such as rod-shaped particles. Equation 2.6 additionally
considers the particle diameter (d) and the particle density (ρ).

C = 2
3 ⋅ (

ddroplet ⋅mparticles

ρπd ⋅ Vdispersed
) (2.6)

Equation 2.6 can be transferred into a linear form.

1
ddroplet

= 1
C
⋅mparticles ⋅

2
3

1
ρπdVdispersed

(2.7)

It is obvious that the coverage can be calculated by measuring the droplet size as a
function of the particle concentration. However, the model of the coverage assumes
that all particles are attached at the interface, the dispersed phase is completely
distributed, and the packing parameter is constant. There are several studies showing
that these assumptions are not always fulfilled for PEs. Binks and co-workers100

showed that not all particles can be attached to the interface. In the same work, it
was shown that the packing parameter can change and is not constant.

The coverage may also be altered by external factors such as salinity or pH.1

Destribats and co-workers101 and Gautier and co-workers102 studied these effects
and showed that a change in pH and/or the addition of salt (in both cases NaCl)
leads to a reduction or increase in packing density, or rather, of the coverage. This
behavior has been explained by the electrostatic nature of the particles. Reynaert
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and co-workers103 investigated the effect of a negatively charged surfactant (SDS) on
a densely packed monolayer of negatively charged colloidal particles in the presence
of salt (NaCl). It was found that the addition of the surfactant leads to a reduction
in packing density due to the change of the electrostatic interaction between the
particles by the salt and due to the change in the capillary interactions by changing the
interfacial tension between oil and water and the wetting behavior of the particles.

The coverage not only exists for every single droplet. Horozov and co-workers6

showed that one monolayer can exist for two droplets, which is called the bridging
effect. This bridging effect can occur when the density of the monolayer is low at each
droplet due to particle-particle repulsion. The new bridged and denser monolayer
between two droplets is pushed together due to strong capillary forces. French and
co-workers104 used this model of bridging to explain the exchange of differently
colored particles between droplets. A second theory was used to explain particle
exchange. When two less covered smaller droplets coalesce into one larger droplet,
some particles are released. The released particles can then be attached again at
other less covered droplets, which leads to the exchange of the particles.

2.3.3 Effect of wetting

The wetting of particles at the interface is a key parameter influencing microscopic
behavior such as particle attachment, particle-particle interactions, coverage, or
contact angle. These define the macroscopic behavior such as the droplet size,
stability, or the type of PEs. In two studies, Binks and co-workers105 106 used silica
particles with different hydrophobicity and showed that the emulsion type depends on
the contact angle of the particles. In the study, the surface of the silica nanoparticles
was chemical modified. However, the wetting behavior of the particles can be also
modified in other ways. In the other study, Binks and co-workers107 demonstrated
that oppositely charged di-chain surfactants adsorb at the particle interface and alter
the wetting behavior of the particles, resulting in an inversion of the emulsion type.
A further study by Binks and co-workers108 showed an in-situ particle modification
directly through the oil phase, and an interaction of the functional groups of the oil
and particles was used to explain the adsorption of the oil at the particle surface.
This led to a change in the wetting behavior of the particles. The further study by
Binks and co-workers109 showed that the wetting behavior of the particles can be
altered by the pH or by salt. In the study, ionizable nanoparticles with pH-sensitive
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functional groups (carboxylic acid groups) were used, and the change in the pH or
salt again results in an emulsion inversion. The observed effects were explained by
the change in the particle charge coupled to the ionization of the functional groups
at the particle surface.

However, not only external stimuli can be used to influence the wetting behavior of
the particles. Zanini and co-workers110 showed that the particle roughness influences
the surface wetting of the particles by distorting the contact line of the attached
particles. Mixtures of oppositely charged particles and surfactants can also influence
the wetting behavior of a system by adsorption at the particle surface.111 Binks
and co-workers112 discussed the adsorption of a positively charged surfactant on
negatively charged silica nanoparticles. The authors concluded that this adsorption
results in a change in the contact angle, which leads to a double-phase inversion and
a change in emulsion stability. This observation was explained by the formation of a
surfactant monolayer on the particle surface at low surfactant concentration and the
formation of a surfactant bilayer113 114 at high concentration. This behavior between
oppositely charged particles and a surfactant has been confirmed by many other
studies.115 116 117 118 119 120 Thijssen and co-workers121 even showed that oppositely
charged fluorescence dye act like a surfactant with similar consequences. In the case
of the same charge of surfactant and particles, the interactions are more complex.122

Yuan and co-workers123 discussed that same charged surfactant and particles do
not interact with each other but show a competitive attachment to the interface.
Vatanparast and co-workers124 assume that hydrophilic particles do not attach
to the interface but press the equally charged surfactant to the interface due to
the electrostatic repulsion between the particles and the surfactant. This leads
to an increase in the surface activity of the surfactant. In contrast, Whitby and
co-workers125 assume that the surfactant with the same charge as the surface-active
particles adsorbs to the particle surface. It has to be mentioned that in the study,
the particles were partially hydrophobized and not completely hydrophilic.

2.4 Halloysite Nanotubes

As natural and unmodified clay particles,126 Halloysite nanotubes (HNTs) can be
used as emulsifiers for PEs. HNTs are rolled127 128 129 130 as 1:1 alumosilicates129 with
the molecular formula Al2Si2O5(OH)4*nH2O, similar to kaolinite sheets.55 HNTs
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have a tubular shape with silicon-oxide tetrahedra on the outside and aluminum-
oxide octahedra on the inside of the tubes131 132 (see Figure 2.5). Due to the mixed
crystalline structure, the outer surface of HNTs is negatively charged (because of
Si-OH groups), and the inner surface positively charged (because of the gibbsite
array of Al-OH).133 These hollow tubes have a length of 500-1000 nm,134 an outer
diameter of 40-80 nm, and an inner diameter of 10-15 nm.135

Figure 2.5: (A+B) Crystalline structure of Halloysite nanotubes with silicon oxide
tetrahedra and aluminum oxide octahedra. (C) Schematic illustration of a rolled
Halloysite nanotube. (A) is adapted from Abdullayev [2010a],136 and (B) is adapted
from Mehmel [1939].137

From an application point of view, the HNTs are interesting because these particles
are inexpensive and available in large quantities.138 Due to their hollow structure,
HNTs can be loaded from inside with many different materials such as microgels,139

drugs,140 antioxidants,141 and many other kinds of molecules.134 142 Furthermore, the
outer surface of the HNTs can be modified by silanization143 144 145 or by surfactants146

to regulate wettability. In addition, HNTs were successfully used as carrier material
for metal-based catalysis.147

2.4.1 Pickering emulsions stabilized by Halloysite nanotubes

Halloysite nanotubes as an emulsifier to stabilize PEs were first reported by Owoseni
and co-workers.53 The authors observed a monotonic droplet decrease by increasing
the particle concentration and suggested a lateral attachment of the HNTs at the
interface due to the greatest energy reduction of the system.148 In a further study,
Owoseni and co-workers55 showed that the surface of the HNTs can be selectively
modified to change the wetting behavior of the HNTs and optimize the stabilization of
the PEs.149 The same author showed that magnetically functionalized HNTs can also
be used for the stabilization of the PEs.56 In addition, the HNTs were loaded with
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surfactants that could be released.150 Wei and co-workers151 used HNT-stabilized
PEs as templates for the production of microspheres. Panchal and co-workers152

used HNT-stabilized PEs in combination with bacteria that can metabolize oil. The
authors showed that these bacteria attach better to the oil droplets in the presence of
HNTs. Furthermore, it was concluded that the HNTs even increase the activity of the
bacteria. Zhang and co-workers153 used HNTs and unscrolled the particles to produce
Janus nanosheets. Subsequently, the two different surfaces (Al-side/Si-side) were
selectively modified by different molecules, and the sheets were used to stabilize PEs.
Interestingly, no one of the different workers investigate the fine assembly structures
of the HNTs at the microscopic interface although it was known that rod-shaped
particles exhibit anisotropic accumulation at interfaces. Zhao and co-workers154

showed that the HNTs assemble parallel to each other at the interface of a evaporated
macroscopic droplet (coffee ring). A similar anisotropic assembly was observed by
Qin and co-workers155 who used HNTs as a membrane layer for filtration experiments.
It has been observed that this type of membrane increases the selective separation
of organic dyes and/or salt. In addition, an antifouling behavior was observed. All
these studies motivate a possible application of the HNTs as a stabilizer of PEs and
simultaneously as a substrate for membrane filtration in a cyclic reaction system as
chosen in the present thesis.

2.5 Pickering Emulsions for Catalysis

Pickering emulsions can be used as a reaction system for many different reac-
tions13 156 157 such as acetalization,158 etherification,159 oxidation reaction,160 or
biocatalysis.161 162 163 Some workers even presented a possible reaction with an addi-
tional separation step to the recycling of the catalyst. Wiese and co-workers164 used
temperature-sensitive PNIPAM particles to stabilize the PEs. After the biocatalytic
reaction, the stable PE was systematically destroyed by raising the temperature to
above the volume-phase transition temperature (VPTT), resulting in a two-phase
separation, and thus to the separation of the product from the catalyst. Peng and
co-workers165 used electrochemically sensitive microgels to stabilize the PEs. The
emulsion was destroyed by a change in an external potential, which also leads to phase
separation. Heyse and co-workers166 showed another separation strategy by pursuing
membrane filtration in a membrane reactor. Yang and co-workers167 induced a PE
phase inversion (O/W to W/O) after the hydrogenation reaction by changing the
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pH. The continuous oil phase contained the product and could be separated from
the catalytically active particles by simple decantation. Two studies from Zhang and
co-workers14 and from Chen and co-workers168 led to the addition reaction, or rather,
the cyclization reaction in a continuous-flow setup. Therefore, the active catalyst
was encapsulated in the particle-stabilized PE droplets enclosed in a vertical reactor.
The reactants passed through the droplets and began to react after contact with
the PE droplets. The product was collected drop by drop after passing through the
reactor.

2.6 Hydroformylation Reaction

An industrially relevant reaction is the hydroformylation reaction of olefins to aldehy-
des.20 This catalytic reaction (see Figure 2.6) between an olefin and syngas (CO/H2)
in different reaction media should be discussed in this chapter.

Figure 2.6: Schematic representation of the catalytic hydroformylation of an olefin
(1-dodecene R=10) to the linear (n) or branched (iso) product (aldehyde). Adapted
from Meng [2018].169

The general steps of the hydroformylation reaction, based on the mechanism pos-
tulated by Wilkinson,170 are shown in Figure 2.7. For reasons of clarity, only the
route to a linear aldehyde (product) is shown. In Step (1), the precursor molecule
Rh(acac)(CO)2 interacts with the ligand (P-P) and the syngas (CO/H2), resulting in
a release of the ligand acetylacetone (acac).171 Thereafter, the CO dissociates, and
an alkene (e.g. 1-dodecene) coordinates in Step (2). In Step (3), the coordinated
H-atom is inserted into the alkene and forms an alkyl species.172 Thereafter, in Step
(4), CO is absorbed and inserted into the alkyl species.173 In Step (5), H2 is absorbed
and inserted into the acyl species. In the final Step (6), the aldehyde is released by
reductive elimination, and the cycle can be repeated.174 175 176 177 178 179 180 181

Different metals and ligands can be used as catalysts.21 The challenge, however, is that
homogeneously catalyzed reactions are selective and more active than heterogeneous
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Figure 2.7: Mechanism of a hydroformylation reaction with a Rh-based catalyst
containing a bidentate ligand (P-P). A pathway to a linear aldehyde (product) is
shown. Adapted from Jorke [2013].182

catalysis, but the separation of the generally expensive catalyst is difficult.183 A
strategy to simplify the recycling process of the homogeneous catalyst is to use
different liquid phases in that the catalyst and the reactant are separated solubilized.
In such reaction system, however, the contact between the catalyst and the reactant
is too small to allow an acceptable reaction. For this reason, various strategies have
been developed and investigated to maximize the contact between the reactant and
the catalyst through an additional separation that is as simple as possible.

Interestingly, there are studies on a hydroformylation reaction in only biphasic
reaction systems without emulsifier or similar molecules. Deshpande and co-workers171

used an ionic liquid184 as the phase in that the catalyst was solubilized and a non-
polar phase containing the reactant. The reaction occurred by stirring the biphasic
system. The result showed high reaction rates, but this system also has disadvantages
due to catalyst leaching185 and a low n:iso ratio. Furthermore, the product is
difficult to separate from the liquid phase, and the ionic liquids are also harmful
to the environment. Benatmane and co-workers186 represented a hydroformylation
reaction in a stirred biphasic system in the presence of pillar(5)arene molecules. The
authors conclude that these molecules reduce the interfacial tension and recognize the
substrate, resulting in a better response compared to a pure biphasic system. This
reaction medium also has the drawbacks of the difficult and additional separation of
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the product and purification of the phases from the pillar(5)arenes. Warmeling and
co-workers187 used a pure biphasic system and carried out the hydroformylation in
a jet loop reactor. Thus, the liquid phases (organic phase=reactant; water phase
contains the catalyst) are pumped through a nozzle that leads to dispersion and
fine mixing of the two phases. This process promotes the reaction.188 The process
must then be stopped, which would ideally lead to phase separation and thus to a
separation of the product from the catalyst. However, the separation could not take
place, which would lead to a possible addition of additives and contamination of the
phases.

Thermomorphic multi-component solvent (TMS) systems can also be used for the
hydroformylation of long-chain olefins.182 Behr and co-workers189 used a three-
component system containing a polar solvent and a non-polar solvent in addition to
a solvent with medium polarity, which acted as a mediator. At room temperature,
this solvent mixture showed a miscibility gap, leading to a two-phase system. The
catalyst and the reactant were arranged separately in the two phases. Above a
specific temperature, however, the miscibility gaps disappear, and all the components
are miscible with each other, resulting in a homogeneously catalyzed reaction.190

After the reaction, the temperature was cooled down back to room temperature, and
the catalyst could be easily separated from the product.191 This reaction system was
also successfully tested in a mini-plant and discussed by Jokiel and co-workers.192 The
advantage of this reaction medium is that the reaction takes place in a homogeneously
catalyzed system that leads to high reaction rates and selectivity. However, the
disadvantages are comparable with microemulsion systems. The separation of the
product from the solvent is difficult, and the solvents used are generally harmful
to the environment. In addition, this reaction medium also has a narrow operating
window, or rather, the composite mixture must be newly adjusted by changing the
reaction or the reaction parameters. In addition, TMS systems show a relatively
high catalyst leaching.193

The catalyst for the hydroformylation can be also immobilized.194 Solid particles
can be used as immobilization material.195 196 197 Immobilization leads to a kind of
heterogeneous reaction system with the typical disadvantages. This system displays
leaching, and the selectivity or the n:iso ratio and catalyst activity is lower compared
to other systems.198 199 200 In addition, Bibouche and co-workers201 observed that
the particles with the immobilized catalyst can lead to a Pickering emulsion in a
two-phase system.
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One reaction media for the hydroformylation are surfactant-stabilized microemul-
sions.24 202 Several workers such as Hamerla and co-workers203 or Pogrzeba and
co-workers204 showed that the hydroformylation can be carried out in microemul-
sions with high reaction rates and selectivity. Pogrzeba and co-workers19 have even
successfully demonstrated the continuous reaction process with a possible separation
in a mini-plant. However, there are several drawbacks to this reaction system. The
microemulsions have narrow operation windows, or rather, the composite mixture
must be newly adjusted by changing the reaction or reaction parameters. In ad-
dition, the phases are contaminated with surfactants that are generally harmful
to the environment. These surfactants must also be removed from the product.
Furthermore, Pogrzeba and co-workers205 demonstrated that phase separation is not
always guaranteed, and a salt must be used to increase the separation behavior of
the microemulsions. This leads to an additional component in the reaction system,
and it has been observed that the salt reduces the yield of the product.

Another approach is hydroformylation in Pickering emulsions.16 17 18 206 In this system,
the operating window is wider, and the PEs are very stable by changing the reaction,
or rather, the reaction parameters. In addition, the separation of the product from
the catalyst can be easily performed by membrane filtration or decantation, and the
particle behavior can show additional synergy effects. Disadvantages in these media
are also the possible contamination by the particles, which must be removed by an
additional process step. Furthermore, the reaction rates are lower compared to the
microemulsions, but the selectivity is similar.

Different equations are defined to ensure the comparability of hydroformylation in
the different reaction systems mentioned above. The conversion, turnover frequency
(TOF), the n:iso ratio, and the selectivity for aldehydes can be calculated using
Equation 2.8, Equation 2.9, Equation 2.10, and Equation 2.11, which calculate the
mass of the substance determined by the GC at different times (mt=0, subst., mt, subst.)
or the amount of substance of the reacted reactant (nreactant), catalyst (nRh-SX), linear
(naldehyde (linear)) or branched (naldehyde (branched)) aldehydes, and the time (t).

conversion = (mt=0, subst. −mt, subst.)
mt=0, subst.

⋅ 100 (2.8)

Turnover Frequency (TOF) = nreactant
(nRh-SX ⋅ t)

(2.9)
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n:ios =
naldehyde (linear)

naldehyde (branched)
(2.10)

Selectivity for aldehydes =
naldehyde (linear) + naldehyde (branched)

nsubst. reacted
⋅ 100 (2.11)

2.7 Concluding Remarks

It has been shown that hydroformylation reaction is indeed generally possible in PEs,
but there is a gap of physico-chemical macroscopic and microscopic understanding
of this reaction in the PEs. From a macroscopic point of view, it is not sufficiently
known how the reactor parameters, impurities of the reactant, particle wettability, the
particle geometry, the energy input, or rather, the droplet size and the PE stability
influence the reaction behavior, especially in a recycling process by membrane
filtration. The microscopic physico-chemical interactions of an amphiphilic and
charged ligand/catalyst with the interface or with charged particles are rarely studied
in the literature, but these basic understandings are essential for an interfacial
reaction in the presence of particles. The present work has dealt with and discussed
these open questions since understanding them in the microscopic range leads to an
optimal macroscopic reaction behavior also for other types of reactions.
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Experimental Section

3.1 Materials

The compounds and particles used are summarized in Table 3.1. All chemicals and
particles were used without further purification. The particles will be separately
represented, due to the important role of the particles for this theses.

Fumed silica: Silica nanoparticles can be synthesized by the Stöber process207 or by
flame pyrolysis. In flame pyrolysis, a silicon precursor (often silicon tetrachloride)
is burned with a gas mixture of oxygen and hydrogen (oxyhydrogen gas). This
leads to the creation of approximately spherical primary particles in the nanometer
range. During the process, the particles irreversibly aggregate into larger sizes (see
Figure 3.1)208. These fumed silica nanoparticles have silanol groups (Si-OH) on the
surface that allow a surface modification of the particles to alter the physicochemical
behavior of the particles (see Figure 3.1)91. Due to the silanol groups, the surface of
unmodified silica nanoparticles is negatively charged.

Figure 3.1: Fumed silica nanoparticle composed of agglomerated, approximately
spherical primary particles (left). Hydrophilic particles (right, top) with silanol
groups (Si-OH) and partially hydrophobized silica nanoparticles (right, bottom).

The silica particles HDK N20, HDK H18 and HDK H20 from Wacker Chemie
AG were selected due to the cheap price, availability in large quantities and the
availability in different hydrophobicities (see Table 3.2). Thought HDK N20 particles
are hydrophilic and have residual silanol groups of 100 % and are dispersible in water.
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HDK H18 and HDK H20 are hydrophobic and have 25 % or rather 50 % residual
silanol groups and are dispersible in oil.

Table 3.2: Comparison of the used fumed silica nanoparticles HDK N20, HDK H18
and HDK H20.

Silica Rest silanol groups [%] Dispersible in
HDK N20 100 water
HDK H18 25 oil
HDK H20 50 oil

Figure 3.2 exemplary shows HDK H20 silica nanoparticles used. The primary
spherical particles agglomerate into a longer secondary irregular shaped structure.
Because of this, the length of the particles is 130 nm±30 nm, and the diameter is
30 nm±10 nm. The primary particles are strongly interconnected, and the secondary
structure could not be destroyed. HDK N20 and HDK H18 show the same structure
as the HDK H20 nanoparticles.

Figure 3.2: SEM image of a fumed HDK H20 silica nanoparticle. HDK N20 and
HDK H18 show the same structure.

Halloysite nanotubes: The HNTs are also cheap and availability in large quantities.
Additional, the HNTs surface can be modified to change the physico-chemical behavior
of the particles. Hence, the length of the HNTs is 800 nm±200 nm (8 times longer
than silica particles) and the outer diameter is 50 nm±5 nm (see Figure 3.3 A and
B). Further, the fine rolled tubular clay structure is shown in Figure 3.3 B and the
inner diameter was determined to be 15 nm±2 nm (see Figure 3.3 C). Pristine HNTs
are hydrophilic and dispersible in the water phase. However, the shape is much more
regular in comparison to the silica particles. Additional description about HNTs see
chapter 2.4.
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Figure 3.3: (A-B) SEM pictures that show the rolled structure of the HNTs and (C)
TEM image of the used Halloysite nanotubes that shows the hollow shape of the
HNTs.

Polystyrene-NH+
3 particles: The polymer particles used in this work have a hydropho-

bic polystyrene core, and the surface contains positively charged amino groups (-NH+
3 ;

see Figure 3.4).209 For this reason, a shape like a core-shell is given, containing a
dense core and a soft shell. The polymer particles are dispersible in the water phase
and were used for the interaction of the oppositely charged Rh-catalyst.

Figure 3.4: Polystyrene (PS-NH3+) particle with a denser hydrophobic inner core
and a softer, positively charged outer shell.

A particle (PS-NH3+) diameter of 89 nm±6 nm was determined by AFM (see
Figure 3.5 A). Furthermore, the phase image in Figure 3.5 B indicates a different
composition of the inner, denser core and a "fluffy" outer shell. The shape of the
particles was observed to be non-spherical and deformed in the AFM measurements.
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Figure 3.5: AFM measurement of PS-NH3+ particles coated on a gold wafer. (A)
Height image and (B) phase image.

3.2 Preparation Procedures

3.2.1 Emulsion preparation

The droplet size and the type of the PEs (W/O or O/W) depend on the energy
input and/or on the water-to-oil (w:o) ration.210 211 Previous experiments were done
to determine the optimal w:o ratio in the different PEs that led to the different w:o
ratios in the chapters. The w:o ratio is given as mass ratio between the water phase
and the oil phase. The detailed components composition of the PEs will be shown
in the chapters. The HNTs, HDK N20, PS-NH3+, and the PS-SO3- particles were
dispersible in the water phase, hence HDK H18 and HDK H20 were dispersible in
the oil phase.

Emulsion preparation by Ultra-Turrax (low energy input)

To disperse the oil phase, the Ultra-Turrax (UT) from IKA T25 Digital with a S 25
N-10 G dispersing element was used. First, water without or with Rh-SX, was added
to the required particle concentration (expressed in wt%, referred to the whole mass
of the sample) and sonicated for 5 min. Subsequently, oil phase was added to the
suspension and homogenized for 5 min at 10000 rpm (see chapter 5) or 20000 rpm
(see chapter 4, chapter 6).

Additional steps were taken during the preparation for the hydroformylation to
eliminate the contact between air and Rh-ligand. First, the required amount of
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particles (referred to the total mass of the sample) was placed in a Schlenk flask
and purged with nitrogen. Subsequently, the degassed Rh-ligand solution was added
to the particles and dispersed in a sonication bath for 5 min. The suspension was
carefully transferred to the vessel and covered with the lid. The vessel was purged
with argon (grade=5.0), and the oil phase was added to the suspension, and the
mixture was homogenized. A double amount of the hole components was used to
increase the volume of the samples for the hydroformylation.

Emulsion preparation by sonication (high energy input)

To homogenize the emulsions, the sonicator Sonifier W-250 (20 kHz, Pmax=200 W)
from Branson was used. First, the required amount of particles (wt%, referred to the
total mass of the sample) was introduced into the vessel, and water with or without
Rh-ligand was added to the particles. Subsequently, the suspension was mixed with
1-dodecene, and the PEs were homogenized by sonication for 5 min (with respect
to pulse on) with 2 s pulse on, 3 s pulse off, and an amplitude of 50 %. The whole
homogenization process took 12.5 minutes. During the preparation, the sample was
stirred at 350 rpm and cooled at ∼ 8 ○C using a Huber KISS K6 cryostat.

Additional steps during the preparation for the hydroformylation were carried out to
preclude the contact between air and the Rh-ligand solution. The required amount of
particles (wt%, referred to the total mass of the sample) of the particles were added
to the vessel (see below). The temperature of the vessel was adjusted to 8 ○C and
purged with argon (grade=5.0). The degassed Rh-ligand solution and the oil phase
were added to the particles. The sonicator was coupled to the vessel to sonicate the
mixture. A double amount of the hole components was used to increase the volume
of the samples for the hydroformylation.

Vessel designed for inert and temperature-controlled PE preparation by
sonication

The used catalyst is air sensitive and has to be excluded from the air (see Figure 8.2).
To ensure this, a special vessel (see Figure 3.6) was developed for the inert PE
preparation. The inner smaller stainless steel flask fits into the larger outer container,
and they are connected with screws. Between the flasks, there is space for the cooling
water in the closed-cycle cooling system. A sealing ring is inserted at the flange. The
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next element is a stainless steel lid with two holes, the smaller of which is for the
temperature sensor and the larger one for the sonicator tip. The lid is also screwed
onto to the flask and in between is a sealing ring. The lid has a gas connection to
purge the sample during the preparation. The inert gas passes through a distribution
line to two visible vents within the inner flask. At the top of the lid, a spacer for the
sonicator tip is placed. The holding plate for the tip is at the top of the spacer so
that the depth of the tip can be adjusted into the sample.

Figure 3.6: Custom-designed vessel to prepare Pickering emulsions by temperature
control and gas purging.

3.2.2 Catalyst preparation

The precursor Rh(acac)(CO)2 and the ligand (SX or TPPTS) were weighed in a
Schlenk tube. The tube was evacuated three times and purged with argon (grade=5.0).
Thereafter, 6 g of degassed water was added to the powder through a septum. To form
Rh-ligand complex, the mixture was stirred overnight at 700 rpm at room temperature.
The catalyst preparation was done in the group of Prof. Reinhard Schomäcker
(Technical University of Berlin). This group investigate the hydroformylation reaction
in surfactant stabilized emulsions. Hence, similar precursor to ligand ratios were
used for the PEs due to the experience of this group with these conditions.
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3.2.3 Hydroformylation reaction in a batch reactor

The reactor (see Figure 3.7) consists of a tempered stainless-steel tank (Vtot=0.08 L,
H/D=2.17) with a hemispherical head. A PTFE inlet was used to avoid direct
contact of the emulsions with the stainless steel. The reactor was equipped with an
aeration stirrer (Premex reactor AG, dR=0.018m, hR=0.009m) and one cylindrical
baffle (B=0.071m, b=0.006m).

Figure 3.7: Schematic representation of the batch reactor geometry with an aeration
stirrer. For the sake of clarity, the PTFE inlet is not shown.

The hydroformylation was carried out at 95-100 ○C, 15 bar (syngas CO (purity
1.6):H2 (purity 3.0)=1:1) and 1200 rpm at a required olefin (substrate; S) to catalyst
(Rh-ligand; C) mole ratio. The hydroformylation was running for a total of 24 h and
was stopped after 24 h. The samples were taken every hour for the first five hours,
and the last sample of the hydroformylation was taken after 24 h. The reactions were
done in the group of Prof. Reinhard Schomäcker (Technical University of Berlin).

3.2.4 Surface modification of Halloysite nanotubes

The HNTs surface was tried to modify to change the wetting behavior that should
leads to a possible emulsion inversion from O/W to W/O. The emulsion inversion
and the wetting behavior of the HNTs at the interface should be studied as a function
of the hydrophobization. Due to this, different reactants, reactant concentrations
and reaction parameters were chosen. Further, a positive charge should be added
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to the HNTs surface to study the wetting behavior of the particles at the interface,
and a possible interaction of the positive charge between the modified HNTs and the
negatively charged catalyst.

Surface hydrophobization

At first, HNTs were added to the continuous phase and sonicated for 30 minutes in a
sonication bath. Subsequently, substrate A and substrate B (see Table 3.3) were added
to the suspension. The sample was refluxed and purged with dried nitrogen during
the whole reaction. The detailed component composition and reaction parameters
are summarized in Table 3.3. Finally, the suspension was centrifuged (5min) three
times, washed with the continuous phase, and vacuum dried at 40 ○C for 24 hours.

Surface charge modification

At first, 800mg HNTs were weighed into a round bottom flask (250ml), and 140ml
water was added. The suspension was dispersed for 15min in a sonication bath.
Thereafter, the suspension was heated to 70 ○C, and a mixture of 20 g APTS and
20 g acetic acid was added dropwise. The suspension was refluxed at 70 ○C for 24 h.
Finally, the suspension was centrifuged three times, washed with water, and vacuum
dried at 40 ○C for 24 h.

3.2.5 Membrane filtration

For the membrane filtration, a PVDFmembrane with an MWCO of 1 kDa (ETNA01PP)
from Alfa Laval was used. First, the membrane was washed with pure water at
2.5 bar for 90 minutes. The PEs were then filtered at 2.5 bar and 500 rpm in a
stirred cell (XFUF04701) from Merck until 50 % of the oil phase had been removed.
The removed oil was replaced with fresh oil, and the PEs were used for the next
hydroformylation. The membrane filtration was done by the group of Prof. Anja
Drews (HTW Berlin).
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3.3 Methods

3.3.1 Particle characterization

Zeta potential

An electric field applied between two electrodes results in movement of a charged
particle to the oppositely charged electrode. This movement of a particle in a fluid
causes a deformation of the diffused double-ion layer due to the shear force (see
Figure 3.8), so that directly bound ions move with the particle.212 The ζ-potential
lies at the shear or rather at the slipping plane.213 The followed theoretical model
can be used to determine the ζ-potential.214 215 216 217

Figure 3.8: Schematic representation of a charged particle in a fluid. The particle
surface has a potential (Ψ0; here negative), which is compensated by oppositely
charged, strongly bonded ions (Stern layer), followed by the diffused double layer.
The ζ-potential (Ψζ) lies in the slipping plane and can be determined by a particle
movement between two electrodes (adapted from Bhattacharjee [2016]217).

The electrophoretic mobility µe (Equation 3.1) can be calculated with the particle
velocity (V ) and the electric field strength (E).

µe =
V

E
(3.1)

Finally, the ζ-potential can be calculated with Equation 3.2. In this equation, η
is the dynamic viscosity of the dispersant, ε0 is the vacuum permittivity, εr is the



34 Methods

relative permittivity, f(κr) is the Henry function, κ is the inverse Debye length
(Debye length is the distance from the surface, where the potential is reduced to 1

e),
and r is the particle radius assumed to be a sphere.

ζ = 3ηµe
2ε0εrf(κr)

(3.2)

For large particles and high ionic strength (κr ≫ 1), the Henry function converges to
3/2, and the ζ-potential is expressed with the Smoluchowski approximation.

ζ = ηµe
ε0εr

(3.3)

For small particles and low ionic strength (κr ≪ 1), however, the Henry function
converges to 1, and the ζ-potential is expressed using the Hückel approximation.

ζ = 3ηµe
2ε0εr

(3.4)

V can be measured by the Laser Doppler Velocimetry (see Figure 3.9). In this
method, a laser beam having a known wavelength λ irradiates the moved particle,
resulting in a shift of the frequency of the scattered laser beam (Doppler shift, ∆v).
The particle velocity can be calculated by applying Equation 3.5 with the index of
refraction (n) of the dispersant and the scattering angle (θ).215

∆v =
2V ⋅ n ⋅ sin( θ2)

λ
(3.5)

Electrophoretic mobility was determined with the Zetasizer Nano ZS from Malvern
(UK) at a detection angle of 13○. The ζ-potential was calculated using the Smolu-
chowski approximation for spherical particles. The particles were measured at a
concentration of 0.001 wt% and 25 ○C. Before the measurement, the suspension was
sonicated for 5 minutes.
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Figure 3.9: Setup of a Laser Doppler Velocimetry instrument (adapted from Kaszuba
[2010]215).

Scanning electron microscopy

To measure the size and shape of the particles, Scanning Electron Microscopy
(SEM) of a Hitachi SU8030 with cold-field emitter was used at the Zentrum für
Elektronenmikroskopie (ZELMI) at TU Berlin. The acceleration voltage was 3 kV,
and the images were measured from the top.

Transmission electron microscopy

The Transmission Electron Microscope (TEM) used was a JOEL JEM 2100 of JEOL
GmbH (Eching, Germany) at the Joint Laboratory for Structural Research (JLSR),
IRIS Adlershof (HU Berlin). A TEM copper grid with carbon support film (200
mesh) was used. 5 µl of the sample dispersion (c=0.01 wt%) was dropped onto the
grid, and the excess liquid was removed after 30 seconds using a filter paper. The
grid was placed into the EM21010 sample holder that was inserted into the TEM.
The images were taken at an acceleration voltage of 200 kV and recorded using a
bottom-mounted camera system.
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Atomic force microscopy

For Atomic Force Microscopy (AFM) measurements, 80 µl of particle suspension
(c=0.05 wt%) was pipetted on a 1x1 cm2 purified gold wafer. Subsequently, the
suspension was spin-coated on the gold wafer at 2000 rpm for 5 minutes. The AFM
measurements were investigated using the MFP-3D from Asylum Research with an
ac160tc (Olympus) cantilever. Hence, the measurements were made in intermittent
contact mode, and the pictures were first-order flattened using the software Igor Pro
6.37.

3.3.2 Pickering emulsion characterization

Optical microscopy

Optical microscopy is a common method for analyzing emulsions. In this work, the
samples were analyzed by transmitted-light microscopy in a bright-field illumination
(Köhler illumination system), which is a fast and simple method. A bright field
microscope Axio Imager A1 from Zeiss (Germany) was used to measure the droplet
size of the PEs. The sample was agitated by hand to disperse the emulsion phase,
and 3 µl of the sample was pipetted onto a glass slide and immediately carefully
covered with a 0.17 mm-thick coverslip. The measurements were carried out using
a 50/0.70 or a 100/1.3 (oil immersion) objective lens in transmission mode. The
automated analysis software from SOPAT GmbH218 (in the group of Prof. Matthias
Kraume) was used to count the droplets and determine the droplet diameter (see
Figure 3.10).

Figure 3.10: Typical analysis process of a Pickering emulsion. Droplets are automat-
ically found and counted for further analysis by the SOPAT software.

To quantify the droplet distribution of the PEs, the cumulative distribution function
of the number (Q0), the probability density function of the number (q0), the Sauter
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mean diameter (d32), or mean droplet diameter (dmean), can be used. These are
expressed as a function of the droplet diameter (d), the number of droplets (N ),
and/or specific surface (AV):219

Q0(di) =
subset(dmin...di)

total set(dmin..dmax)
=

di

∫
dmin

q0(d) dd (3.6)

d32 =
6
AV

= 6
∑πd2

i
∑ 1

6πd
3
i

= ∑d
3
i

∑d2
i

(3.7)

dmean =
1
N
∑di (3.8)

The Sauter mean diameter describes the relation of the overall droplet volume to the
overall surface area of the droplets. The Sauter mean diameter is preferred in most
process calculations, where the interfacial area is a critical factor. In contrast to the
arithmetic average, the volume specific surface of all the droplets and the interface
of the system can be directly calculated.

Fluorescence microscopy

The above-described optical microscope can also be used as a fluorescence microscope
and is explained as shown by Wang (2012)220 and Thorn (2016).221 Figure 3.11 shows
a schematic set up of an epifluorescence microscope. A mercury lamp is used as the
source. A preferred wavelength is filtered by the excitation filter (1) in the filter cube
and is reflected at the dichroic mirror (2). This adjusted wavelength passes through
the objective lens and interacts with the fluorescence dye in the stained sample.
Hence, the objective lens is focused on the sample. The fluorescent dye absorbs
this wavelength and emits longer wavelengths (Stokes shift), which pass through
the lens and the dichroic filter (2). The emission filter (3) blocks the unrequested
wavelengths and transmits the adjusted wavelength, which can be examined by the
eye or recorded by a camera.

A bright-field microscope, the Axio Imager A1 from Zeiss (Germany), was used to mea-
sure the fluorescence-stained PEs. The water phase of the samples was stained with
a water-soluble fluorescein sodium salt (FITC, λexcitation=490 nm, λemission=525 nm)
in a concentration of c=0.01mg/ml. The PEs were agitated by hand to disperse
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Figure 3.11: Schematic illustration of a fluorescence microscope for the measurement
of fluorescence dye stained samples (adapted from Dobrucki [2017]222). For the sake
of clarity, only the essential parts of the microscope are shown.

the emulsion phase and 3µl of the sample were pipetted onto a glass slide and
immediately covered carefully with a 0.17mm-thick coverslip. The measurements
were carried out with a 50/0.70 or a 100/1.3 (oil immersion) objective.

Confocal laser scanning microscopy

In section 4.2.1, a Confocal Laser Scanning Microscope (CLSM) from Leica TCS SP5
II was used together with an HCX PL APO CS 63/1.20 water-immersion objective
lens. First, the oil phase was stained with Nile Red (c=0.01mg/ml, λexcitation=552 nm,
λemission=636 nm, oil soluble). Then, the silica particles were added to the dodecene
phase, and the dye was adsorbed. Fluorescein-stained water phase was added to the
suspension (c=0.01mg/ml, λexcitation=490 nm, λemission=525 nm, water soluble) and
the PEs were prepared. For measurement, a small amount of PE was placed on a
0.17mm thick glass plate and covered with a transparent plastic Petri dish.

In section 5.2.1, the same CLSM setup was used as above. First, the oil phase was
stained with Nile Red (c=0.01mg/ml), and the PEs were prepared. For measurement,
a PE droplet was prepared as mentioned above, and the fluorescence of the dissolved
Nile Red in the oil droplets was measured (λexcitation=488 nm, λemission=530-550 nm,
oil soluble). The HNTs were measured using the reflection of the laser beam on the
particles (λreflection=633 nm).
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Stability measurements

For stability measurements, the PEs were transferred into 50ml centrifuge tubes.
After 5 minutes, the PEs were centrifuged in a Hettich Universal 320/320 R centrifuge
with a 90 ○ swing-out rotor. After the centrifugation process, the samples were
carefully removed and photographed. The heights of the emulsion and the water and
oil phases were measured as accurately as possible using ImageJ 1.48v. The ratio of
the phase heights was calculated with respect to the total height of the sample.

Shear stress

To analyze the stability and resistance of the droplets to shear stress, the Pickering
emulsions were tested in different setups. The effect of an aeration stirrer at 1000-
1400 rpm and different stirring times was determined in the stirred batch reactor
(for the detailed setup, see section 3.2.3). Due to the aeration, which is essential for
catalytic reactions, the minimum stirring speed in the reactor was chosen at 1000 rpm.
Furthermore, emulsions were stirred in a PTFE beaker at 350 rpm for different times,
using a stir bar, to examine the effect of droplet squeezing between the stir bar and
the beaker bottom. In addition, the emulsions were agitated horizontally using a
vibrating table (Databis HLC MKR 13, 500 rpm and 700 rpm). The droplet size
distribution was determined before and after these procedures.

Freeze-fracture cryo-SEM

In sections 4.2.1 and 5.2.2, the cryo-SEM measurements were carried out at the
Zentrum für Werkstoffanalytik Lauf GmbH. The electron microscope used was a
LEO 1530 VP with an ALTO 2500 cryo unit from GATAN. The PEs were frozen
in N2-slush at -212 ○C. The sample was quickly transferred to the cryo unit and
fractured. Subsequently, the sample was sublimated at -88 ○C for 6 minutes at
0.2mbar and sputtered with AuPd (≈ 10 nm). The sample was analyzed at -150 ○C
at 10−5 mbar.

In sections 5.2.1 and 6.2.2, a PE volume of 5µl was frozen in liquid nitrogen and
transferred to the cryo-preparation chamber of the GATAN Alto 2500-S. The frozen
droplet was fractured by hand at −180 ○C under vacuum. Then, the fracture was
etched for 60 seconds at −98 ○C to sublimate the water layer and to obtain the
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droplets with HNTs. The fracture was sputtered with platinum and measured by
the cryo-SEM Hitachi S-4800 at the acceleration voltage of 2 kV. The measurements
were done in the group of Prof. Joachim Koetz (University of Potsdam).

Cryo-TEM

The specimens for the cryo-TEM were vitrified by immersing the samples in liquid
ethane using an automated plunge freezer (Virtobot Mark IV, FEI Deutschland
GmbH, Frankfurt a.M., Germany). Four µl of the sample solution were pipetted
onto Lacey Carbon Grids (200 mesh, Science Services, Munich, Germany), which
had been pretreated for 15 seconds with glow discharge. The liquid was blotted with
filter paper. After vitrification, the specimen was placed into a pre-cooled high-tilt
cryo transfer sample holder (Gatan 914, Gatan, Eching, Germany) and inserted
into the JEOL JEM 2100 (JEOL GmbH, Eching, Germany) operating at 200 kV.
All images were recorded digitally using a bottom mounted CMOS camera system
(Tem-Cam-F416, TVIPS, Gauting, Germany) and processed with a digital imaging
processing system (EM-Menu4.0, TVIPS, Gauting, Germany). The measurements
were carried out in the Joint Laboratory for Structural Research (JLSR; HU Berlin,
TU Berlin, HZB).

3.3.3 Surface tension/Interfacial tension characterization

Contact angle measurements

When a liquid is placed on a flat surface, three possible states can be achieved. The
first possibility is when the liquid wets the surface, resulting in a uniform spread
of the liquid. The second one is when the liquid unwets the surface, resulting in a
non-spreading behavior of the liquid. The last possibility lies between the above-
mentioned states, the so-called partial wetting.223 With this option, the liquid in the
equilibrium does not completely wet the surface. Because of this, the liquid partially
disperses and forms a lens on the surface (see Figure 3.12).224 It should be mentioned
that the outer phase may be a gas phase or another immiscible liquid.

The three-phase contact angle (α) can be used to describe the wetting phenomena.224

For the three-phase contact point P226 (see Figure 3.12), Young’s equation227 is used
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Figure 3.12: Schematic illustration of a droplet on a solid substrate (adapted from
Shchukin [2001]225). At point P, the forces are in equilibrium, resulting in a lens
shape of the droplet.

that combines the interfacial tensions between a solid and gas (γsg), a solid and liquid
(γsl), and a liquid and gas (γlg) with α:

cos(α) = γsg − γsl
γlg

(3.9)

A common method to determine α of a droplet deposited on a flat surface is to
visualize the droplet. Thus, the droplet on the surface is illuminated by light and
picked up by an opposing suitable camera. Due to this arrangement of light source
and camera, a two-dimensional image is generated (see Figure 3.13), and the contact
angle can be calculated by analyzing the drop shape with software.228 229 230 231

Figure 3.13: Device to determine the contact angle α (adapted from Huhtamaki
[2018]231).

The contact angle was determined using an OCA 15 Plus from DataPhysics (Ger-
many). The substrate was under ambient conditions or covered with dodecane. A
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water droplet of 5 to 10 µl was deposited onto the surface of the sample (150-200mg
of particles pressed at 10 tons to a pellet) and in a sessile drop mode, measured with
and without a needle inside the droplet. The shape of the droplet was fitted with an
ellipse (theoretical approaches are similar to pendant drop232 233 234), and the contact
angle was determined by the tangential method.

Pendant/rising drop

To determine the interfacial tension (γoil/water), pendant/rising drop measurements
were conducted. Therefore, the two-dimensional shape of the droplet must be
measured and can be adjusted by the model in the following Figure 3.14.232 233 235 236 237

The droplet direction (pendant or rising) depends on the density of the droplet and
the continuous phase, however, the theoretical model is for both cases the same.

Figure 3.14: Schematic representation of a droplet for a mathematical model for
determining γ from the droplet shape (adapted from Rotenberg [1983]232).

The pressure difference ∆p (pin − pout) of a curved interface of a pendant drop (see
Figure 3.14) in equilibrium can be expressed by the Young-Laplace equation.

∆p = γ ( 1
r1
+ 1
r2

) (3.10)

In Equation 3.10, γ is the interfacial tension, and r1/r2 are the principal radii. If
there are no forces other the gravity, which leads to the deformation of the droplet,
∆p can further be expressed by Equation 3.11, where ∆p0 is the reference Laplace
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pressure at (b(vertical height)=0/a(horizontal distance)=0). ∆ρ is the difference
between the density of the droplet phase and density of the continuous phase, g is
the gravitational acceleration, and z is the vertical high. The total term (∆ρ)gz (z
measured from the reference plane) describes the hydrostatic pressure within the
droplet.

∆p = ∆p0 + (∆ρ)gz (3.11)

Figure 3.14 shows that the x-axis is the tangent of the interface curvature, which is
orthogonal to the z-axis, and that represents the axis of symmetry. Because of this
and that the x-axis is at the apex, Equation 3.10 and Equation 3.11 can be combined
into Equation 3.12, where r1 is the radius that rotates horizontally, and r2 rotates
vertically.

γ ( 1
r1
+ 1
r2

) = ∆p0 + (∆ρ)gz (3.12)

For this reason, r2 can be transformed into sin(ϕ)
x , and at ∆p0, the radii are r1=r2=r0,

where r0 is the radius at the origin and ϕ the angle of the R2 rotation. This leads to
Equation 3.13.

γ ( 1
r1
+ sin(ϕ)

x
) = 2γ

r0
+ (∆ρ)gz (3.13)

The complete interface of the droplet can be described by n=n(x, y, z). However,
due to the symmetric shape of the droplet, a planar, two-dimensional description
can be used. Thus, the description of the interface is reduced to x=x(s) and z=z(s),
where s is the arc length. These lead to three dimensionless differential equations
that can be solved with different numerical methods.

dx

ds
= cos(ϕ) (3.14)

dz

ds
= sin(ϕ) (3.15)
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dϕ

ds
= 1
r1

= 2
r0
+ ∆ρg

γ
z − sin(ϕ)

x
(3.16)

With these equations (boundary conditions x(0)=z(0)=ϕ(0)=0) and given r0 and
∆ρg
γ z, the shape of the droplet can be adjusted.

Thus, a droplet is produced at the end of a needle that is covered by a continuous
phase (with or without particles). The droplet is illuminated with light and picked
up by an appropriate opposite camera (see Figure 3.15). This arrangement of the
light source and the camera produces a two-dimensional image.

Figure 3.15: Schematic illustration of a pendant/rising drop setup to determine the
interfacial tension γoil/water (adapted from Hoorfar [2004]238).

To measure γoil/water, the tensiometer OCA 15 Plus (see chapter 4.2.1; pendant
drop) from DataPhysics (Germany) or the PAT-1 (see chapters 5.2.2 and 6.2.2; both
measurements were done by rising drop) from Sinterface (Germany) was used. A
quartz cuvette (32x35x35mm3) was completely filled with the continuous phase
(water or oil), with or without particles, and a needle (ø= 0.49mm) was immersed
therein. On the needle tip, a droplet of 3 to 10 µl was generated and analyzed.

Tensiometry

A DataPhysics D-CAT 11 was used to determine the surface tension (γair/water). The
measurements were carried out with a Du Noüy ring made of platinum-iridium with
a diameter of 18.7mm, a height of 25mm, and a wire thickness of 0.37mm. After
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obtaining each measurement in different concentrations, the ring was first washed
with MilliQ water and then immersed in a MilliQ/ethanol mixture (3:1), which was
burned off until the ring turned orange. Thereafter, the ring was used for the next
measurement.

3.3.4 Reaction characterization

Gas chromatography

Gas chromatography (GC) was used to analyze the mass fraction of the oil phase
during hydroformylation (data were referred to the sample at t=0). An RTX-5MS
capillary column, 30m in length, 0.25mm in inside diameter, and 0.25 µm in df was
used. The temperature program is shown in Table 3.4. Nonane was used as internal
standard. The measurements were done in the group of Prof. Reinhard Schomäcker
(Technical University of Berlin).

Table 3.4: Temperature program of the GC capillary column RTX-5MS.
Level Rate [○C/min] Tstart [○C] Tfinal [○C] Holding time [min]
1 - 120 - 5.5
2 10 120 160 2.0
3 30 160 330 15





Chapter 4

Pickering Emulsions Stabilized by Hydrophobic Silica
Nanoparticles∗

Abstract

Hydrophobic fumed silica nanoparticles HDK H20/HDK H18 (l=130-160 nm) with
different hydrophobicities were used to stabilize W/O Pickering emulsions (PEs) and
were compared with regard to a hydroformylation reaction in a batch reactor. Both
particle types attach at the oil/water interface and show a concentration dependence
of the droplet diameter that decreases monotonically with particle concentration.
Furthermore, the energy input by sonication or Ultra-Turrax during the preparation
leads to different droplet sizes. The purification of the interface by attached HDK
H20 particles is observed, resulting in an increase in interfacial tension. In addition,
the stability against coalescence under various process parameters such as shear
stress, pressure, temperature, and the influence of synthesis gas on the properties
of PEs are investigated. It has been found that PEs remain stable with respect
to coalescence under a wide range of reaction conditions. In addition, it has been
observed that the hydroformylation reaction is possible in PEs stabilized by fumed
silica. The hydroformylation reaction was optimized, resulting in a 80 % selectivity for
aldehydes and a TOF between 20-30 h-1. Finally, it has been shown that a filtration
after hydroformylation is possible, and a recycling process has been successfully
investigated.

4.1 Introduction

The stability of emulsions can, for instance, be defined in terms of coalescence. The
interfacial tension between the liquid phases and the wettability of the particles
(contact angle) define the strength holding of the particle at the liquid/liquid in-
terface that is influenced by the organic and aqueous phase and the particle type.
Enhanced emulsion stability in terms of coalescence can be achieved with interme-
diate hydrophobicity and small droplet sizes.239 240 241 Typically, the droplet size of

∗Similar content was presented in D. Stehl, L. Hohl, M. Schmidt, J. Hübner, M. Lehmann, M.
Kraume, R. Schomäcker, and R. von Klitzing: “Characteristics of Stable Pickering Emulsions
under Process Conditions”, Chem. Ing. Tech., 2016, 88, 1806-1814.
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Pickering emulsions (PEs) depends on the particle concentration. Since an increasing
amount of particles enables the occupancy of a larger interfacial area, the droplet size
decreases.10 A preferably small droplet size needs to be achieved in order to obtain
stable PEs.100 These emulsions can also be used as reaction media for multiphase
systems, e.g., for the hydroformylation of long chain olefins.16 17 206 242 For industrial
applications, an integrated process in which the reaction and the separation steps
are continuously combined to recover the valuable catalyst is of crucial importance
for the use of PEs as reaction media. Furthermore, a kind of energy input must be
applied to produce the PEs, and in a continuous process, e.g., to pump the emulsions
from the reactor into the filtration cell or to stop the sedimentation or creaming due
to density differences. Hence, the stability of Pickering emulsions against coalescence
is one major aspect that needs to be considered. A detailed investigation of emulsion
stability under various conditions induced by the reaction and filtration step must
be carried out.

4.2 Results

4.2.1 Effect of different parameters on Pickering emulsion formulation

The particle properties and the preparation procedure influence the emulsion type,
the droplet size or the stability of the PEs. These interactions are summarized in
this chapter.

System parameter

In this part, the surface modified silica HDK H18 and HDK H20 nanoparticles were
used. A comparison of the wettability of the particles in Figure 4.1 shows that the
HDK H20 particles have a contact angle of 140○, and the HDK H18 particles have
a slightly higher contact angle of 160○. It has to be mentioned, that these large
contact angles can be also result from the roughness of the particles or rather of the
particle pellet. The asymmetric position of the droplet with reference to the needle
in Figure 4.1 B is explained by the slightly tilted pellet surface. Due to the large
contact angle, the droplet drifts away if the droplet is squeezed between the needle
and the hydrophobic surface. Further, both particle types are dispersible in the oil
phase. The properties of the particles used are summarized in Table 4.1. HDK H20
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particles have residual silanol groups of 50 %, hence, HDK H18 particles only 25 %.
Both particle types have a density of 2.2 g/cm3 and are hydrophobic.243 244

Figure 4.1: Contact angle (α) of a water droplet placed on (A) an HDK H20 pellet
and (B) an HDK H18 pellet measured against air.

Table 4.1: Comparison of the fumed silica HDK H20243 and HDK H18244 nanoparti-
cles used.

HDK H20 HDK H18
Contact angle [○] 140 160
Rest silanol groups [%] 50 25
Density [g/cm3] 2.2 2.2

To obtain the information on which an emulsion type is stabilized using the silica
nanoparticles, CLSM measurements were investigated. Figure 4.2 C shows the water
droplets (green) that are stained with the water soluble fluorescein. The particles
were stained with the oil soluble Nile Red that adsorbs on the particle surface. Due
to this, the attached particles at the oil/water interface could be visualized and are
represented in Figure 4.2 as an outer shell (red). The oil phase was untreated and
appears black as a continuous phase. Both particles stabilize the W/O PEs and
follow the Bancroft rule.

These W/O PEs show a strong and typical dependence on the particle concentration
(see Figure 4.3). At particle concentrations less than 0.25 wt%, unstable emulsions
were observed; however, above 0.25 wt%, the emulsions were stable. Further, in
Figure 4.3 A, d32 is generally monotonically decreased by increasing the particle
concentration from 0.25 wt% to 1.00 wt%. In the case of HDK H20, d32 decreases
from 12.9 µm (0.25 wt%) to 3.8 µm (1.00 wt%). In contrast, PEs stabilized with
HDK H18 have a larger droplet size. The diameter decreases from 18.4 µm (0.25
wt%) to 10.2 µm (1.00 wt%). The plot of the inverse d32 versus the particle mass in
Figure 4.3 B gives different slopes for HDK H20 or H18. Taking Equation 2.7 into
account, the slopes are inversely proportional to the coverage of the droplets. The
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Figure 4.2: CLSM images of Pickering emulsions stabilized with HDK H20 (top:
w:o=1:3, 0.50 wt%) or by HDK H18 (bottom: w:o=1:3, 0.50 wt%). (A) Water droplets
stained with water-soluble fluorescein (c=0.01 mg/ml), (B) silica nanoparticles stained
with oil-soluble Nile Red (c=0.01 mg/ml), and (C) overlaid images of A and B. The
emulsions were prepared by sonication.

slope for the HDK H20-stabilized PEs is 1.5 (µm⋅g)−1 and for the HDK H18-stabilized
PEs 0.4 (µm⋅g)−1, which one is about a factor of four smaller. This theoretical
determination of the coverage must be handled with care because a monolayer of
attached particles and a complete particle attachment is assumed. Interestingly,
the cryo-SEM image in Figure 4.4 A of PEs stabilized with HDK H20 indicates
a monolayer. In contrast, the cryo-TEM measurement in Figure 4.4 B shows a
non-ideal particle layer at the droplet interface.

In addition, the particle concentration influences the amount of the emulsion phase
of the samples. Figure 4.3 C shows that for HDK H20 particles in the range of
0.25-0.75 wt%, the amount of the emulsion phase increases with concentration. A
further increase in the concentration of 0.75 wt% to 1.00 wt% does not affect the
amount of the emulsion phase. In contrast, in HDK H18-stabilized PEs, the water
phase was not completely dispersed at the concentration of 0.25 wt%, resulting in
a three-phase emulsion. Another difference to HDK H20-stabilized PEs is that the
amount of emulsion phase decreases slightly from 0.50 wt% to 0.75 wt% by increasing
the particle concentration. Furthermore, increasing the particle concentration to
1.00 wt% does not affect the amount of the emulsion phase, which is similar to the
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Figure 4.3: (A) and (B) show a comparison of the Sauter mean diameter (d32) as
a function of the particle concentrations (w:o=1:3) and (C) the relative emulsion
phase as a function of the particle concentrations (w:o=1:3). The emulsions were
prepared by sonication.

Figure 4.4: (A) A cryo-SEM measurement (w:o=1:3, 0.50 wt%) and (B) a cryo-TEM
measurement (w:o=1:3, 0.50 wt%) of the attached HDK H20 particles on a water
droplet. The emulsions were prepared by sonication.

PEs stabilized by HDK H20.

Due to the fact that the PEs stabilized by HDK H20 give smaller droplet sizes than
HDK H18-stabilized PEs (see Figure 4.3 A), which should lead to a higher internal
surface area (possible effect on hydroformylation), further experiments using HDK
H20 particles were investigated. Figure 4.5 shows the effect of the energy input on
the droplet size (A) and on the amount of the emulsion phase (B). Higher energy
input (sonication) for PEs preparation results in smaller droplet sizes whose diameter
drops from 12.9 µm to 3.8 µm and is between 0.25 wt% and 1.00 wt%. In the same
concentration range, lower energy input (UT) leads to larger droplet sizes, which
decrease from 13.5 µm to 7.4 µm. At high energy input (sonication), the amount of
the emulsion phase increases with increasing the concentration. In contrast, in the
case of low energy input (UT), the amount of the emulsion phase begins significant
to increase at 1.00 wt%.
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Figure 4.5: Effect of the preparation method (sonication or by Ultra-Turrax (UT))
on (A) Sauter mean diameter d32 at different particle concentrations (w:o=1:3) and
(B) on amount of the emulsion phase at different particle concentrations (w:o=1:3).
All PEs were stabilized by HDK H20 particles.

Interfacial phenomena

To investigate how impurities of the used 1-dodecene (95 %) might affect the interfacial
tension (γoil/water), pendant drop measurements were performed, which are shown in
Figure 4.6. Without particles, γoil/water of the water/oil reference system decreases
exponentially, and the plateau was not reached during the measurement period
(5min). The addition of particles to the oil phase results in a change in exponential
decay. The decay is rarely present at 0.25 wt% but is more pronounced at 0.50 wt%.
Here the plateau is reached within less than one minute. The decay at 0.75 wt% and
1.00 wt% is similar and less than at 0.50 wt%, but the plateau is reached faster after
almost 20 seconds.

Furthermore, the addition of HDK H20 leads to an increase of γoil/water with increasing
particle concentration. This correlation is shown in Figure 4.6 B (γoil/water after
waiting for five minutes for the pendant drop measurements in Figure 4.6 A). γoil/water
increases from 28 mN/m to 42 mN/m in a concentration range between 0 and 0.75wt%.
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A further increase in the particle concentration does not affect γoil/water. This effect
is an indication for a purification process of the 1-dodecene by HDK H20.

Figure 4.6: Pendant drop measurements of a water droplet submerged in a particle
(HDK H20)/1-dodecene suspension at different particle concentrations. (A) Interfacial
tension (γoil/water) as a function of time and (B) value after 5 minutes of measurement.

4.2.2 Effect of different reactor parameters on Pickering emulsions

The previous part addressed the PE properties as a function of the particle behavior
and the preparation procedure. In this chapter, the effect of different reactor
parameters on the droplet size and on the PE stability is investigated to proof the
applicability of the PEs in the reactor system. All emulsions were prepared by
sonication (high energy input) to minimize the droplet size of the PEs.

Shear stress

The stability of PEs at different shear stresses was investigated using a stir bar (2 cm
x 0.5 cm) at 350 rpm and different stirring times (0.5, 1, 2, and 3 h). The droplet sizes
were determined before and after the stirring times specified. The effect of stirring by
stir bar on the droplet diameter and on the droplet appearance is shown in Figure 4.7.
When the emulsion droplets are compared at t=0 h and after 3 h without stirring, no
coalescence is observed over time (see Figure 4.8). Stirring, however, has a significant
impact on the droplet size. Figure 4.7 shows that the stirring with a stir bar for 0.5 h

∗S. Nakahara and H. Masamoto: “Interfacial Tension of Two-Phase Water-Alkene Binary Liquid
System”, J. Chem. Eng. Jpn., 1990, 23, 94-95
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leads to a destruction and to a coalescence of the water droplets. Further stirring for
3 h leads to a nearly complete destruction of the emulsion droplets.

Figure 4.7: Optical microscope images of the emulsions (prepared by sonication;
w:o=1:3; 0.50 wt%), which were stirred with a stir bar after different stirring times.
Inset: Droplets surrounding the destroyed emulsion phase, which are addressed by
the software.

With the beginning of the stirring process (0.5 and 1 h), the Sauter mean diameter
increases. A maximum value was observed after 1 h. After that, the Sauter mean
diameter decreases (2 and 3 h) due to the destruction of the PEs, and phase separation
occurs. The corresponding image (see Figure 4.7) shows large areas without any
detectable droplets. The mean number of droplets per image decreases and is up
to three-quarters lower than in the samples without stirring. Since only spherical
droplets were considered, the destroyed droplets are no longer part of the droplet size
distribution. Therefore, the software only addresses the remaining smaller droplets
(see Figure 4.7, 3 h). Thus, the Sauter mean diameter and droplet size distribution
for 2 and 3 hours stirring time are falsified.

Figure 4.8: Cumulative distribution function of number (Q0) and corresponding
Sauter mean diameter (d32) of the emulsions (prepared by sonication; w:o=1:3; 0.50
wt%), stirred with a stir bar at 350 rpm for different times (0.5, 1, 2, and 3 h).

As an additional method, the emulsions were agitated using a vibrating table at
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500 rpm for different agitation times. In addition, one sample was agitated at a higher
frequency of 700 rpm in a long-term experiment for 14.5 hours. Neither changing the
agitation time nor changing the agitation frequency showed any significant effect on
the Sauter mean diameter and on the droplet size distribution (see Figure 4.9). The
emulsions are still stable after the agitation procedure. The cumulative droplet size
distributions are nearly equal, differences mostly occur due to image analysis and
experimental inaccuracies.

Figure 4.9: Cumulative distribution function of the number (Q0) and the correspond-
ing Sauter mean diameter (d32) of the emulsions (prepared by sonication; w:o=1:3;
0.50 wt%) by agitating the Pickering emulsion at 500 rpm or 700 rpm for different
agitation times.

In order to evaluate the influence of the stirrer speed and stirring time (see Figure 4.10
B) in a process, the emulsions (prepared by sonication) were transferred to the reactor
(see Figure 3.7) with an aeration stirrer that has no contact with the bottom of the
tank. The droplet size distribution of the PEs was determined immediately after
preparation and after 24 h (see Figure 4.10 C) without stirring in the reactor. In
accordance with the previous experiment (see Figure 4.9), the stirring time has no
influence on the size distribution and the diameter. The maximum stirring speed was
1400 rpm that is very close to the highest agitation speed of the setup and is sufficient
for aeration and mixing. The stirring itself results in slightly broader droplet size
distributions and correspondingly larger Sauter mean diameters (d32(>0 rpm)=7.41µm)
compared to the samples without mixing (d32(0 rpm)=5.49µm). However, the droplet
size of the PEs remains constant between a stirrer speed from 1000-1400 rpm, and
no coalescence is observed after stirring.
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Figure 4.10: (A) Cumulative distribution function of the number (Q0) of the emulsions
before and after stirring in the reactor (p=1 atm), (B) Sauter mean diameter (d32)
of the emulsions at different stirring speeds, and (C) d32 of the emulsions at different
stirring times. The stirring time of the corresponding stirring speed can be calculated
with ti-ti-1. The total stirring time was 9.5 h. The emulsions (w:o=1:3; 0.50 wt%)
were prepared by sonication.

Reactor pressure

The variation of the syngas pressure and therefore the reactor pressure is important
for the optimization of the hydroformylation reaction.19 The PEs behavior in the
reactor as a function of the reactor pressure was investigated to ensure stable PEs
during the hydroformylation reaction. The reactor was pressurized to a maximum
of the reactor of 40 bar to analyze the effect of pressure on the stability of the
Pickering emulsions. The stirring speed in the reactor was 1200 rpm (30 min stirring
time, typical speed during the hydroformylation). The cumulative size distribution
function and the Sauter mean diameter (see Figure 4.11) show that the size of the
water droplets fluctuates within the error range (±1 µm) when the reactor is brought
from atmospheric pressure to 40 bar.
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Figure 4.11: Cumulative distribution function (Q0) of the number and corresponding
Sauter mean diameter (d32) of the emulsions (prepared by sonication; w:o=1:3;
0.50wt%) by increasing the reactor pressure (1200 rpm, stirring time=30min)

Reactor temperature and syngas (CO/H2)

The temperature is a key parameter for the hydroformylation reaction.19 The effect
of different temperatures and pressure on the droplet size and PEs stability was
investigate to ensure stable PEs during the hydroformylation reaction at a process
temperature between 95-100 ○C.

Low pressure:
The influence of temperature in combination with syngas (CO/H2) pressure between
2 and 2.4 bar and a stirring speed of 1200 rpm (30 min stirring time) was investigated.
A pressure of 2 bar was applied at room temperature and increased during the
experiment due to an increase in temperature. By varying the reactor temperature,
the optimal operating point can be determined and the product yield of a catalytic
reaction maximized. The samples at 80, 100, and 120 ○C in the reactor were cooled
down to 60 ○C for safety reasons. Nearly 1 ml of the sample was taken and placed into
a tube. Due to the small sample volume, the temperature in the sample decreases very
quickly to room temperature. It can therefore be expected that the samples represent
the droplet state at different temperatures (80, 100, and 120 ○C). Furthermore, a
high energy input is necessary to produce a Pickering emulsion. If the Pickering
emulsion has been destroyed by high temperatures, it is irreversible by only lowering
the temperature to room temperature without any energy input.

The droplet size distributions of the PEs were hardly affected by changes in tem-
perature between 25-80 ○C. The corresponding Sauter mean diameters were nearly
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Figure 4.12: Cumulative distribution function of the number (Q0) and the correspond-
ing Sauter mean diameter (d32) of the emulsions (prepared by sonication; w:o=1:3;
0.50 wt%) without and with syngas by increasing the internal reactor temperature
(1200 rpm, stirring time=30 min). The internal reactor pressure rose with increasing
internal reactor temperature of 2 bar (25 ○C) to 2.2 bar (80 ○C). The droplet size
was determined after cooling the samples back to room temperature.

constant in the range of 9-10 µm (see Figure 4.12). Above 80 ○C, the droplets were
deformed. The emulsion droplets at 100 ○C (see Figure 4.13) were no longer spherical.
Upon reaching 120 ○C, the emulsion was completely destroyed, and no droplets could
be observed anymore (see Figure 4.13). An increase in the internal temperature of
the reactor to 120 ○C leads to approaching the boiling point of water because the
reactor pressure at 120 ○C was 2.4 bar.245

Figure 4.13: Optical microscope images of emulsions (prepared by sonication;
w:o=1:3; 0.50 wt%) that were treated in the reactor at a pressure of 2-2.4 bar
at 60, 80, 100, and 120 ○C. The images were recorded after cooling down (< 5 min)
the samples back to room temperature.

To compare the effect of synthesis gas on the Pickering emulsion, a sample without
synthesis gas was produced at 25 ○C. The result (see Figure 4.12) shows that the
synthesis gas has no effect on the droplet size of the PEs.

High pressure:
Boiling water destroys a W/O emulsion (previous experiment). To avoid this
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effect, the internal reactor pressure has to be increased. Furthermore, many catalytic
gas/liquid reactions are conducted under pressure. For instance, the hydroformylation
of long-chain olefins (e.g. 1-dodecene) can be performed under a pressure of 15 bar.
The internal temperature of the reactor was varied in a range from 25 ○C to 100 ○C.
The reactor pressure was 15 bar, and the stirring speed was set to 1200 rpm (30min
stirring time). The pressure of 15 bar was selected to increase the boiling temperature
(Tb(15 bar)∼200 ○C245) of water. The pressure was reduced to standard atmospheric
pressure (atm), and the sampling was the same as described above. The results in
Figure 4.14 show that an increase in internal temperature of the reactor does not
influence the droplet size or the (spherical) shape of the emulsion droplets. Pickering
emulsions maintain their stability and do not change the droplet size at 15 bar and
in the temperature range between 25-100 ○C.

Figure 4.14: Cumulative distribution function of number (Q0) and corresponding
Sauter mean diameter (d32) of the emulsions (prepared by sonication; w:o=1:3;
0.50wt%) by increasing the internal reactor temperature (with synthesis gas;
p=15 bar, 1200 rpm, stirring time=30min). The droplet size was determined after
cooling the samples back to room temperature.

4.2.3 Hydroformylation and recycling of Pickering emulsions

Previous hydroformylation experiments were investigated to optimize the hydro-
formylation reaction in hydrophobic silica particles (HDK H20/HDK H18) stabilized
PEs for the recycling experiment. The parameters are summarized in Table 4.2, and
the results are shown in Figure 4.15 (reactions as a function of time are shown in
Figure 8.3). At all experiments, the particle concentration was fixed at 0.50wt%.
First, at sample 1, the pressure and the temperature in the reactor were not simul-
taneously adjusted, resulting in a TOF of 6.9 h−1 and a selectivity for aldehydes of
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23 %. Changing the heating process of the reactor to a simultaneous increase of
temperature and pressure (which was used for all further experiments) in sample 2
leads to a slight decrease in TOF to 4.24 h−1 but to a strong increase in selectivity
for aldehydes to 94 %. A reduction of the substrate to catalyst (S:C) ratio from
1428:1 to 428:1 in sample 3 results in the smallest TOF of 0.6 h−1 and a selectivity
of 96 %, similar to the previous sample. Samples 1 to 3 were stabilized by HDK
H20 and showed highly viscous PEs. The hydroformylation of HDK H18-stabilized
PEs (sample 4; S:C=1428:1) also showed an insufficient TOF of 1.3 h−1 and a good
selectivity of 92 %. In contrast to the previous samples, the emulsion droplets were
dispersible in the continuous oil phase. In sample 5, HDK H20 particles were used
again, but the ligand was changed from SX to TPPTS, and the oil phase was changed
from 1-dodecene to 1-octene, resulting in an increase in TOF to 32.2 h−1, a reduction
in the selectivity to 79 % and a dispersible droplet (emulsion) phase. Preparing
the sample under the same conditions as sample 5 but with a lower energy input
(UT) leads to a reduction of the TOF to 18.9 h−1. However, the selectivity and
dispersibility of the emulsion droplets were not affected by the energy input. Samples
1 to 4 showed a comparable n:iso ratio of 99:1. In contrast, samples 5 and 6 showed
a slightly lower n:iso ratio of 84:16 than the other samples.

Due to the easier PEs preparation of sample 6 (prepared by UT), these reaction
conditions were used for the recycling experiments. In Figure 4.16 A, the conversion
of a reaction run 1 (before membrane filtration) was observed of 10wt% with a
selectivity for aldehydes of 76 %. After the reaction, the emulsion was filtrated, and
a constant flux of 30L/(m2h) was observed. At reaction run 2 (after membrane
filtration), a conversion of 15 % was observed with a selectivity of 64 %. The droplet
diameters of the PEs are shown in Figure 4.16 B and are not affected by the reaction
or by the membrane filtration and are approximately 13µm. Figure 4.16 C shows
a Pickering emulsion after the two reaction runs and after the membrane filtration.
The emulsion was still stable and completely dispersible.



Chapter 4 Pickering Emulsions Stabilized by Hydrophobic Silica Nanoparticles 61

Ta
bl
e
4.
2:

Se
lec

te
d
pa

ra
m
et
er
sf

or
op

tim
izi

ng
th
e
hy

dr
of
or
m
yl
at
io
n
re
ac
tio

n
in

PE
ss

ta
bi
liz

ed
by

hy
dr
op

ho
bi
c
sil
ica

pa
rt
icl

e
(H

D
K

H
20

/H
D
K

H
18

).
In

al
le

xp
er
im

en
ts
,t
he

pa
rt
ic
le

co
nc

en
tr
at
io
n
wa

s
fix

ed
at

0.
50

w
t%

(w
:o
=
1:
3)
.
H
yd

ro
fo
rm

yl
at
io
n
co
nd

iti
on

s:
p fi

na
l=

15
ba

r;
T fi

na
l=

95
○ C

;s
tir

rin
g
sp
ee
d=

12
00

rp
m
;c

lig
an

d=
50
⋅10

−3
m
ol
/L

.T
he

pr
ec
ur
so
rR

h(
ac
ac
)(
CO

2)
(c

R
h(
ac
ac
)(
C
O

2
)=

12
.5
⋅10

−3

m
ol
/L

)
wa

s
us
ed

fo
r
al
lc

at
al
ys
t
pr
ep
ar
at
io
n.

Sa
m
pl
e
nu

m
be

r
Li
ga
nd

Su
bs
tr
at
e

S:
C

n:
iso

Pa
rt
ic
le
s

Pr
ep
ar
at
io
n

Em
ul
sio

n
ph

as
e

C
om

m
en
t

1
SX

1-
do

de
ce
ne

14
28
:1

99
:1

H
D
K

H
20

U
S

H
ig
hl
y
vi
sc
ou

s
p+

T
no

t
sim

ul
ta
ne
ou

sly
2

SX
1-
do

de
ce
ne

14
28
:1

99
:1

H
D
K

H
20

U
S

H
ig
hl
y
vi
sc
ou

s
p+

T
sim

ul
ta
ne
ou

sly
3

SX
1-
do

de
ce
ne

42
8:
1

99
:1

H
D
K

H
20

U
S

H
ig
hl
y
vi
sc
ou

s
p+

T
sim

ul
ta
ne
ou

sly
/3
0

%
1-
do

de
ce
ne
;7

0
%

D
o-

de
ca
n

4
SX

1-
do

de
ce
ne

14
28
:1

99
:1

H
D
K

H
18

U
S

D
isp

er
sib

le
p+

T
sim

ul
ta
ne
ou

sly
5

T
PP

T
S

1-
oc
te
ne

21
39
:1

84
:1
6

H
D
K

H
20

U
S

D
isp

er
sib

le
p+

T
sim

ul
ta
ne
ou

sly
6

T
PP

T
S

1-
oc
te
ne

21
39
:1

84
:1
6

H
D
K

H
20

U
T

D
isp

er
sib

le
p+

T
sim

ul
ta
ne
ou

sly



62 Results

Figure 4.15: TOF calculated after 2 h of hydroformylation
(cRh(acac)(CO2)=12.5⋅10−3 mol/L; cligand=50⋅10−3 mol/L; ligand:Rh=4:1; w:o=1:3) and
selectivity to aldehydes in PEs stabilized by HDK H20 (sample number 1, 2, 3, 5,
and 6) or by HDK H18 (sample number 4) under different reaction conditions and
PEs preparation conditions. A particle concentration of 0.50wt% was used for all
PEs.

Figure 4.16: (A) Hydroformylation of 1-octene in PEs (cRh(acac)(CO2)=12.5⋅10−3 mol/L;
cTPPTS=50⋅10−3 mol/L; TPPTS:Rh=4:1; w:o=1:3) stabilized by HDK H20 (0.50 wt%).
Run 1 is before membrane filtration, and Run 2 after membrane filtration. (B) Sauter
mean diameter d32 before and after reaction/membrane filtration. (C) Pickering
emulsion after two reaction runs and after filtration.
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4.3 Discussion

The partially hydrophobic fumed silica nanoparticles used showed a comparable size
and geometry. The particle-stabilize W/O PEs and follow the Bancroft rule. Both
particle-stabilized PEs showed a particle concentration dependence, but HDK H18
PEs showed a larger droplet size compared to HDK H20-stabilized PEs. This can
be explained by the different wettability or rather by the different position of the
particles at the droplet interface due to the different hydrophobicities of the particles.
Thus, HDK H20 is less hydrophobic than HDK H18 resulting in a less penetration
into the oil phase. Briggs et al.246 observed a similar effect using multi-walled carbon
nanotubes with different wettability. The authors figured out, that hydrophobic
particles lead to larger droplets in comparison to less hydrophobic (amphiphilic)
particles. Due to the larger droplet size of HDK H18-stabilized PEs, a smaller
amount of emulsion was observed on these samples compared to HDK H20-stabilized
PEs. This behavior is also know in the literature.10 53 247 A smaller droplet size will
result in a higher internal surface area, resulting in a larger amount of emulsion
phase. Furthermore, considering the assumptions that all particles are attached at
the interface, and of a particle monolayer HDK H20 has a lower coverage than HDK
H18-stabilized PEs. However, it was observed that information about the particle’s
monolayer is inconclusive. Depending on the characterization method (cryo-SEM
or cryo-TEM), a particle’s monolayer or an unideal monolayer was observed. An
indication that the theoretical assumptions to calculate the coverage are acceptable
is the measured volume of emulsion using HDK H20 or HDK H18. At a particle
concentration of 0.25wt%, HDK H18 PEs showed a residual undispersed oil phase,
but HDK H20 PEs did not. Under the assumption of the coverage theory, HDK H18-
stabilized PEs offer higher coverage than HDK H20 PEs. As a result, at 0.25wt%,
the particle concentration at HDH H18 PEs is not sufficient to disperse/stabilize the
water phase.

Lower energy input during PE preparation (prepared by Ultra-Turrax) leads to larger
droplet sizes and a lower proportion of the emulsion phase. A lower energy input
leads to lower forces that disperse the water phase into the oil phase, resulting in
larger droplet size. The amount of the emulsion phase is again a function of the
droplet size as mentioned above.

The measurements of the interfacial tension of a water droplet in 1-dodecene (95 %)
showed that γoil/water is not constant and decreases exceptionally with the time at
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which a plateau was not reached during the experimental period. This behavior is
explained by the adsorption of impurities at the oil/water interface. The addition
of HDK H20 particles to 1-dodecene leads to a change in the exponential decay,
indicating an attachment of the particles to the interface. For the suspensions, a
plateau was reached earlier. The plateau was interpreted as the equilibrium state
of the particle attachment to the interface. Dugyala et al.248 observed a similar
effect when using hematite ellipsoids in a water/n-decane (≥99 %, pretreated) system.
In the study, the decay was explained by the attachment of the particles to the
oil/water interface. Further, the increase of the particle concentration leads to
an earlier reach of the plateau (equilibrium state), and the interfacial tension is
mostly dominated by the particles by increasing the concentration. Kutuzov et al.34

observed a similar behavior. In the study, TOPO-stabilized CdSe nanoparticles were
used to study the assembly of the particles at the toluene/water interface. The
measurements were investigated by pendant drop. This behavior was explained
by the change of the particle attachment from a diffusion controlled process to an
particles interaction controlled process. Additional, a comparison of γoil/water after
the equilibrium shows that γoil/water increases stepwise with increasing the particle
concentration, and γoil/water approaches the value of a pure 1-dodecene/water system
(without particles). 1-dodecene impurities adsorb onto the particles, resulting in an
increase of γoil/water. Increasing the particle concentration causes more impurities to
be adsorbed, and γoil/water increases with the particle concentration. This behavior is
shown schematically in Figure 4.17.

Figure 4.17: Schematic representation of the interfacial tension γoil/water as a function
of particles attached to the interface. The oil impurities simultaneously adsorb onto
the particles.

Because of this, γoil/water is not constant and is a function of the number of impurities
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(typical for technical grade purity) and the particle concentration. In addition, the
adsorption of the impurities may also influence and alter the contact angle. These
two effects can affect the energy of detachment of the particles at the interface.

Next, the stability and droplet size as a function of different reactor parameters
should be discussed. Shear stress experiments showed that stirring with a stir bar
destroys the Pickering emulsion very quickly. Before stirring, the droplets are copious
and spherical, fewer droplets were observed after stirring, and large areas of coalesced
phase are visible. Droplets break up, and coalescence occurs between the stir bar
and the beaker bottom. Therefore, the droplet size increases rapidly when the
stirring with the stir bar is started. Further stirring with the stir bar causes phase
separation of dodecene and water and decreasing droplet diameters, and large areas
without recognizable drops were observed. The mean number of droplets per volume
decreased drastically and was up to three-quarters lower than in the samples without
stirring. Since only spherical droplets are taken into account, the coalesced phase
is no longer part of the droplet size distribution. Thus, the droplet diameters and
distributions are distorted for the stirred sample. Shear stresses induced by shaking
are much milder than those induced by stirring the emulsion with the magnetic stir
bar. The results show that shaking (500-700 rpm) has no effect on the droplet size
distribution of the Pickering emulsion. With this method, the PEs can be mixed
and remain very stable against coalescence. An aeration stirrer was used to stir
the Pickering emulsion in the reactor. The aeration stirrer has no contact with
the bottom of the tank. Stirring at 1000 rpm leads to partial Pickering emulsion
coalescence. Because of this, the droplet diameter increases slightly, and the droplet
size distribution becomes slightly wider. After an equilibrium time (0.5 h), the
droplet size no longer increases despite increasing the stirring speed and stirring time.
Hence, it was assumed that the Pickering emulsions are stable.

Furthermore, the reactor pressure shows no effect on the PEs. The droplet size
fluctuates due to the increase in pressure within the error range (±1 µm). Thus, a
pressure in a range between atmospheric pressure and 40 bar has no effect on the
droplet size and on the stability of the PEs. The same results can be observed by
varying the reactor temperature from 25 ○C to 100 ○C at 15 bar reactor pressure.
The emulsions remain stable in this temperature range. A temperature increase to
100 ○C has no effect on the (spherical) droplet shape since the boiling point of water
at 15 bar is ∼200 ○C.245 For this reason, the steam pressure at 15 bar is too low to
break up the water droplets. This PEs stability in the brought temperature range
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is a benefit in comparison to another reaction systems like in surfactant stabilized
emulsions. This temperature range can be used for the optimization of the reaction
conditions.

However, the influence of low pressure and high temperature is more pronounced. A
temperature increasing in the reactor from 25 ○C to 120 ○C initially causes a pressure
increase in the reactor since the liquids (oil and water) slightly begin to evaporate.
At low pressure, the water starts to boil at a relatively low temperature.245 At the
temperature and pressure at that the water begins to vaporize (80 ○C; p=2.2 bar), the
Pickering emulsion shows significant changes in droplet shape. A further increase in
temperature leads to a more significant water droplet deformation until the emulsion
is completely destroyed.

Decreasing droplet sizes of the PEs by increasing the temperature at nearly constant
pressure indicate the rupture of the water droplets. At a pressure of 2.3 bar, the
water droplets begin to rupture at 100 ○C, and the emulsion is no longer stable. That
is, the temperature distance to the boiling point of water is important. The use of
a syngas has no effect on the Pickering emulsion, and the emulsions remain stable
against coalescence.

In general, it has been shown that the hydroformylation reaction is possible with
high selectivity for aldehydes in PEs. However, HDK H20/Rh(acac)(CO2)/SX/1-
dodecene PE results are insufficient. A simultaneous increase of reactor pressure
and temperature has been shown to result in a slight decrease in TOF but a strong
increase in selectivity for aldehydes. This warming-up procedure was then applied to
all samples. However, lowering the S:C ratio results in the lowest TOF. Changing
the silica particles from HDK H20 to HDK H18 leads to a TOF decrease, possibly
due to the higher coverage compared to HDK H20-stabilized PEs. The highest TOF
was observed in the HDK H20/Rh(acac)(CO2)/TPPTS/1-octene system but with
lower selectivity (lower selectivity typical for TPPTS249). Reducing the energy input
during PEs preparation also leads to a reduced TOF with a selectivity comparable
to PEs prepared with high energy input. Lower energy input results in larger droplet
size, which can result in a smaller internal surface and a reduction in contact between
the catalyst and the substrate. All PEs showed a low TOF in comparison to other
reaction systems like the surfactant stabilized emulsions.19 This could be explained
by the insufficient mass transport or rather of the contact between the reactant
and the catalyst due to the interruption by the attached particles. Petzold et al.250

studied the mass transport in HDK H20 stabilized PEs. It was observed, that the
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mass transport decreases by increasing the particle concentration thought the droplet
diameter decreases or rather the internal area of the system increases. This behavior
was explained by the reduction of the effective mass transport area by the attached
particles.

Nonetheless, it has been shown that in conjunction with subsequent membrane
filtration, the product (in the oil phase) can be separated from the water droplets
containing the catalyst after the hydroformylation. These PEs were reused without
a marked reduction in conversion or selectivity. Also, the droplet size was similar
after each reaction, and membrane filtration and PEs were not destroyed.

4.4 Conclusion

In this chapter, silica particles with different hydrophobicities stabilize the W/O PEs
and show a monotonic droplet size decrease as a function of particle concentration.
It is shown, that the particles attach to the interface, however, the assumption
of a particle monolayer should be treated with care. Further, the amount of PEs
correlates to the droplet size and increases by decreasing the droplet size. Hence, the
droplet size also differ by different energy inputs. At the interface, attached HDK
H20 particles adsorb the impurities of the oil, resulting in an increase in interfacial
tension.

In addition, it has been shown that adverse shear stress can destroy the Pickering
emulsions because the use of a stir bar to mix the emulsion completely destroys
the PEs. A particularly gentle method is to shake the PEs. This mixing process
does not affect the stability and droplet size of the emulsions. A similarly gentle
method for mixing the PEs is to stir the emulsion directly in the reactor with an
aeration stirrer without contact to the tank bottom. This stirring method slightly
aids coalescence, but after a short equilibrium time, the PEs remain stable, and
the droplet size no longer changes. Further, the internal reactor pressure has no
influence on the droplet size and stability of the PEs. The use of syngas (CO/H2 1:1)
does not alter the droplet size and stability of the Pickering emulsion. However, the
internal reactor temperature is a more reasonable variable and should be regulated
very conscientiously. When the reactor pressure is high and thus the boiling point
of water is far from the set temperature, the PEs do not respond to temperature
changes. Conversely, if the reactor pressure is not high enough and the boiling point
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of water is near the set temperature, the water droplets begin to deform, resulting in
a destroyed emulsion.

The hydroformylation in these PEs is optimized and shows a dependency on reactor
warm up, reactant component composition and particle hydrophobicity. In the
optimized emulsion, a recycling process using a membrane filtration is successfully
accomplished without succinct loss in conversion, selectivity, and PEs stability. This
demonstrates that PEs can be used as an alternative reaction system for potential
industrial applications.



Chapter 5

Pickering Emulsions Stabilized by Hydrophilic
Different-Shaped Particles∗†

Abstract

The former chapter addressed fumed and hydrophobic silica particles with irregular
shape. In this chapter, particles of different shapes, such as hydrophilic silica
nanoparticles (about 130 nm in length, of about 30 nm diameter) and larger hollow
Halloysite nanotubes (HNTs, 800 nm in length, with an outer diameter of 50 nm and
an inner diameter of 15 nm) are used to stabilize O/W Pickering emulsions (PEs).
The HNTs attach laterally at the oil/water interfaces and generally accumulate
in bundles due to the capillary forces. The clay particles cover the oil droplets
and prevent them from coalescing. The influence of HNT concentration on the oil
droplet size and the stability of the emulsions are investigated in this chapter. An
increase in HNT concentration results in a non-monotonic reduction in the droplet
size, which can be attributed to changes in the packing parameters. Furthermore,
the HNTs surface was modified to adjust the wettability of the particles. The silica
or HNT-stabilized PEs are used to hydroformylate a long-chain olefin 1-dodecene.
The catalyst used is rhodium (Rh-) and the water-soluble ligand SulfoXantPhos.
The emulsions are prepared by sonication and by Ultra-Turrax. The Rh-catalyst
exhibits interfacial active behavior and strongly influences the mean droplet size
of the emulsions, the stability, wettability, and energy of detachment. Further, the
Rh-catalyst stabilizes an emulsion even in the absence of particles. In a mixture of
Rh-catalyst and particles, both attach to the interface when the droplet size is in
the order of microns. These PEs show a monotonic decrease of droplet size with
increasing the particle concentration. It is shown that hydroformylation is possible
in all emulsions stabilized by the Rh-catalyst, silica nanoparticles, or Halloysite
nanotubes. However, the conversions in the emulsions are different. The highest
conversion is observed in silica-stabilized emulsions at over 40 wt% after a reaction
time of only 5 hours. Furthermore, a high selectivity for aldehyde was observed for

∗Similar content was presented in R. von Klitzing, D. Stehl, T. Pogrzeba, R. Schomäcker, R.
Minullina, A. Panchal, S. Konnova, R. Fakhtullin, J. Koetz, H. Möwald, and Y. Lvov: “Halloysites
Stabilized Emulsions for Hydroformylation of Long Chain Olefins”, Adv. Mater. Interfaces
2017, 4, 1600435.

†D. Stehl, N. Milojević, S. Stock, R. Schomäcker, and R. von Klitzing: “Synergistic Effects of
Rhodium Catalyst on Particle Stabilized Pickering Emulsions for Hydroformylation of Long-
Chain Olefin”, Ind. Eng. Chem. Res. 2019, 58, 2524-2536.
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all emulsions. A model for the behavior of the emulsions in the reactor is postulated.
Interestingly, the emulsions stabilized by the Rh-catalyst and silica nanoparticles are
destroyed after the reaction, but the HNT-stabilized Pickering emulsion remained
stable.

5.1 Introduction

After the general feasibility of hydroformylation in PEs has been demonstrated in the
previous chapter, is it important to understand the physicochemical behavior of this
composite system, especially the effect of different-shaped particles. It is important
to know, for example, how the particle concentration affects the droplet size, the
structure of the attached particles, and the stability of the PEs against coalescence.
The droplet size and the structure of the particles at the droplet interface correlates
with the mass transfer between the oil and water phase, and the PE stability is
important during the reaction and for the recycling process. In the last decade,
silica nanoparticles have been intensively studied. In the area where the droplet
size is affected by the concentration of particles, it is assumed that the droplets are
constantly covered by the particles.

As natural and unmodified clay particles,126 Halloysite nanotubes (HNTs) can be
also used as emulsifiers for PEs.55 56 151 This was reported by Owoseni et al.53 The
surface of the HNTs can be modified by silanization to control wettability.143 144 145

The size and structure of the attached particles are important for the organization of
the nanoparticles at the oil/water interface. For example, long-range capillary forces
play an important role in ordering at a liquid interface.

Further, in an emulsion system, the catalyst should be surface-active to facilitate the
hydroformylation. This essential property is known but rarely studied. In particular,
the influence of a surface-active catalyst on the properties of PEs such as the mean
droplet size, energy of detachment, and mechanical stability in the presence of the
catalyst, is rarely investigated. In addition, the combination of a surface-active
catalyst and surface-active particles in PEs, which could induce synergistic effects
from the viewpoint of hydroformylation, is not studied in detail. In particular, these
synergistic effects are essential for an optimization of the industrial hydroformylation
of long-chain olefins.
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5.2 Results

5.2.1 Pickering emulsions stabilized by Halloysite nanotubes

Pristine HNTs are dispersible in the water phase and stabilize an oil-in-water emulsion
at the set water-to-oil mass ratio. Figure 5.1 A shows oil droplets (red) that are
stained with the oil soluble dye Nile Red. The continuous water phase is not stained
and appears black in the CLSM measurement. In order to obtain information on
the free energy of detachment (∆G) of the HNTs at the water/oil interface, the
three phase contact angle (α) was measured (see Figure 5.1 B) and α = 30○ was
observed. Assuming a HNT length (l) of 800 nm and an outer radius (r) of 25 nm
the surface of one HNT would be 1.3 ⋅ 10−13 m2. The interfacial tension between
water and dodecene was γoil/water=53 mN/m. Further, a lateral attachment of the
HNTs at the interface was assumed. The free energy of detachment was calculated
with Equation 2.3.

Figure 5.1: (A) CLSM image of the PEs (prepared by Ultra-Turrax) oil droplets (red;
w:o=4.3:1; 0.5 wt%). The oil droplets were stained with the oil soluble dye Nile
Red (c=0.01 mg/ml). (B) Contact angle α (=30○) at the three phase contact point
between HNTs/water/dodecane.

The calculated ∆G value of the HNTs at the interface is 34192 kT (T=298.15 K)
at the contact angle of 30○. It is four orders of magnitude higher than the thermal
energy kT. Thus, the HNTs are attached at the interface and stabilize the emulsion
against coalescence. For comparison, a spherical particle with the same surface
(S=1.3 ⋅10−13 m2, i.e., a radius of 102 nm) as the HNTs was considered, which possess
an energy of detachment of 4316 kT, which is five times lower than the energy of
detachment of the HNTs. The energy of detachment of the equivalent sphere was
calculated using Equation 2.1.

Due to the tubular shape of the HNTs, the orientation at the interface is lateral (see
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Figure 5.2). By this lateral attachment of the particles, the energy of detachment
can be maximized (maximum contact area with the surface). Furthermore, it was
observed (see Figure 5.2) that the HNTs are accumulated as bundles at the interface
although the particles experience electrostatic repulsion.

Figure 5.2: Cryo-SEM images of an emulsion (prepared by Ultra-Turrax) oil droplet
that is covered by the HNTs (w:o=4.3:1; 0.5 wt%). The particles are attached
laterally and are assembled in bundles.

Effect of HNT concentration

A simple way to change the droplet size in PEs is to change the concentration of the
nanoparticles. In this study, the concentration of the HNTs was increased from 0 wt%
to 1 wt% (referred to the whole mass of the PE). The resulting emulsions are shown
in Figure 5.3. It was observed that the HNTs are essential to stabilize the O/W
PEs against coalescence. Without the particles (0 wt% in Figure 5.3), the oil phase
coalesces immediately after the stirring with Ultra-Turrax is stopped. The emulsion
phase (at the top of the samples in Figure 5.3) was found to be creaming after the
stirring was stopped. The process was complete after about five minutes; however,
the solution can be easily dispersed again by shaking the sample. Interestingly, the
volume of the particles stabilized PEs phase does not increase with the increasing
HNT concentration, which is different from that of the PEs that are stabilized by
silica (see chapter 4).

Furthermore, the excess water stayed turbid (at the bottom of the samples in
Figure 5.3), which indicates that not all the particles were attached to the interface.
The turbidity increases with the concentration of the HNTs, which is a hint that
the concentration of the non attached particles in the water phase increases. The
CLSM measurements (see Figure 5.4) indicated that even after a waiting period of
one week, the particles remain in the water phase and in the voids between the oil
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Figure 5.3: Oil-in-water PEs (prepared by Ultra-Turrax) at different HNT concentra-
tions (w:o=4.3:1). The HNT concentration is given with respect to the whole mass
of the PEs and increases from left to right. The upper white part corresponds to the
PEs, the lower part denotes the excess of water with residual HNTs.

Figure 5.4: CLSM image of one week old Pickering emulsion (prepared by Ultra-
Turrax; w:o=4.3:1; 0.5 wt%). (A) Oil droplets stained with the oil soluble Nile
Red (red; c=0.01 mg/ml). (B) HNTs measured in the reflection mode (green). (C)
Overlap of (A) and (B).

droplets. Therefore, the coverage of the droplets cannot be numerically determined
with common assumptions (Equation 2.7).

However, it was possible to analyze the droplet size of the PEs and the results will be
qualitatively discussed. In Figure 5.5 A, the Sauter mean diameter was determined
as a function of the HNT concentration in the PEs. In Figure 5.5 A three regimes
can be recognized. In regime I the droplet diameter decreases from 71 µm to 25 µm
when the HNT concentration increases from 0.05 to 0.1 wt%. In regime II, a further
increase in the particle concentration from 0.1 to 0.2 wt% results in rising droplet
size to 45 µm. In regime III, in the concentration range from 0.2 to 1.00 wt%, the
droplet diameter decreased from 45 µm to 19 µm.

The non-monotonous change in the droplet size indicates a change in the packing of
the HNTs. Therefore, a more detailed analysis of the HNT packing was conducted
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Figure 5.5: (A) Sauter mean diameter (d32) of the PEs (w:o=4.3:1) as a function
of the HNT concentration. (B) Stability measurements of the PEs (w:o=4.3:1) at
different HNT concentrations (centrifugation at 14g for 1 min; ◻: residual emulsion
phase after centrifugation; ○: released oil phase after centrifugation). The HNT
concentration is referred to the whole mass of the PEs and emulsions were prepared
by Ultra-Turrax.

for 2 different HNT concentrations (0.083 wt% and 0.75 wt%), which give similar
droplet sizes. At 0.083 wt%, a rather isotropic orientation was observed for the HNTs
(see Figure 5.6 top). In contrast, at 0.75 wt% the preferred orientation is rather
radial, i.e., side-to-side (see Figure 5.6 bottom).

The effect of HNT concentration on the PEs stability was evaluated by centrifugation.
Figure 5.5 B shows that the amount of emulsion phase increases from 4 % to
15 %, when HNT concentration is increased from 0.05 to 1.00wt%. At a HNT
concentration of 0.50wt% the amount of emulsion phase reaches a plateau and
increases only slightly with increasing particle concentration. Simultaneously, the
release of oil phase decreases from 16 % to 4 % with increasing HNT concentration
and a plateau can be also observed at 0.50wt%. For similar concentrations (0.067-
0.083wt% and 0.10-0.20wt% in Figure 5.5 B), the release of oil phase is not constant
and changes slightly with the concentration.
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Figure 5.6: Comparison of the emulsion (w:o=4.3:1) oil droplet packing at HNT
concentration of 0.083 wt% and 0.75 wt%. The HNT concentration is referred to the
whole mass of the PEs and emulsions were prepared by Ultra-Turrax.

Surface modification of HNTs

So far the HNTs stabilize O/W PEs, however, the aim is to obtain W/O PEs due
to the easier phase separation by membrane filtration in a recycling process. Due
to this, the HNT surface should be modified to change the wetting behavior of the
particles. The outer surface of HNTs facilitates a chemical modification. It was
investigated how the HNT surface can be modified to turn the hydrophilic particles
into hydrophobic particles, which should lead to a change in wettability. The results
are summarized in Table 5.1. In general, it was possible to modify the HNT surface
by different silane molecules, however, the contact angle (α, measured by sessile
drop; water droplet against air) increased not over 40○. Further, it is shown that
the contact angle is not a function of a systematic increase of Hexamethyldisilazane
(HMDS). In all cases, the modified HNTs were dispersible in the water phase and
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stabilize O/W emulsions. It was not possible to enforce the phase inversion from an
O/W to a W/O emulsion.

Table 5.1: Contact angle (α) of surface-modified HNTs with different substrates and
different ratios. aAll solvents were anhydrous.

Number Substrate A VA

mHNT s
[ml/mg] Dispersed ina α [○]

1 - - - 15
2 HMDS 0.014 Toluene 35
3 HMDS 0.028 Toluene 37
4 HMDS 0.050 Toluene 23
5 HMDS 0.044 Toluene 30
6 HMDS 0.050 Acetonitrile 35
7 TMMS 0.050 Ethanol 32
8 ETMS 0.050 Ethanol 35
9 MTMS 0.050 Ethanol 30
10 ODM 3.8⋅10−4 Ethanol 20

5.2.2 Pickering emulsions stabilized by silica or by Halloysite nanotubes

In this part, hydrophilic silica particles and hydrophilic HNTs were used to stabilize
O/W PEs and were compared with each other. The effect of the different-shaped
particles on the PEs properties is investigated. Further, the interaction of the
interface active catalyst with the particle-stabilized PEs is studied. Thought, it is
shown how these components influences the hydroformylation reaction.

Effect of Rh-SX

Interfacial Active Catalyst: The Rh-SX catalyst has an amphiphilic character and
should be surface active. The combination of particles at the interface in the present
of this catalyst has to be investigated to recognize possible interactions. Drop-shape
analysis was carried out to determine the behavior of Rh-SX as an interfacial active
detergent. The concentrations (mol/L) of the mixed Rh-SX solution referred to the
concentration of SX, and the SX:Rh ratio was fixed at 4:1, as was later used for
hydroformylation. Figure 5.7 A shows the surface tension γair/water of the Rh-SX and
ligand solutions.

The comparison of γair/water as a function of the concentration shows no difference
between the samples. All concentrations of the mixed Rh-SX solutions referred to the
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Figure 5.7: (A) Surface tension of aqueous solutions against air measured with the
Du Noüy ring method for the Rh-SX solution containing SX and a pure ligand SX
solution. (B) Interfacial tension γoil/water between dodecane and water containing Rh-
SX (cSX=1.5⋅10−2 mol/L) measured with the rising drop method. All concentrations
(A + B) are given with respect to the ligand SX concentration and a fixed SX:Rh
ratio of 4:1.

ligand SX and are expressed as cSX. In the concentration range (0-3.2)⋅10−4 mol/L,
the surface tension corresponds to that of water (72.5mN/m). Increasing the
concentration to 3.1⋅10−3 mol/L causes a decrease of γair/water to nearly 55mN/m.
Further increase in Rh-SX concentration above 3.1⋅10−3 mol/L does not affect γair/water.
The fluctuations of data between the concentrations 3.1⋅10−3 mol/L to 8.3⋅10−3 mol/L
might be a hint for sample impurities. Figure 5.7 B shows the interfacial tension
γoil/water between the dodecane droplet and water phase (rising drop). Dodecane
was chosen instead of dodecene because it was obtained with high purity. Without
Rh-SX, γoil/water is constant at nearly 50mN/m and does not change with time. If
the water phase contains Rh-SX (cSX=1.5⋅10−2 mol/L), then γoil/water decreases to
22mN/m and decreases further with time. Within the period of the experimental
time, a constant value is not reached. γoil/water is 14mN/m after 20min.

Effect of the Energy Input during the PEs Preparation Depending on the Catalyst:
Substituting the water phase with the Rh-SX/water mixture (cSX=1.5⋅10−2 mol/L;
SX:Rh=4:1) and preparing the emulsions by sonication lead to a droplet diameter of
300 nm (see Figure 5.8), which is independent of the particle type. Measurements
were taken directly after preparation of the emulsions. The images indicate that
the particles are not attached at the oil droplets but dispersed in the continuous
water phase. The droplets are stabilized against coalescence for months even without
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particles at the interface.

Figure 5.8: Cryo-TEM images of oil droplets (A) without particles, (B) in the pres-
ence of silica nanoparticles (csilica=0.50 wt%) and (C) in the presence of HNTs
(cHNTs=0.50 wt%) containing Rh-SX in the water phase (cSX=1.5⋅10−2 mol/L;
SX:Rh=4:1; w:o=4.3:1). The samples were immediately analyzed after sample
preparation. All samples were prepared by sonication (high energy input).

However, reducing the energy input during the preparation (samples were prepared
by UT) leads to an increase of the droplet size even if the water phase contains Rh-SX
(cSX=1.5⋅10−2 mol/L; SX:Rh=4:1). The droplet size regarding both particle-stabilized
emulsions is on the order of micrometers and is shown in Figure 5.9. Further, it was
observed that silica and HNTs are attached at the interface for the lower energy
input (UT).

Figure 5.9: Freeze-fraction cryo-SEM measurements of silica-stabilized PEs (left) and
HNT-stabilized PEs (right). The particle concentration for both samples is 0.50 wt%
(w:o=4.3:1). The water phase contains Rh-SX in a concentration of 1.5⋅10−2 mol/L
(SX:Rh=4:1) and refers to SX. In every picture, the oil droplets are covered by the
particles. The samples were prepared by UT (low energy input).
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Effect of the particle concentration

The measured dependence of the droplet mean diameter from the particle concentra-
tion is shown in Figure 5.10 A and B. The concentration range was chosen between
0.2wt% and 0.80wt% (regime III) to ensure that no reorganization effects of the
particles (see section 5.2.1) falsify the measurements. All samples were prepared by
UT (low energy input) to ensure the attachment of the particles at the micrometer
sized droplets. In the case of PEs prepared with silica but without Rh-SX, the droplet
diameter decreases from 97 µm (csilica=0.20wt%) to 16µm (csilica=0.80wt%), and in
the case of HNT-prepared PEs, the droplet diameter decreases from 45 to 19µm for
the same mass content regime as that with silica. If the water phase contains Rh-SX
(cSX=1.5⋅10−2 mol/L; SX:Rh=4:1), the droplet size is 18 µm for csilica=0.20wt% and
decreases to 10 µm with an increase in the silica concentration to 0.80wt%. Also,
at the HNT-stabilized PEs, Rh-SX leads to a reduction of the droplet diameter to
20µm for cHNTs=0.20wt%. Increasing the HNT concentration to 0.80wt% causes a
monotonous reduction of the droplet diameter to 9µm. A turbid water phase below
the emulsion phase was observed for all samples, which is a hint for an excess of
particles in the water phase. Because the partition coefficient between the interface
and water phase is not known, a theoretical calculation of the coverage was not
possible. Further, the fraction of the emulsion phase with respect to the whole sample
was constant for all particle concentrations.

Figure 5.10: (A) Mean droplet diameter (dmean) as a function of the particle con-
centration (wt% with respect to the whole sample mass; w:o = 4.3:1) prepared by
UT. (B) Inset of A of the samples stabilized by silica or HNTs. The water phase
additionally contains Rh-SX (cSX=1.5⋅10−2; SX:Rh=4:1).
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Energy of detachment

The nanoparticle energy of detachment (∆Gparticles) at the interface can be calculated
with Equation 2.353 56. It should be mentioned that a rod-like shape was assumed
for the silica nanoparticles. As the particle radius (r) 10 nm for silica and 25 nm for
HNTs and as particle length (l) 100 nm for silica and 800 nm for HNTs were used.
Additionally, a γoil/water value approximately 49 mN/m from the interfacial tension
measurement between pure dodecane and water (see Figure 5.7 B) was used for all
∆Gdet./water calculations. The measured contact angle for the different samples is
shown in Figure 5.11, and the resulting ∆Gdet./water is summarized in Table 5.2. The
contact angle for silica was 50○ and was higher in comparison to that of the HNTs
(α=30○). A further comparison of the energies of detachment for different particles
showed that the larger structural size of the HNTs resulted in a higher energy of
detachment. Silica has a ∆Gdet./water value of 7188 kT and HNTs of 34192 kT and is
about 5 times higher. The addition of Rh-SX (cSX=1.5⋅10−2 mol/L; SX:Rh=4:1) to
the water phase leads to a reduction of the contact angle for silica particles to 29○

and also in a reduction of ∆Gdet./water to 1422 kT, which is 5 times lower than that
without Rh-SX. However, the addition of Rh-SX slightly decreases the contact angle
of the HNT sample to 27○. Because of this, ∆Gdet./water slightly decreases to 25009 kT,
which is 1.4 times lower than that without Rh-SX. Consequently, ∆Gdet./water of
HNTs+Rh-SX in comparison to that of silica+Rh-SX is about 18 times higher.

Figure 5.11: Sessile drop measurement to determine the three phase contact angle
(α). For all measurements, the sample was completely covered with dodecane and a
droplet of aqueous solution was placed onto the sample. (A) represents a glass plate
(=̂ silica particles) without Rh-SX in the water droplet, (B) a glass plate (=̂ silica
particles) with Rh-SX (cSX=1.5⋅10−2 mol/L; SX:Rh=4:1) in the water droplet, (C) a
HNT pellet without Rh-SX in the water droplet and D: a HNT pellet containing
Rh-SX (cSX=1.5⋅10−2 mol/L; SX:Rh=4:1) in the water droplet.
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Table 5.2: Three phase contact angles (α) and the corresponding energy of detach-
ment ∆Gdet./water calculated with Equation 2.3 at a temperature of 298.15 K and
with γoil/water=49 mN/m for all ∆Gdet./water calculations. The Rh-SX concentration
was cSX=1.5⋅10−2 mol/L (SX:Rh=4:1).

Sample α [○] ∆Gdet./water [kT]
Silica 50 7188
Silica+Rh-SX 29 1422
HNTs 30 34192
HNTs+Rh-SX 27 25009

Mechanical stability

To ensure attachment of the particles at the interface, the samples were prepared by
UT. After a creaming time of nearly 5 min, 25 % of the emulsion fraction without
any oil fraction at the top was observed for all samples. To analyze the stability of
the PEs under mechanical stress, the freshly prepared PEs by UT were centrifuged.
The mechanical stress was increased stepwise until the first significant differences of
the released oil and residual emulsion fractions were observed. Figure 5.12 shows
the results after centrifugation for the released oil and residual emulsion fractions,
respectively; there are no significant differences for silica and HNT-stabilized PEs.

Figure 5.12: Stability measurements of silica/HNT-stabilized PEs against coalescence
under mechanical stress (the particle concentration was 0.50wt%) (A) without Rh-SX,
centrifugation at 300 rpm (14g) for 1min and (B) with Rh-SX (cSX=1.5⋅10−2 mol/L;
SX:Rh=4:1), centrifugation at 1100 rpm (196g) for 1min. The dashed line (A+B)
represents the emulsion fraction of the noncentrifuged emulsions (25 %). All PEs
were prepared with UT. The difference to 100 % corresponds to the aqueous phase.
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For silica-stabilized PEs, the released oil phase corresponds to 10%, while it is around
12% for HNTs, which is not significantly higher. The residual emulsion phase for
silica amounts to 9% and that for HNTs to 10%. At all samples, the largest fraction
at the bottom is the turbid water phase. It was shown earlier that it is possible to
use Rh-SX (cSX=1.5⋅10−2 mol/L; SX:Rh=4:1) as a detergent to stabilize an emulsion
even without particles (see Figure 5.8). A strong increase in the stability of the
particle-stabilized emulsions can be observed if the water phase additionally contains
Rh-SX, and the mechanical stress increases from 14g to 196g even if ∆Gdet./water

is reduced. The samples containing Rh-SX did not show any significant changes
of the fractions at 14g. Additionally, the differences between the released/residual
phases are much more pronounced. The released oil phase for the emulsion without
particles is 11%, that for silica+Rh-SX is 8%, and that for HNTs+Rh-SX only is
2%. The residual emulsion phase fraction is 8% for the emulsion without particles
and 14% for silica+Rh-SX. The highest mechanical stress stability was observed for
a (HNTs+Rh-SX) stabilized emulsion with a residual emulsion fraction of 22%.

5.2.3 Hydroformylation of a long chain olefin

First, hydroformylation was studied with HNT-stabilized PEs because of the higher
stability of this emulsion. A comparison of the resulting conversions after 24 h of
reaction time for variations in the energy input is shown in Figure 5.13 A. The sample
prepared by the UT (low energy input) shows the lowest conversion of 1-dodecene of
9 wt% (TOF=1h−1; n:iso=99). Increasing the energy input by preparing the sample
with sonication leads to a drastic increase in the conversion to 42 wt% (TOF=18 h−1;
n:iso=70). All emulsions were stable for months after the reaction.

To understand the process in the reactor in detail, emulsions were prepared by
sonication and the time dependence of the conversion was measured. The resulting
conversions over 5 h of reaction time are shown in Figure 5.13 B. It has to be mentioned
that these reactions were also running for 24 h in total. The emulsion stabilized by
silica nanoparticles shows the highest conversion of 42 wt% (TOF=55 h−1; n:iso=61)
after 5 h, which is almost 2 times higher than that of the reference system without
particles. The conversion for the emulsion without particles is 24 wt% (TOF=26 h−1;
n:iso=79). In contrast, stabilization by HNTs decreases the conversion to 13 wt%
(TOF=18h−1; n:iso=58), which is 2 times lower than that for the reference system
and 3 times lower than that for silica-stabilized PEs. A reduction of the conversion
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Figure 5.13: (A) Hydroformylation of 1-dodecene after 24 h of reaction time for
HNT-stabilized PEs (0.50 wt%) prepared by UT (low energy input) and for PEs
prepared by sonication (high energy input). (B) Comparison of the conversion of
1-dodecene during 5 h of reaction time (the total reaction time was 24 h) by stabilizing
the emulsion with silica (circles, 0.50 wt%) and HNTs (triangles, 0.50 wt%) and
without particles (square, reference system). All samples in part (B) were prepared
by sonication. 0.50 wt% referred to the whole mass of the sample. All samples
contained a Rh-SX concentration of cSX=1.5⋅10−2 mol/L (SX:Rh=4:1; S:C=340:1).

after nearly 2.5 h was observed for all samples. It has to be mentioned that the n:iso
ratio increases from 58 (5 h of reaction time; see Figure 5.13 B) to 70 (24 h of reaction
time; see Figure 5.13 A) for the HNT-stabilized PEs prepared by sonication because
of the increase of tridecanal with the reaction time; however, the value for isoaldehyde
(see Figure 5.14) is nearly constant. Further, all n:iso ratios are comparable with
each other because of the low amount of isoaldehyde (see Figure 5.14) and the error
of the method of analysis (GC).

Further, the conversions in Figure 5.13 B can be separated into three parts. The first
regime is up to 1 h. In this regime, the conversions slowly increase with time and are
nearly the same for all emulsions. The second regime is between t=1 and 2.5 h (linear
fit between t=1 and 2 h). In general, in this part, the conversions show a strong
increase for all emulsions; however, differences between the three emulsions were
observed. Silica-stabilized PEs show the highest slope of the linear fit, followed by
the reference system (emulsion without particles). The lowest slope was observed at
HNT-stabilized PEs. The third regime is between 2.5 and 5 h (linear fit between t=3
and 5 h). In this regime, the conversions of all emulsions are reduced in comparison
to the second regime. The particle-stabilized PEs show a stronger reduction of the
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Figure 5.14: Comparison of the component composition of the oil phase during 5 h
of reaction time (the total reaction time was 24 h) by stabilizing the emulsion with
silica (0.50 wt%) and HNTs (0.50 wt%) and without particles (reference system).
All samples were prepared by sonication. 0.50 wt% referred to the whole mass
of the sample. All samples contain a Rh-SX concentration of cSX=1.5⋅10−2 mol/L
(SX:Rh=4:1; S:C=340:1).

conversion in the third regime than the reference system without particles. In all
emulsions, the reaction reacts further with time up to 24 h of reaction time. The
reactions were stopped after 24 h.

Figure 5.14 shows the component composition of the oil phase in the reactor as a
function of the reaction time. The curve progressions of the product (tridecanal)
correlate with the behavior of the conversion in Figure 5.13 B and show the same
behavior for all samples. The amounts of side products (isododecene, isoaldehyde,
and dodecane) are nearly the same for the reference system (emulsion without
particles) and for the PEs stabilized by HNTs. In silica-stabilized PEs, nearly the
same amounts of isoaldehyde and dodecane were observed; however, a higher amount
of isododecene was measured. This is nearly 3 times higher in comparison to the
other two emulsions. In all samples, the amounts of the side products do not increase
with time and the selectivities for the aldehydes are nearly the same (see Table 5.3).
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Table 5.3: State of the emulsion phase after the hydroformylation of 1-dodecene,
calculated TOF, and selectivity for aldehydes.a

Emulsion/PEs stabilized by Stable TOFb [h−1] Selectivityc [%]
Without particles (sonicated,
reference system)

no 26 84

Silica (sonicated) no 55 77
HNTs (sonicated) yes 18 86
HNTs (UT) yes 1 75

aThe samples were prepared by sonication or UT.
bTOF: determined after a reaction time of 2 h.

c Selectivity for aldehydes

The state of the emulsions after the reaction is summarized in Table 5.3. The
droplets of the reference system without particles completely coalesce, and two
separated phases of water and oil were observed. Also, the silica-stabilized PEs
coalesce completely and show phase separation. Only the HNT-stabilized emulsion
is stable, independent of the preparation method, with creaming at the top of the
sample; however, it shows lower conversion.

5.3 Discussion

Pickering emulsions stabilized by HNTs:

In this part, the unmodified and hydrophilic HNTs showed a negative ζ-potential
and were dispersible in the water phase. Therefore, the HNT-stabilize an oil-in-
water emulsion against coalescence, independent of the water to oil ratio, thus
following the Bancroft rule. Further, a lateral HNTs orientation (side-on148) at the
oil/water interface is preferred to maximize the energy of detachment. This energy of
detachment is five times higher than that of a spherical particle with the same surface
area as the HNTs, and is four orders of magnitude higher than kT. At the interface,
the HNTs accumulate into bundles although the particles experience electrostatic
repulsion. The electrostatic repulsion between the particles is overcome by long
range capillary forces (Fe < Fc, see Figure 5.15, top). In the case of HNTs used in
this study, it can be assumed that the capillary forces are generated by the wetting
properties of the particles caused by immersion in the water phase.

An increase in the HNT concentration does not affect the volume of the emulsion
phase, which is different from that of the silica-stabilized PEs (see chapter 4). Fur-
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thermore, the water phase of the PEs becomes turbid due to the presence of residual
HNTs that are not attached at the liquid/liquid interface. The turbidity increases
with the concentration of the HNTs. Therefore, it is not possible to determine the
absolute value of the coverage. However, it is assumed that the coverage depends on
the HNTs packing on the oil droplets. It was shown that the droplet diameter is a
non monotonous function of the HNT concentration and can be divided into three
regimes: In regime I the droplet diameter monotonously decreases with HNT concen-
tration and HNTs are isotropically oriented. During the transition to regime II, the
HNTs reorganize to become more closely packed. The consequence of closely packed
HNTs in regime II is that more HNTs can attach to the surface of the oil droplets,
which results in increased droplet size. In regime II, all the HNTs are accumulated
rather radial in a side-to-side configuration. In regime III, the droplet diameter again
monotonously decreases with the HNT concentration. It should be noted that in all
the regimes, a monolayer was assumed. The correlation of the HNT concentration
and packing of the oil droplets is schematically summarized in Figure 5.15 (bottom).
Interestingly, in the study of Zhao et al.154, a side-to-side alignment concentration of
∼0.05 mg/ml was determined. In this study, the reorientation concentration of the
HNTs in the oil droplets was 0.002 mg/ml (0.15wt%), which is 25 times lower. The
different concentrations can be attributed to the individual sample characteristics.
In this study, the reorganization occurred at a liquid/liquid interface. In contrast, in
the work of Zhao et al.154, the alignment occurred at a liquid/solid interface.

Increasing the HNT concentration leads to higher stability of the PEs against
coalescence. This effect is possibly due to the increased package density of the
HNT particles because of the increasing HNT concentration. Further, the package
density correlates to the coverage of the oil droplets by the HNTs. Highly covered oil
droplets are more stable against the forces that push the droplets closer to each other.
Therefore, the release of oil (by a constant force) can be controlled by regulating
the HNT concentration. The correlation between the coverage and the stability of
bare silica-stabilized PEs was discussed in the study of Gautier et al.102, in which a
similar behavior was observed. The study mentioned that the stability of the highly
covered PEs was higher than a less covered PEs.

The surface modification of the HNTs was possible in principle. Generally, phase
inversion from O/W PEs to W/O PEs requires contact angles at 90○ or higher.
However, it was not possible to increase the contact angle over 40○. This observed
effect may be due to the crystalline structure of the outer silicon oxide tetrahedral
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Figure 5.15: Top: Possible orientation and interaction between two HNTs. Bottom:
Schematic illustration of the package of an oil droplet as a function of the HNT
concentration.

layer. The chemical bonding of the silane (modification substrate) can occur only
on silanol groups that are present on the HNT surface due to possible crystalline
defects, but the density of these silanol groups is too low. Zeng et al.251 showed that
treatment of HNTs with a low-concentration NaOH solution leads to an increase in
the density of these outer silanol groups.

Pickering emulsions stabilized by silica or by HNTs:

Additionally, fumed silica nanoparticles were used to stabilize PEs against coales-
cence and are compared to the HNT-stabilized PEs. Pristine hydrophilic silica are
dispersible in the water phase, however, silica or HNTs have different sizes and
shapes. Silica were assumed as rod-like shaped particles with a secondary, irregular
shape composed of primary spheres that are connected to each other. In contrast,
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HNTs are rolled, hollow nanotubes with a regular shape. HNTs are much longer
than silica (800 vs 100 nm). The larger size leads to a larger area occupied by one
HNT at the water/oil interface, explaining the higher detachment energy of HNTs in
comparison to silica. Silica also stabilize an O/W emulsion and fulfill the Bancroft
rule. Binks and Yin108 showed that hydrophilic silica cannot stabilize PEs of a
nonpolar oil (dodecane, 99 %). However, the addition of different dialkyl adipates at
a low concentration leads to stable O/W PEs. The stability of these PEs increases
with a decrease in the molecule chain because of the increased solubility of the
adipate in the water phase. The explanation was provided by an in situ modification
of the hydrophilic particles that leads to hydrophobization of the particles forwarded
by hydrogen bonds between the hydroxyl groups on the particles and the carbonyl
group on the adipate. In the present study, no further additives in the nonpolar
1-dodecane (oil phase) were used, but stable PEs were obtained. It is assumed that
the impurities of dodecene used in the present study hydrophobized the particles
sufficiently and led to stable PEs.

It was observed that the used Rh-SX exhibits an underestimated surface activity.
First, the surface activity was compared between Rh-SX (Rh(acac)(CO)2+SX) and
the ligand SX. Their aqueous solutions show a decrease in the surface tension with
respect to that of water. The surface activity is dominated by SX because of its
amphiphilic character. The surface activity of Rh-SX is explained by the chemical
structure of the SX (see Figure 5.16).

Figure 5.16: Chemical structure of SulfoXantPhos (SX). The red dashed rectan-
gle represents the hydrophilic part and the blue dashed rectangle represents the
hydrophobic part of SX.
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The two sulfonic acid groups are the hydrophilic head groups, while the biggest
part of the molecule acts as the hydrophobic segment. Acetylacetone (acac), which
is released by the formation of Rh-SX (Rh(acac)(CO)2+SX) and is part of the
Rh-SX solution, has no effect on the surface tension. Further, the complexation
with Rh does not affect the hydrophilic/hydrophobic balance of the ligand SX. The
interfacial tension between dodecane and water is also affected by Rh-SX. Within
the first minutes after droplet formation, the interfacial tension strongly decreases
with time because of the adsorption of Rh-SX to the droplet surface. After 15-20
min, an interfacial tension of about 15 mN/m was reached, which is well below
the value of the pure dodecane/water sample (49 mN/m). Pogrzeba et al.19 also
observed a reduction of the interfacial tension to nearly the same value (15 mN/m)
as that in this study by adding the same Rh-SX to a 1-dodecene/water system
(cSX=1⋅10−2 mol/L; SX:Rh=4:1). However, a time dependent interfacial tension
decrease was not observed. The interfacial behavior of Rh-SX is comparable with
that of the sodium dodecyl sulfate (SDS)/n-dodecane/water system, which was
studied by Deshiikan et al.252. In this work, also the pendant drop method was
used to determine the interfacial tension. At a certain SDS concentration and in the
presence of KCl, the interfacial tension shows a similar time dependent decrease of
the interfacial tension and a comparable final value. In contrast to the present study
(even after 20 min, a constant value was not reached), constant values were reached
in the regime of seconds. This different behavior might be explained by the different
molecule structures and sizes of SDS and/or Rh-SX.

As a consequence of its surface activity, Rh-SX can stabilize an emulsion without any
particles. Rh-SX might molecularly adsorb at the interface or assemble to aggregates,
as shown in the work of Sihler and Ziener89. In this study, it was shown that
an oil-in-water emulsion can be stabilized by a fluorescence dye fluorescein. It was
suggested that fluorescein aggregates at the interface and stabilizes the emulsion. The
mean droplet diameter of the emulsions prepared with sonication (high energy input)
containing Rh-SX is about 300 nm immediately after the preparation, irrespective of
the fact that particles were added or not. The high energy input disperses the oil
phase into the water phase, but coalescence might occur. In the case of PEs, the
coverage of the droplets by the particles might reduce the coalescence of the droplets.
It was observed that, at a droplet size of 300 nm, neither silica nor HNTs is attached
at the droplet surface (see Figure 5.8). The droplet size seems to be too small and
the droplet curvature too high, that the particles can adsorb at the droplet surface.
In contrast, particles can adsorb at larger droplets pronounced at lower energy input
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(see Figure 5.9).

The mean droplet size decreases monotonously (HNT concentration was in this case,
as shown before, in regime III) with increasing particle concentrations and shows a
typical behavior in PEs53 253 for both particle types. With increasing concentration
of the particles, a larger total surface can be occupied and the surface increases; i.e.,
the droplets become smaller. It is assumed that the two types of particles lead to
different coverage of the droplets because of their different sizes and aspect ratios.
This might lead to a difference in the droplet size between silica and HNT-stabilized
PEs. Further, it should be mentioned that a turbid water phase in the PEs was also
observed for silica-stabilized PEs. It is a hint that not all particles are adsorbed at
the droplet surface and still dispersed in the water phase. Because of this, it was not
possible to calculate the absolute extent of the coverage. The substitution of the
water phase by a Rh-SX/water mixture led to a reduction of the droplet diameter
for both types of particles due to a reduction of the surface tension as explained
above. The general behavior that the droplet size decreases with increasing particle
concentration remained the same. However, the droplet size in the presence of Rh-SX
became similar for both particles. The fact that both Rh-SX and the particles
reduce the droplet size is a strong hint for a synergistic effect of both compounds.
Sabouni and Gomaa254 used metal organic frameworks (MOFs) to stabilize PEs and
demonstrated that the addition of the surfactant Tween-20 to an MIL-101 (MIL =
Matérial Institut Lavoisier) stabilized PEs leads to a narrow droplet distribution. In
this study, it was assumed that the surfactant and particles show a synergistic effect
on the stability. Hence, reduction of the coalescence was assumed.

Adding Rh-SX to the water phase causes a reduction of the three phase contact angle
for silica from 50○ to 29○. In contradiction to expectations, the contact angle for
HNTs was almost the same as that obtained by adding Rh-SX to the water phase,
with only a slight decrease from 30○ to 27○. The contact angles of silica or HNTs
correlate with the droplet sizes of the particle-stabilized PEs. The difference in the
contact angle leads to a difference in the droplet size. However, a similar contact
angle leads to a similar droplet size of the particles stabilized PEs. This might be a
hint that the wettability of the particles correlates with the droplet size.

It was observed that the stability was similar for silica or HNT-stabilized PEs in the
absence of Rh-SX. The amounts of the released oil and residual emulsion phases after
centrifugation at 14g for both particles were nearly the same, although the energy
of detachment was higher for HNT-stabilized emulsions (34192 kT) in comparison
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to that of silica (7188 kT) because of their different sizes. It can be assumed that
the energy of detachment using silica was still high enough to stabilize the emulsion
phase against the mechanical stress caused by the centrifuge. Obviously, a further
increase of ∆Gdet./water provided by the larger HNTs has no further effect on the
stability of the emulsions. Further, the stability against coalescence can be a function
of the coverage. Gautier et al.102 demonstrated that stronger covered PEs are more
stable against compression than lower covered PEs.

Adding Rh-SX to the PEs caused a drastic increase in the stability of the emulsions
and a synergistic effect between Rh-SX and particles. This effect was observed for
PEs of both particle types; however, ∆Gdet./water is reduced because of the lower three
phase contact angle and lower interfacial tension. Binks et al.255 observed a similar
behavior in a tricaprylin oil-in-water emulsion containing a mixture of hydrophilic
silica particles (the same as that in this study) and nonionic surfactant. It was shown
that the stability of the droplets against coalescence increases if the surfactant and
particles are simultaneously emulsified; however, ∆Gdet./water decreases. It decreases
at a certain surfactant concentration because domination of the interfacial tension
decrease is affected by the surfactant. This contradiction was explained by the fact
that the theoretical calculation of ∆Gdet./water takes only the radius of one single
particle into account; however, the real assembly of the particles at the interface is
not known. In this study, it was mentioned that an increase in the particle radius
by flocculation would lead to a higher calculated ∆Gdet./water value. Further, in the
present study, the droplet size decreases if the emulsions contain Rh-SX that also
might increase the stability in comparison to the PEs without Rh-SX.

Further, significant differences in the stability were identified between the emulsions.
The emulsion without particles shows the smallest residual emulsion phase after
centrifugation, followed by silica+Rh-SX. The (HNTs+Rh-SX) stabilized emulsion
shows the highest residual emulsion phase and the highest stability against coalescence.
The increase of the stability by using particles in comparison to the emulsion without
particles indicates the adsorption of both Rh-SX and particles at the oil/water
interface. The higher stability of (HNTs+Rh-SX) stabilized emulsions compared to
(silica+Rh-SX) stabilized emulsions might be explained by the higher coverage of
the oil droplets by HNTs. Thought, the droplet size is similar for both emulsion
types. The coverage of the droplets is an equilibrium between several attractive and
repulsive forces. While electrostatic forces result in a repulsive force between the
particles at the interface, the van der Waals interaction acts as an attractive force.
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In addition, HNTs show significant attractive capillary forces, which lead to self-
assembled bundles. In the case of silica, the capillary forces are significantly lower and
even negligible. Adding anionic Rh-SX leads to a change in the equilibrium, resulting
from these forces. The anionic Rh-SX, which is also adsorbed at the interface, leads to
an additional electrostatic repulsion between the particles resulting in a more opened
structure of attached silica particles in comparison to HNTs. Reynaert et al.103

studied the effect of the surfactant SDS on the packing of sulfonated polystyrene
particles at a decane/water interface. Results showed that the addition of SDS to
the particle monolayer also containing NaCl leads to a more open structure. This
effect was explained by the increase in electrostatic repulsion and the decrease in
capillary attraction. In particular, the increased particle-particle distance, which
is an effect of a change in wettability, and the reduction of the capillary forces by
adding SDS were cited as the reasons for the expansion of the monolayer.

Besides this, ∆Gdet./water is higher for HNT-stabilized emulsions compared to silica-
stabilized PEs, which also improve the stability against coalescence. Further, it was
assumed that ∆Gdet./water influences the movement of the particles at the interface.
Dai et al.256 used laser scanning confocal microscopy to show that the diffusion of
single particles at an emulsion interface depends on the oil phase viscosity, particle
size, and particle wettability and may be described by the Stokes-Einstein relationship.
Because of the different wettabilities of the particles and their different values for
∆Gdet./water, the movement barrier for silica particles is lower in compensation for
HNTs. Thus, the layer at the interface favors expansion of the particle monolayer
and, with it, the interfacial catalytic reaction.

Hydroformylation of a long chain olefin:

Pristine HNT-stabilized PEs prepared by low energy input (UT) leads to an unsatis-
fied conversion of 1-dodecene in hydroformylation. The droplets have a bigger size
in comparison to PEs prepared by high energy input (sonication), which leads to a
smaller internal interface, and are covered by the HNTs from the beginning. This
leads to interruption of the contact between Rh-SX and 1-dodecene. An increased
energy input during the PEs preparation leads to a drastic increase in conversion
because of the decreased droplet size during the PEs preparation. In the case of
sonication, the mean droplet size is on the order of 300 nm for PEs containing
Rh-SX. Further, it was shown that the emulsion stabilized only by Rh-SX can also
be used for hydroformylation. Tao et al.18 also observed a conversion of 1-dodecene
in a biphasic system using a Rh-SX catalyst. Additionally, Zhao et al.206 showed



Chapter 5 Pickering Emulsions Stabilized by Hydrophilic Different-Shaped Particles 93

conversion of 1-octene in a biphasic system by using a Rh-TPPTS (TPPTS=tris(3-
sulfophenyl)phosphine trisodium salt) catalyst. In the present study, the emulsion
without the particles is disrupted and a phase separation was observed after the
reaction. The emulsions in the reactor were stirred at 1200 rpm. Because of this
mechanical stress on the droplets, an equilibrium was provided between coalescence
and stabilized droplets, as shown in previous work257. The emulsion only stabilized
by Rh-SX showed the lowest stability against coalescence as the sample was cen-
trifuged (see Figure 5.12 B). Because of this, the droplets in the reactor began to
coalesce by stirring in the reactor, and a reduction of the conversion is observed
after nearly 2.5 h of reaction time. Adding particles to the emulsion changes the
ratio between coalescence and the stability of the droplets in the reactor. Directly
after the preparation, the oil droplets are not covered with the particles because the
droplets are too small, and a maximum contact is possible between the oil droplets
and Rh-SX, which leads to a fast increase of the conversion. The mechanical stress
causes a coalescence of the droplets, and the droplet size increases. Above a certain
droplet size (in the micrometer range), the particles start to attach at the oil droplets
and stabilize the droplets against coalescence (see Figure 5.17).

Figure 5.17: Schematic illustration of the proposed mechanism of a Pickering emulsion
in a reactor during hydroformylation of a long-chain olefin.

However, the particles interrupt the contact between Rh-SX and 1-dodecene that
might lead to a slower increase of the conversion. In silica-stabilized PEs, the
counterplay between the coalescence, stability, mobility of the particles at the
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interface, and density of the particle monolayer provides the highest conversion of
42wt% (TOF=55 h−1) after 5 h. However, the stability against coalescence at a
stirring speed of 1200 rpm in the reactor is too small, and the emulsion breaks after
the reaction. This leads to a phase separation between the oil and water and a
feasible membrane filtration would not be possible.

Because of their capillary force and higher energy of detachment, HNTs are less
mobile than silica particles and are closer packed at the interface. This leads to the
lowest conversion of 13 wt% (TOF=18 h−1) after 5 h because of HNTs interruption
of the contact between Rh-SX and the oil phase. However, the stability is higher
than that of PEs stabilized by silica nanoparticles, and the PEs are still stable after
the reaction.

Both the emulsion without particles and the PEs stabilized by HNTs showed com-
parable low amounts of side products (isododecene, isoaldehyde, and dodecane) in
the oil phase. In the case of silica-stabilized PEs, the amounts of isoaldehyde and
dodecane were low; however, the amount of isododecene was from the beginning of
the hydroformylation nearly 3 times higher in comparison to the other two emulsions.
The amounts of the side products do not increase with the reaction time and are
nearly constant for all emulsions. This is a hint that the isomerization of 1-dodecene
to isododecene in silica-stabilized PEs is affected by the silica particles during the
preparation process. Gallaway and Murray258 showed that olefins can isomerize
by the passage of olefins through a silica gel column. This isomerization might be
affected by the silanol groups of the fumed silica particles (HDK N20). Because
of the smaller size of the silica particles, the effective number of silanol groups at
silica is higher in comparison to that of the HNTs at the same used mass of particles,
which may lead to the strong isomerization. Nevertheless, all emulsions showed a
high selectivity for aldehydes of nearly 80 %. All emulsions show good n:iso ratios,
which are nearly comparable for all samples.

Comparing the hydroformylation in PEs with heterogeneous catalysis, which makes
separation of the catalyst after reaction easier but shows lower selectivity, activity,
and leaching of the catalyst during dissociation of the complex198 199 200, demonstrates
that PEs combine the advantages of homogeneous and heterogeneous catalysis.
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5.4 Conclusion

In this chapter was demonstrated that HNTs can stabilize oil-in-water PEs against
coalescence. The HNTs attach laterally to the oil/water interface although residual
HNTs are observed in the water phase. Due to the capillary forces, the electrostatic
repulsion between the particles can be overcome; at low concentration the particles
at the interface accumulate isotropically and then reconfigure in a radial side-to-side
configuration as the HNT concentration is increased. This leads to a non-monotonic
change in the droplet size as a function of the particle concentration below 0.2 wt %.
Furthermore, it has been found that increasing the HNT concentration promotes the
stability of the PEs. In addition, the HNT surface was successfully modified, but
the modification was not optimal and the particles remain hydrophilic that leads
to O/W PEs. Furthermore, a strong synergy between a surface-active Rh-catalyst
and nanoparticles (silica and HNTs) was observed to stabilize O/W PEs. The
PEs are used for the hydroformylation of a long-chain olefin (1-dodecene). The
application of a high-energy input for PEs leads to droplet sizes of the order of
nanometers. However, at this droplet size, the particles do not attach to the interface.
Particle attachment occurs if the droplet size is of the order of microns. This could
mimic the situation in the reactor if the droplets are small at the beginning of the
reaction and become larger with time due to coalescence. For PEs stabilized by
hydrophilic nanoparticles such as silica or HNTs, the mean droplet size decreases
by addition of the catalyst to the system. This is due to the surface activity of
the catalyst. The general behavior that the droplet size decreases with increasing
particle concentration is retained. The mechanical stability of the PEs also shows a
strong synergistic effect and increases in the presence of catalyst and nanoparticles.
An intermediate stability of the PEs seems to be favorable for high conversion. If
the stability is too low, the droplets break quickly, and the contact between the
catalyst and 1-dodecene at the reduced interface is small. On the other hand, if the
stability is too high, presumably due to high coverage of the droplet surface, the
particles appear to block transfer between the catalyst and 1-dodecene. This also
leads to a low conversion. High PE stability is important for catalyst separation
in methods such as filtration. Nevertheless, a high aldehyde selectivity was given
for all emulsions. This demonstrates the complex interaction between the emulsion
(de)stability, conversion, and separation of the catalyst. A specific adjustment of the
particle properties toward intermediate stability could lead to an intensification of
the hydroformylation process, including separation into PEs.





Chapter 6

Pickering Emulsions Stabilized by Positively Charged
Particles∗†

Abstract

This chapter addresses the effect of particle charge in the presence of the oppositely
charged Rh-catalyst and on the Pickering emulsion. Halloysite nanotubes (HNTs)
have been successfully modified and a positive surface charge is included. It is
observed that the Rh-catalyst interacts with the particles, resulting in a synergistic
effect leading to an increase in conversion. However, the HNT bond, the emulsion
type (O/W), and the particle orientation are not influenced by the catalyst adsorption.
In addition, the results are compared with positively charged polystyrene particles
(PS-NH3+). These particles attach at the interface, but stabilized a W/O Pickering
emulsion. An interaction of PS-NH3+ with the Rh-catalyst is also observed, resulting
in a synergistic effect that increases the conversion. Interestingly, the type of
emulsion and the arrangement of PS-NH3+ are unaffected by the immobilization of
the Rh-catalyst. Additional, the droplet diameter decreases and the particle diffusion
increases by increasing the catalyst adsorption level on the particles.

6.1 Introduction

In chapter 5 negative particles, like the charged catalyst, were used resulting in a
change of the physicochemical behavior of the PEs. As shown in several studies, a
positive surface charge of the particles also in Pickering emulsions (PEs)197 206 leads
to a synergistic effect on the hydroformylation.201 Hence, it is not understood how
the interaction of oppositely charged catalyst and particles influences the behavior
of these particles at the interface and thus of PEs. It is not entirely clear whether
the catalyst is adsorbed on the particle surface or pulled from the particle charge to
the interface.

∗The measurements were prepared by Sandra Forg during her Master’s thesis at TU Darmstadt
(2018). The author of the present dissertation planned and supervised this thesis. In its entirety,
the analysis and visualization were carried out by the author.

†Similar content was presented in S. Forg: “The stabilization of Pickering emulsions with the use
of polystyrene latex particles for the hydroformylation of long chain olefins”, Master thesis, TU
Darmstadt, 2018.
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The surface of Halloysite nanotubes (HNTs) has been modified to integrate a positive
charge at the surface that should result in an interaction with the Rh-catalyst. The
results of HNT-stabilized PEs were compared with positively charged polystyrene
particles (PS-NH3+) that stabilize W/O PEs even after the addition of the Rh-
catalyst. It is known that charged polymer particles can stabilize O/W PEs256,
even W/O PEs.47 98 Furthermore, the physicochemical behavioral of the PS-NH3+

particles at the interface was studied as a function of the amount of catalyst such as
the ζ-potential, emulsion type, droplet size, and the arrangement of the particles as
well the hydroformylation reaction.

6.2 Results

6.2.1 Modified Halloysite nanotubes with positive surface charge

HNTs were modified with APTS (silane containing a positive group) to study the effect
of a positive particle surface charge on PEs and the interaction with the oppositely
charged Rh-catalyst. Figure 6.1 A shows how the ζ-potential of the pristine HNTs
(bottom) changes from a negative value (-39mV) to a positive value (+50mV) of
the modified HNTs (top). An addition of SX (represents the Rh-SX catalyst) to the
modified HNT suspension and a continuous increase of the SX concentration results in
a systematic transition of ζ-potential from a positive to a negative value (see Figure 6.1
B). In the concentration range between 5⋅10−6 molSX/gHNTs to 5⋅10−3 molSX/gHNTs, the
ζ-potential changes from +50mV to -70mV (ζ-potential used only for comparison).

Table 6.1: Properties of untreated (pristine) and surface-modified Halloysite nan-
otubes.

Properties Untreated HNTs Modified HNTs
ζ-potential [mV] -39 +50
Contact angle [○] 30 35
Emulsion type O/W O/W
Conversion* [wt%] 9 16
TOF (24 h) [h−1] 1.3 2.4
Selectivity* [%] 75 82
Stability after reaction stable stable

*Reaction parameters: T=95 ○C; p=15 bar; t=24 h; cRh(acac)(CO2)=3.9⋅10−3 mol/L;
cSX=15.4⋅10−3 mol/L; SX:Rh=4:1; S:C=340:1.
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Figure 6.1: (A) ζ-potential of untreated and modified HNTs-NH3+ particles. (B)
ζ-potential of HNTs-NH3+ as a function of the oppositely charged SX (represents
the Rh-SX catalyst) concentration. For all measurements, the HNT concentration
was fixed at 0.01 wt%.

The surface modification of HNTs leads to an increase in the contact angle from 30○ to
35○ (Table 6.1). However, the type of the emulsion is still oil-in-water and is shown in
Figure 6.2. The continuous water phase was stained with the water-soluble fluorescein
sodium salt (FITC) and appears green in Figure 6.2 (false-color fluorescence image).
However, 1-dodecene was not stained and appeared as a black droplet. Interestingly,
it is indicated that the modified HNTs adsorb the fluorescence anion molecule and
also appear green in Figure 6.2. Furthermore, it has been observed that modified
HNTs are attached at the interface and accumulate close to bundles.

These stabilized PEs were hydroformylated, and the results are shown in Figure 6.3.
The comparison between untreated and modified HNT-stabilized PEs show a conver-
sion increase of 77 % (TOF increases from 1.3 to 2.4 h−1; Table 6.1). At the same
time, the selectivity for aldehydes and the n:iso ratio is still nearly the same. Both
PEs were stable after the hydroformylation.
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Figure 6.2: False-color fluorescence image of an emulsion droplet (prepared by
Ultra-Turrax; c(FITC)=0.01 mg/ml) stabilized by positively charged HNTs-NH3+

(w:o=4.3:1; 0.50 wt%). Green: water phase and positively charged HNTs-NH3+.
Black: oil droplet (1-dodecene).

Figure 6.3: Conversion and selectivity to aldehydes (cRh(acac)(CO2)=3.9⋅10−3 mol/L;
cSX=15.4⋅10−3 mol/L; SX:Rh=4:1; S:C=340:1) in PEs stabilized by untreated and
surface-modified (HNTs-NH3+) HNTs. For both PEs (w:o=4.3:1), the HNT concen-
tration was set at 0.50 wt% and the emulsions were prepared by Ultra-Turrax.
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6.2.2 Modified polystyrene particles with positive surface charge

The previous part addressed inorganic particles with a positive surface charge. In
this part, positively charged polystyrene-base particles are used to investigate the
effects of polymer particles.

Emulsions without catalyst

Positively charged polystyrene-based particles were used to investigate the charge of
latex particles on PEs and compared to inorganic HNTs-NH3+.

Droplets (in three digit micrometer range) were observed in PEs at a w:o ratio of
1:3 (see Figure 6.4 A), while a w:o ratio of 3:1 (see Figure 6.4 B) results in mostly
destroyed PEs with only a few droplets. For this reason, further experiments with a
w:o ratio of 1:3 were investigated.

Figure 6.4: Images of PEs (prepared by Ultra-Turrax) droplets formulated with a
w:o ratio of (A) 1:3 and (B) 3:1. The particle concentration was set at 0.06 wt%.
Inlet represents the macroscopic PE samples.

At this w:o ratio (1:3), a W/O PEs type was observed and is shown in Figure 6.5
A. In this measurement, the water droplet was stained by the water-soluble FITC
dye and appears green, hence the dodecane phase (oil phase) was not stained and
appeared black. Further, it was observed that the positively charged particles adsorb
the FITC anion molecule and appear green in Figure 6.5 B by focusing on the
particles. Interestingly, the particles were observed at the interface and also inside
the water droplet (see Figure 6.5 C).

A closer look at the interface using the cryo-SEM technique in Figure 6.6 shows how
the particles are distributed in or on a PEs water droplet. One part of the particles
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Figure 6.5: Fluorescence microscope images of PEs (w:o=1:3; 0.06 wt%) stabilized
by PS-NH3+ particles. (A) PE water droplet stained with FITC, (B) focus on the
PS-NH3++FITC particles at the interface and (C) focus on the PS-NH3++FITC
particles inside the water droplet. For all measurements, the FITC concentration
was set at 0.01 mg/ml and emulsions were prepared by Ultra-Turrax.

is still inside the water droplets and another part is attached to the interface and
densely packed in an approximate monolayer (see Figure 6.6 B-D).

Figure 6.6: Cryo-SEM images of PEs (w:o=1:3; 0.06 wt%; prepared by Ultra-Turrax)
stabilized by PS-NH3+ particles. (A) shows PEs water droplets and (B)-(D) show
the particles that are in the water droplet and are attached to the interface.

Emulsions containing catalyst

First, the PS-NH3+ suspension SX (ligand, assumed as equal to Rh-SX) was added
to obtain information about the interaction of the oppositely charged catalyst with
the particles. In Figure 6.7 A (similar to HNTs-NH3+), the ζ-potential changes
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from a positive value of +30 mV to a negative value of -62 mV by increasing the
SX concentration from 5⋅10−6 molSX/gPS-NH3+ to 5⋅10−4 molSX/gPS-NH3+ . Above
and below the isoelectric point (IEP, dashed line), the suspensions are stable (see
Figure 6.7 B/B1(above IEP)+B3(below IEP)). Unlike HNTs-NH3+, in the vicinity
of IEP, the PS-NH3+ suspension becomes unstable and agglomerated (see Figure 6.7
B/B2).

Figure 6.7: (A) ζ-potential of PS-NH3+ particles as a function of the SX concen-
tration (isoelectric point (IEP): dashed line). Particle concentration was fixed
at 0.01 wt%. (B) Images of the suspensions at B1: 1.2⋅10−5 molSX/gPS-NH3+ ; B2:
1.5⋅10−5 molSX/gPS-NH3+ ; B3: 2⋅10−5 molSX/gPS-NH3+ .

Subsequently, to study the effect of SX adsorption grade on PEs, two degrees of
adsorption were chosen that give a ζ-potential of +30 mV (c=1.2⋅10−5 molSX/gPS-NH3+)
and -29 mV (c=2⋅10−5 molSX/gPS-NH3+). PEs were formulated with these two particle
modifications. It was possible to produce stable PEs (see Figure 6.8 A) and both
adsorption grade of the particles leads to W/O PEs. For both particle modifications,
Figure 6.8 B1-C1 shows water droplets stained with FITC (green) dispersed in
1-dodecane (oil phase; black).

Further, the addition of SX to the particles results in a reduction in emulsion droplet
size compared to the PEs stabilized by untreated PS-NH3+ particles (dmean=693 µm).
The droplet size of PEs stabilized by the SX-modified particles is similar and is
154 µm (+30mV) or at 110 µm (-29mV). The results are summarized in Figure 6.9.

A closer look at the interface of the water droplets (see Figure 6.10) shows that
one part of the particles in one approximate monolayer is attached to the interface,
and the other part is still in the water droplet. These results are the same for both
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Figure 6.8: (A) Macroscopic images of PEs (w:o=1:3; 0.06 wt%) stabilized by
SX-treated PS-NH3+ giving a ζ-potential of the particles of (B) +30 mV
(c=1.2⋅10−5 molSX/gPS-NH3+) and (C) -29 mV (c=2⋅10−5 molSX/gPS-NH3+). (B1) Fluo-
rescence image of a PE water droplet stabilized by the particles of (B). (C1) Fluo-
rescence image of a PE water droplet stabilized by the particles of (C). (B1)+(C1)
Water droplets stained with FITC (c=0.01mg/ml). All samples were prepared by
Ultra-Turrax.

particle types (+30 mV and -29 mV) regardless of the SX amount and comparable
to the results of PEs stabilized by untreated PS-NH3+ particles.

Figure 6.9: Comparison of PE (w:o=1:3; 0.06 wt%) droplet diameters stabilized
by untreated PS-NH3+ particles with a ζ-potential of +41mV and SX treated PS-
NH3+ particles with a ζ-potential of +30mV (c=1.2⋅10−5 molSX/gPS-NH3+) or -29mV
(c=2⋅10−5 molSX/gPS-NH3+). The emulsions were prepared by Ultra-Turrax.

However, the particles’ attachment to the interface leads to a change in interfacial
tension γoil/water. Figure 6.11 A shows γoil/water as a function of time by the addition
of the different treated particles. Without the particles, γoil/water (black points) is
nearly constant and do not show an exponential decay. The value after 1.8⋅103 s is
57 mN/m. The addition of the untreated PS-NH3+ (+41 mV) leads to a reduction
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Figure 6.10: Cryo-SEM images of PEs (w:o=1:3; 0.06 wt%) stabilized by (A)-(B)
PS-NH3++SX (+30mV; c=1.2⋅10−5 molSX/gPS-NH3+); (B)-(D) PS-NH3++SX (-29mV;
c=2⋅10−5 molSX/gPS-NH3+). The emulsions were prepared by Ultra-Turrax.

of γoil/water to 43 mN/m (after 1.8⋅103 s), and a time-dependent decay was observed.
Similar effects and comparable γoil/water values were observed for the SX-treated
PS-NH3+ particles. In the case of PS-NH3++SX (+30 mV), the γoil/water is 44 mN/m
(after 1.8⋅103 s), and in the case of PS-NH3++SX (-29 mV), γoil/water is 42 mN/m
(after 1.8⋅103 s). The time-dependent decays of the interfacial tensions (γ(t)) were
fitted with Equation 6.1 according to the interfacial tension at the equilibrium (γ∞),
the time of attachment of the particles to the interface (t1), and the time of the
particles’ rearrangement at the interface (t1).35 It is indicated that only the first
exponential decay is variable and increases with the adsorption grade, which will be
discussed later.

γ(t) = γ∞ + γ1e
−t/t1 + γ2e

−t/t2 (6.1)

The fits are shown in Figure 6.11 B, and the results are summarized in Table 6.2. It
was determined that the t1 value increases with increasing the SX adsorption grade
on the PS-NH3+ particles. It has to be mentioned that the increase is not strongly
pronounced.

Finally, hydroformylation in PEs stabilized by catalyst-treated PS-NH3+ particles
was investigated and was compared with negatively charged polystyrene particles
(see Figure 6.12 and Table 6.3). The SX amount was chosen to obtain PS-NH3+ with
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Figure 6.11: (A) Interfacial tension γoil/water without and with an addition of PS-
NH3+ (c=0.01 wt%) particles to the water phase. The concentration of SX for PS-
NH3++SX (+30 mV) is c=1.2⋅10−5 molSX/gPS-NH3+ and for PS-NH3++SX (-29 mV)
is c=2⋅10−5 molSX/gPS-NH3+ . (B) Fits of the measurements from (A). The reference
system dodecane/water was linear fitted and the other curves with Equation 6.1. All
measurements were investigated with the rising drop method.

Table 6.2: Fit results of the exponential decay of γoil/water from Figure 6.11. The
concentration of SX for PS-NH3++SX (+30 mV) is c=1.2⋅10−5 molSX/gPS-NH3+ and
for PS-NH3++SX (-29 mV) is c=2⋅10−5 molSX/gPS-NH3+ .

Particle SX adsorption grade t1 [s]
Untreated PS-NH3+ (+41 mV) 373
PS-NH3++SX (+30 mV) 597
PS-NH3++SX (-29 mV) 929

a ζ-potential of -29 mV. As demonstrated previously with the HNTs, the conversion
in PEs stabilized by positively charged PS-NH3+ (TOF=40 h-1) increases by about
200 % in comparison to PEs stabilized by negatively-charged PS-SO3- (TOF=106 h-1)
particles. In fact, selectivity for aldehydes also increases with the use of positively
charged particles, but for both particle charges, very low values of 5 % (PS-SO3-) or
8 % (PS-NH3+) were observed. The n:iso ratio is comparable for both PEs stabilized
by PS-SO3- (74:26) or PS-NH3+ (75:25), but lower compared to PEs stabilized by
positively charged HNTs (99:1). The PEs stabilized by the polystyrene particles were
stable after the hydroformylation.
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Figure 6.12: Conversion and selectivity for aldehydes (cRh(acac)(CO2)=3.5⋅10−3 mol/L;
cSX=7.1⋅10−3 mol/L; SX:Rh=2:1; S:C=5110:1) in PEs (prepared by Ultra-Turrax)
stabilized by negatively PS-SO3- or positively PS-NH3+ charged polystyrene particles.
The chosen SX concentration results in a PS-NH3+ ζ-potential of -29 mV. At both
PEs (w:o=3:1), the particle concentration was fixed at 0.06 wt%.

Table 6.3: Comparison of reaction properties of negatively PS-SO3- or positively
PS-NH3+ charged polystyrene particles. The chosen SX concentration results in a
PS-NH3+ ζ-potential of -29 mV.

PS-SO3- PS-NH3+

Emulsion type W/O W/O
Conversion* [wt%] 16 46
TOF (2 h) [h−1] 40 106
Selectivity* [%] 5 8
Stability after reaction stable stable

*Reaction parameters: T=95 ○C; p=15 bar; t=20 h; cRh(acac)(CO2)=3.5⋅10−3 mol/L;
cSX=7.1⋅10−3 mol/L; SX:Rh=2:1; S:C=5110:1.
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6.2.3 Comparison of the hydroformylation in Pickering emulsions stabilized
by HNTs-NH3+ or PS-NH3+ particles

In the last chapter, the results of hydroformylation reaction in PEs stabilized by
positive modified HNTs-NH3+ or by PS-NH3+ particles should be compared. Table 6.4
shows that the conversion and the TOF of PS-NH3+-stabilized PEs much higher
in comparison to HNTs-NH3+-stabilized PEs, but the absolute produced amount
(tridecanal) is similar for both PEs. This can be explained by the selectivity for
aldehydes, which is in the case of PEs stabilized by positively modified HNTs-NH3+

one order of magnitude higher in comparison to PEs stabilized by PS-NH3+. The
ratio n:iso is also greater in PEs stabilized by the HNTs-NH3+. It must be mentioned
that HNTs-NH3+ stabilize an O/W emulsion while PS-NH3+ particles stabilize a
W/O emulsion. Both PEs were stable after the reaction.

Table 6.4: Comparison of different hydroformylation characteristics of PEs stabilized
by positively charged HNTs or PS-NH3+ particles.

Reaction characteristics aHNTs-NH3+ bPS-NH3+

Emulsion type O/W W/O
Conversion [wt%] 16 46
TOF [h−1] 2.4 106
Absolute product amount [g] 0.8 0.5
Selectivity for aldehydes [%] 82 8
n:iso 99:1 75:25
Stability after reaction stable stable

aPEs stabilized by pos. HNTs: T=95 ○C; p=15 bar; t=24 h;
cRh(acac)(CO2)=3.9⋅10−3 mol/L; cSX=15.4⋅10−3 mol/L; SX:Rh=4:1; S:C=340:1.

bPEs stabilized by pos. PS-NH3+: T=95 ○C; p=15 bar; t=20 h;
cRh(acac)(CO2)=3.5⋅10−3 mol/L; cSX=7.1⋅10−3 mol/L; SX:Rh=2:1; S:C=5110:1.

6.3 Discussion

The surface modification of HNTs to change the surface charge from negative to
positive has been performed successfully. The three-phase contact angle (α) slightly
increased after the modification, but the emulsion type is still O/W (Bancroft type)
by using the modified HNTs to stabilize PEs. Furthermore, the modified HNTs-NH3+

with a positive surface charge showed a potential adsorption of oppositely charged
organic molecules, which was demonstrated to be anion using FITC. These do not
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change the lateral and rather radial arrangement of the HNTs at the interface as
shown in the previous chapter.

The addition of SX (equal to Rh-SX) to the HNTs-NH3+ suspension leads to a
transition of the apparent ζ-potential from positive values to negative values and is
a function of the SX concentration. This indicates an interaction of the positively
charged HNTs-NH3+ and the SX anion. Furthermore, in the SX concentration range,
which leads to ζ-potential above, the IEP, an adsorbed SX monolayer was assumed.
Due to a not completely covered HNTs-NH3+ surface by adsorbed SX, the ζ-potential
is still positive (see Figure 6.13 A). A further increase in SX concentration leads to a
completely covered HNTs-NH3+ surface by SX until SX can no longer adsorb at the
HNTs-NH3+ surface. Adding further SX to the HNTs-NH3+ suspension leads to an
interaction between the hydrophobic part of the adsorbed SX and the hydrophobic
part of freshly added SX, resulting in the formation of an SX bilayer and an exposure
of the sulfonic acid group into the continuous phase (see Figure 6.13 B). This leads
to the transition from a positive ζ-potential value to a negative one. In the work
of Binks and Rodrigues,107 a similar behavior was observed for negatively charged
silica particles and a di-chain cationic surfactant.

Figure 6.13: Schematic illustration of a possible adsorption of SX on the positive
charged (A-B) HNTs-NH3+ surface and (C-D) on the PS-NH3+ surface.

Using the HNTs-NH3+ stabilization PEs for the hydroformylation reaction leads
to a strong increase in the conversion compared to PEs stabilized by untreated
(negatively charged HNTs surface) HNTs. Interestingly, the n:iso ratio is still high,
and the selectivity for aldehydes even increases by using modified HNTs. This is
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different in comparison to a system that immobilizes the catalyst and gives lower
selectivity.199 200

PS-NH3+ particles with a denser inner core and a "fluffy" outer shell (supporting the
positive charge), unlike the modified HNTs-NH3+, stabilize a W/O emulsion at a w:o
ratio of 1:3. Changing the w:o ratio to 3:1 results in unstable PEs. Furthermore, the
particles attach at the oil/water interface and also show the potential adsorption of
anionic molecules, which was demonstrated with the anionic FITC dye. A closer look
at the interface showed that not all particles attach to the interface. The particles
that are attached showed a densely packed arrangement of an approximate monolayer
and the non-attached particles were dispersed inside the water droplet. Hence, it is
an anti-Bancroft emulsion type, which means that the particles come from inside
the water droplet (dispersed phase) and attach to the interface rather than from the
continuous phase (oil=̂dodecane) as is the case with the Bancroft type. Golemanov
et al.98 showed the same anti-Bancroft PEs stabilized by polystyrene particles with
sulfate surface groups.

The addition of SX to the particles suspension is similar to the modified HNTs-
NH3+. The ζ-potential changes from positive to negative values by increasing the
SX concentration. This is also explained by the formation of an SX monolayer (see
Figure 6.13 C) at low SX concentration that gives positive ζ-potential due to the
incompletely covered particle surface. For higher SX concentrations, however, a
formation of an SX bilayer (see Figure 6.13 D) at the particle interface is assumed
by representing the sulfonic acid group into the continuous phase, which results in a
negative ζ-potential. In contrast to HNTs-NH3+ suspension, near the IEP PS-NH3+,
particles start to aggregate. This is an indication that the adsorption of SX leads
to a compensation of the positive surface charge of the particle. Due to this, the
electrostatic stabilization is reduced, resulting in particle aggregation.

Different SX adsorption grades (PS-NH3++SX (+30 mV)=lower SX adsorption/PS-
NH3++SX (-29 mV)=higher SX adsorption) do not affect the emulsion type, which
is still a W/O emulsion. However, the droplet size is similar to PEs stabilized by
the particles that adsorbed SX and are lower in comparison to the PEs stabilized
only by PS-NH3+. Furthermore, at the oil/water interface, the same behavior was
observed as by PS-NH3+ PEs. Part of the particles is tightly packed attached at the
interface. The other part is not attached and is dispersed inside the water droplets.
This behavior is described by the anti-Bancroft emulsion type. A change in the
packing density was not found.
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Interfacial tension measurements offered different results. First, the particles reduce
the γoil/water in comparison to the reference system without particles. This is inter-
preted by the attachment of the particles at the interface. In the study of Isa et al.259,
it has been also shown that the interfacial tension measured by the pendant drop
technique is reduced due to the attachment of core-shell nanoparticles to the interface.
Second, the particle suspensions with or without SX showed an exponential decay
of γoil/water with time, and the final value (after 1800 s of measurement) is similar
for all suspensions independent of the SX-adoption grade. However, the exponential
decays are different. Analyzing the curves by Equation 6.1 (only a mathematical
fit of the data) gives different t1 values, which represent the attachment of the
particles to the interface at short time periods. t2 represents a reorganization of
the attached particles during longer time periods, which is indicated by a change of
the time-dependent decrease of γoil/water. In the present study, this change was not
observed and will be neglected. In the study of Kutuzov et al.34, of the reduction of
γoil/water in the short time period (represented by t1) is due to the diffusion-controlled
attachment of nanoparticles from the bulk to the interface. In the present study t1

increases with increasing the SX adsorption grade. Assuming the model of Kutuzov
et al.34 would mean that the diffusion coefficient is a function of the SX adsorption
grade and decreases by increasing the degree of adsorption due to the creation of at
first a monolayer and then of a bilayer, which is in agreement with the ζ-potential
measurements.

Concerning the hydroformylation, PEs stabilized by positively charged PS-NH3+

in comparison to negatively charged PS-SO3- particles results in an increase in
conversion and selectivity. However, the selectivity for aldehydes is below 10 % for
both PEs, resulting in a low amount of the product, although the TOF is high in the
case of PS-NH3+ particles. In contrast, the n:iso ratio is similar for both PEs and is
within an acceptable range. Both PEs are W/O emulsions and are stable after the
reaction.

Comparing the PEs stabilized by modified HNTs-NH3+ and PS-NH3+ shows that PS-
NH3+ gives higher conversion and a higher TOF. However, due to the low selectivity
of PEs stabilized by PS-NH3+ particles, a comparable absolute product amount after
the reaction is given for both emulsions. Furthermore, both PEs show a comparable
n:iso ratio and are stable after the reaction. PS-NH3+-stabilized PEs, however,
are W/O emulsions, hence, HNT-stabilized PEs are O/W emulsions. This is an
important fact with regard to a continuous recycling process of a hydroformylation
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reaction separated by membrane filtration. In the case of an O/W emulsion, the
product is inside the droplets, and the droplets have to be destroyed to release the
product. This would lead to further steps in the continuous process while in the case
of a W/O emulsion, the product is in the continuous phase and can be more easily
separated from the droplet phase containing the catalyst.

6.4 Conclusion

It can be concluded that successfully modified HNTs-NH3+ and/or PS-NH3+ elec-
trostatically interact with a positive surface charge and the ligand SX adsorbs on
particles, which leads to a molecular monolayer or further to a bilayer by increasing
the SX concentration. An interaction is assumed between the positive particle surface
and the negative sulfonic acid groups (-SO3-) of SX. This does not lead to a change
in emulsion type, but the particles stabilize different emulsion types. HNTs-NH3+-
stabilized PEs show an O/W Bancroft emulsion type, hence PS-NH3+ PEs show
a W/O anti-Bancroft emulsion type. In the case of PS-NH3+-stabilized PEs, the
droplet size decreases by the adsorption of SX, regardless of the SX concentration.
The arrangement and density of the particles assembled at the interface are also inde-
pendent of the SX content or concentration for both particle types. Nevertheless, the
SX adsorption grade influences the diffusion coefficient of the PS-NH3+, which leads
to a change in the diffusion-controlled attachment of the particles to the interface.
PEs stabilized by HNTs-NH3+ or PS-NH3+ result in an increased conversion of 1-
dodecene and an increase selectivity for aldehydes. In the case of PS-NH3+-stabilized
PEs, the selectivity is lower in comparison to HNTs-NH3+-stabilized PEs, which
leads to a similar product amount of both emulsions, although the TOF is higher in
PS-NH3+ emulsions. This essential physicochemical understanding of the interaction
of positive surface charge on particles and an oppositely charged catalyst may be
useful for an optimization or a systematic design of reaction systems in PEs.
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Conclusion and Outlook

7.1 General Conclusions

In this thesis, the physicochemical behavior of particle-stabilized Pickering emulsion
for homogeneously catalyzed reaction (hydroformylation) is treated and discussed
in a possible continuous process. The fundamental understanding of the effects of
the particles at the interface (such as particle dynamics, droplet coverage, particle
orientation at the interface), particle concentration, stability of PEs, energy input
for PEs preparation, behavior in a batch reactor, interface-active catalyst, different
particle shapes and/or charge facilitate the application and optimization of PEs as
alternative reaction media. In this study, PEs were investigated from various aspects
in the backdrop to the hydroformylation:

(a) hydrophobic silica nanoparticles (see chapter 4)

(b) effect of particle shape (see chapter 5)

(c) effect of particle charge (see chapter 6)

It is shown that fumed silica nanoparticles with different hydrophobicity stabilize
W/O PEs with a monotonic droplet decrease, which is a function of the particle
concentration. In addition, the particles adsorb oil impurities, resulting in an increase
in interfacial tension. Applied shear stress can destroy PEs, which leads to coalescence
and a phase separation of oil and water. The use of a paddle stirrer in a batch
reactor without contact to the reactor ground avoids the destruction, and PEs are
still stable and can be used for reactions at different stirring speeds. Furthermore,
the droplet size is not affected by the reactor pressure (atm-40 bar) or by the use of
syngas (CO/H2). However, the reactor temperature does not destroy the PEs when
the pressure is high. PEs are destroyed by temperatures at low reactor pressure due
to the boiling point of water, which is a function of the temperature. Finally, the
hydroformylation reaction in PEs is optimized, and a complete recycling process using
membrane filtration to separate the product from the emulsion droplet (containing
the catalyst) is successfully demonstrated. This process was without significant loss
of conversion, selectivity, and PEs stability.

In the next step, the particle shape of HNTs and silica is examined. The hydrophilic
HNTs stabilize O/W PEs and attach laterally to the interface. Due to capillary
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forces, the electrostatic repulsion of the particles is overcome, and HNTs accumulate
isotropically and reconfigure into a radial configuration as the particle concentration
is increased. Because of this, a non-monotonic change in droplet size as a function
of HNT concentration is observed. The surface modification of the HNTs was
successful, but the change of the wettability is not strongly pronounced that leads
to the stabilization of O/W PEs and not to the intended W/O PEs. In contrast,
hydrophilic fumed silica particles showed a monotonic droplet decrease. Adding the
surface-active Rh-catalyst and applying high-energy input results in a nanometer-size
droplet due to the surface activity of the catalyst, resulting in a reduction in interfacial
tension, and the particles (silica/HNTs) are not attached to the droplet interface.
Particle attachment occurs when the droplet size is in order of micrometers. This
behavior of PEs is also assumed in the reactor. Initially, the droplets in the reactor
are small and become large during the reaction due to coalescence. Furthermore, the
mechanical stability of the PEs shows a strong synergistic effect and increases in the
presence of the catalyst and the nanoparticles. Hence, from the point of view of the
hydroformylation, too low or too high a stability leads to low conversion. However,
intermediate stability of the PEs seems to be favorable for high conversion.

Finally, the interactions between positively charged particles (HNTs-NH3+ or PS-
NH3+) and the negative Rh-catalyst are investigated. Therefore, the Rh-catalyst
seems to adsorb to the particle surface, which does not change the emulsion type. An
interaction between the positively charged particle surface and the negative sulfonic
acid groups (-SO3-) of the ligand is assumed. HNTs-NH3+-stabilized PEs show a
Bancroft type, and PS-NH3+-stabilized PEs an anti-Bancroft type. In the case of
PS-NH3+-stabilized PEs, the addition of the Rh-catalyst results in a decrease in
droplet size, regardless of the catalyst concentration. The addition of the catalyst
does not affect the particle attachment and the density of the assembled particles.
Interestingly, the interfacial tension is also not reduced by the addition of the Rh-
catalyst to the particle suspension, but the diffusion coefficient increases by increasing
the degree of adsorption (amount of Rh-catalyst per particle mass). In general, PEs
stabilized by positively charged particles (HNTs-NH3+ or PS-NH3+) lead to an
increase of the conversion and an increase in the selectivity for aldehydes.
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7.2 Outlook

The investigation of HNT-stabilized PEs showed a dependence on droplet size as
a function of the salt (NaCl) and pH. This behavior is thus far not understood,
and a theoretical description is missing. A similar content of PEs droplet size as a
function of salt and/or pH was investigated in the study by Destribats et al.1 by
using whey protein microgel particles to stabilize PEs. A change in the density of
packed HNT particles at the interface could be discussed, but the assumptions for
the theoretical expression of the particle density (coverage) is difficult due to the
matter of the incomplete attachment of the HNTs to the droplets’ interface in the
continuous phase. The same is given for the stability of HNT-stabilized PEs by
changing the salt (NaCl) concentration or the pH.

In addition, negatively charged hydrophilic silica nanoparticles and HNTs showed
a possible interaction with the negative Rh-catalyst. The interfacial tension of
the Rh-catalyst changes with the addition of the particles, and also the lateral
pressure has changed significantly. A description of the possible interaction of the
negative particle surface and a negative surface-active catalyst (especially which
groups could interact) is not known, but some possible analogy can be found in
the known adsorption of surfactants with negative head groups, for example, on
the negatively charged silica surface. An understanding and detailed description of
where the Rh-catalyst is adsorbed (particle surface or/and droplet interface) is not
given so far but would help to optimize the hydroformylation or other homogeneous
reactions. Further, the effect of the Rh-catalyst on the particle density at the droplet
surface and the orientation of the particles at the interface in the presence of the
catalyst is not known.

In the case of PEs stabilized by positively charged particles, especially by PS-NH3+,
a not yet clarified question is why the droplet size of PEs decreases by the addition
of the Rh-catalyst while the interfacial tension and the density of the attached
particles appear not affected by the catalyst. Further, the detailed description of
these attached particles at the interface is interesting and should be investigated
because core-shell particles show a complex behavior at the interface. Additional,
PEs stabilized by this type of particles show a strong potential to be used in a
continuous process combined with a membrane filtration (separation of the product
and the droplets containing the catalyst). So far, the experiments and theoretical
descriptions of the recycling of these PEs in a continuous process are missing.
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In general, a transfer of the results obtained of the hydroformylation reaction in PEs
to other reactions would generalize PEs as an alternative reaction media.
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Appendix

Appendix to chapter 3

Figure 8.1: (A) Temperature profile in the custom design vessel (referred to Figure 3.6)
after starting the sonication procedure. (B) Temperature difference (after 1200 sec)
in the vessel between the set temperature and is temperature.

Figure 8.2: UV/VIS spectra of a stirred (700 rpm, 25 ○C) catalyst solution
(cRh(acac)(CO2)=3.9⋅10−3 mol/L; cSX=15.4⋅10−3 mol/L; SX:Rh=4:1) in the custom
designed vessel (referred to Figure 3.6) (A) without Argon purge or (B) with Argon
purge.
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Appendix to chapter 4

Figure 8.3: Conversions of hydroformylation (cRh(acac)(CO2)=12.5 mmol/L; cligand=50
mmol/L; ligand:Rh=4:1; w:o=1:3) in PEs stabilized by HDK H20 (sample number 1,
2, 3, and 5) or by HDK H18 (sample number 4) at different reaction conditions and
PEs preparation conditions (referred to Figure 4.15). A particle concentration of
0.50 wt% was used at all PEs.
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Figure 8.4: Component composition in PEs stabilized by HDK H20 (sample number
1, 2, 3, and 5) or by HDK H18 (sample number 4) at different reaction conditions
and PEs preparation conditions (referred to Figure 4.15). A particle concentration
of 0.50 wt% was used at all PEs. The hydroformylation reactions were performed at
cRh(acac)(CO2)=12.5 mmol/L, cligand=50 mmol/L, ligand:Rh=4:1 and at w:o=1:3.

Figure 8.5: Images of PEs after the hydroformylation reaction (cRh(acac)(CO2)=12.5
mmol/L; cligand=50 mmol/L; ligand:Rh=4:1; w:o=1:3) stabilized by HDK H20 (sam-
ple number 1, 2, 3, and 5) or by HDK H18 (sample number 4) at different reaction
conditions and PEs preparation conditions (referred to Figure 4.15). A particle
concentration of 0.50 wt% was used at all PEs.
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