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Abstract

Pickering emulsions consisting of water and 1-dodecene and stabilized by different solid silica
nanoparticles are suitable innovative multiphase systems for, e.g., catalytic hydroformylation reactions.
These enable not only high reaction rates but also an efficient and suitable phase separation to recycle the
(expensive) catalyst and to achieve economically feasible continuous processes. Due to their high stability
against coalescence, membrane filtration is a promising procedure: the catalyst containing water drops are
retained by the membrane while the organic product containing phase is obtained as permeate. This thesis
systematically addresses the membrane filtration of Pickering emulsions using selected membrane types.
For a fundamental understanding of their filtration behavior, a detailed physico-chemical analysis is
performed (stability, drop size distribution, rheological behavior). The homogenization conditions during
Pickering emulsion preparation, the emulsion composition and the process conditions were varied and the
main influencing parameters on water-in-oil Pickering emulsion filtration were determined. The tendency
of nanoparticles to form three-dimensional network structures between emulsion drops and/or
nanoparticles significantly influenced the filtration behavior. The filtration performance was dependent on
the membrane type. This was explained by distinct nanoparticle-solvent-membrane interactions. Especially
an organic solvent nanofiltration membrane showed a great reproducibility of the filtration behavior and
the type of organic solvent as well as the temperature were identified as the only significant influencing
parameters. Using this membrane type, Pickering emulsion filtration was — for the first time — successfully
modeled via a combination of the solution-diffusion and the resistance in series model. Overall, the
mechanical phase and catalyst separation of Pickering emulsions via membrane filtration is a very robust
operation allowing broad operation windows. Pickering emulsions are thus suitable candidates for the
application in continuous catalytic multiphase reactions.

Zusammenfassung

Pickering Emulsionen bestehend aus Wasser und 1-Dodecen und stabilisiert durch verschiedene Silika-
Nanopartikel sind innovative Reaktionsumgebungen fiir z.B. die katalysierte Hydroformylierung
langkettiger Olefine. Sie ermdglichen nicht nur hohe Reaktionsraten, sondern auch eine effiziente und
geeignete Phasenseparation, um den (teuren) Katalysator zu recyceln und damit wirtschaftliche,
kontinuierliche Prozesse zu etablieren. Aufgrund der hohen Stabilitdt der Emulsionen gegeniiber
Koaleszenz stellt die Membranfiltration von Pickering Emulsionen eine vielversprechende Moglichkeit
dar: Die katalysatorhaltigen Wassertropfen werden durch eine Membran zuriickgehalten, wihrend die
produkthaltige organische Phase als Permeat gewonnen wird. In dieser Arbeit wird die Membranfiltration
von Pickering Emulsionen mit ausgewéhlten Membranen systematisch untersucht. Fiir ein grundlegendes
Verstidndnis des Filtrationsverhaltens ist dabei auch eine detaillierte Untersuchung der physikalisch-
chemischen Eigenschaften (Stabilitdt, Tropfengréfenverteilung, Rheologie) erforderlich. Durch die
Variation der Dispergierbedingungen bei der Herstellung von Pickering Emulsionen, der Emulsions-
zusammensetzung sowie der Betriebsparameter wurden die wesentlichen Einflussfaktoren auf das
Filtrationsverhalten von Wasser-in-Ol Pickering Emulsionen ermittelt. Es wurde gezeigt, dass die
Féhigkeit der Nanopartikel, dreidimensionale Netzwerkstrukturen zwischen Emulsionstropfen und/oder
Partikeln zu formen, einen signifikanten Einfluss auf das Filtrationsverhalten hat. Das Filtrationsverhalten
war abhdngig von dem verwendeten Membrantyp und dem Membranmaterial. Dies wurde iiber die
unterschiedlichen Wechselwirkungen zwischen Nanopartikeln, Losemittel und Membran erklart. Unter
Verwendung einer Membran aus dem Bereich der organophilen Nanofiltration wurden das organische
Losemittel sowie die Temperatur als Haupteinflussparameter identifiziert. Fiir diese Membran wurde die
Filtration von Pickering Emulsionen erstmals mathematisch modelliert. Es wurde eine Kombination aus
dem Losungs-Diffusions- und dem Widerstand-in-Reihe-Modell verwendet. Insgesamt ergibt sich, dass
die einstufige (mechanische) Trennung von Pickering Emulsionen mittels Membranfiltration sehr robust
ist und ein groBes Optimierungspotenzial aufweist. Pickering Emulsionen sind somit geeignete Kandidaten
fiir die Anwendung in kontinuierlichen katalysierten Reaktionen in Mehrphasensystemen.
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Introduction

1 Introduction

With respect to the future scarcity of fossil fuels, the chemical industry is facing the challenge of expanding
its raw material basis for chemicals production to include sustainable resources, which, in the best case,
can even substitute the common organic chemicals based on fossil resources. Furthermore, the twelve
principles of “Green chemistry” become more and more important. These include — in addition to the use
of renewable feedstocks — e.g., energy efficiency, little need for auxiliaries, use of safer solvents, highly
efficient catalysts and the prevention of waste [9, 10].

Long-chained olefins form a possible new raw material basis as they can be obtained from renewable
feedstocks. To utilize these sustainable resources in an efficient and economical way, suited process
concepts need to be found or developed [79]. To achieve high yields and selectivities under mild reaction
conditions, homogeneous catalysis is often desirable [194]. An example is the hydroformylation of olefins.
However, the established Ruhrchemie/Rhone-Poulenc process for the hydroformylation of short-chained
olefins [120] fails for olefins with C > 5 due to their poor water-solubility and low reaction rates [92].

Here, novel innovative phase systems are suitable candidates as reaction media to realize, e.g., the
rhodium-catalyzed hydroformylation of long-chained olefins such as 1-dodecene [116]. An effective and
efficient recycling of the expensive catalyst-ligand complex is inevitable to achieve economically feasible
processes. To establish such innovative phase systems industrially, physico-chemical as well as process
engineering fundamentals must be understood. Within the collaborative research center InPROMPT
(“Integrated Chemical Processes in Liquid Multiphase Systems’”) thermomorphic multi-component solvent
systems (TMS), microemulsion systems (MES) and Pickering emulsions (PEs) were investigated (Figure

1.
Reactor Phase separation
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.," product
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Figure 1. Schematic representation of reaction and phase separation in three different innovative phase systems.
(Top) TMS — thermomorphic multi-component solvent systems, (middle) MES — microemulsion systems, and (bottom) PE —
Pickering emulsions. Adapted from [66, 99, 167].



Introduction

All these innovative phase systems have their advantages and drawbacks concerning the reaction and
energy efficiency, sustainability and separation performance. These three phase systems will briefly be
described in the following, with PEs being discussed in more detail, as they are examined in this thesis.

TMS are mixtures of multiple components of different polarities with a temperature dependent phase
behavior. The reactions are performed under homogeneous conditions in a single liquid phase — leading to
high reaction rates — while a change in temperature is used to create a two-phase system for catalyst
recovery [51, 66, 256] (Figure 1 top). A subsequent organic solvent nanofiltration (OSN) is necessary to
reduce the catalyst loss to an acceptable level [66]. For product purification, a further, elaborate
down-stream process is required for recycling of the non-polar solvent and unconverted alkenes [25, 51,
66]. Another disadvantage is the current need for hazardous solvents like DMF (N,N’-dimethylformamide)
to adjust the sensitive phase behavior [66, 169]. Research on the (computer-aided) selection of more benign
solvents is conducted in, e.g., [ 144, 264].

To achieve higher reaction rates, surfactants are used in MES to create a large interfacial area between
the aqueous and the organic phase. Depending on the temperature and the surfactant concentration,
different phase conditions exist [244]. In general, the reaction, e.g., hydroformylation of 1-dodecene, can
be performed under all phase conditions [168]. By way of example, the bicontinuous microemulsion phase
is shown in grey in Figure 1 (middle). The expensive rhodium-catalyst is located in the polar phase during
reaction and separation [167]. Tuning the temperature in a decanter allows phase separation and catalyst
recovery, e.g., [167, 193]. As the amount of residual surfactants in the organic product phase might be too
high, a subsequent OSN is necessary to retain the surfactant and to obtain a pure product [257] (Figure 1
middle).

Nanoparticle stabilized water-in-oil (w/0) PEs constitute a promising alternative. As PEs show superior
stability [26], they are suited for industrial processes where the sample is exposed to mechanical stress in
form of pumping or stirring. Due to their large interfacial area (but smaller than in MES), thus enhanced
mass transport and higher reaction rates, PEs have recently become of increasing interest for their use in
(bio-)catalytic reactions in liquid/liquid (L/L) multiphase systems. In 2011, the first biocatalytic
esterification in PEs, using hydrophobic silica particles for PE stabilization and enzymes as biological
catalysts, was reported [246]. The latter one was immobilized within the aqueous phase drops, while the
reactants and products were predominantly in the organic phase [246]. Since then, the feasibility of
enzymatic reactions in PEs has been proven by other authors (e.g., [95, 148, 238, 261]) but also
chemo-catalytic reactions, e.g., acetalization, hydrogenation, reduction, oxidation or hydroformylation
have been performed in PEs [18].

For economically feasible industrial processes not only the reaction but the overall process needs to be
optimized. An efficient and continuous PE separation to retain the active catalyst remained a challenge
until recently [163]. Different attempts have been described in literature of which most separations were
typically based on demulsification. This might cause a damage to sensitive catalysts and only allows cyclic
processes. Among these approaches were the use of stimuli-responsive PEs, in which an external trigger
(e.g., temperature, pH, CO; concentration, light intensity, ionic strength or magnetic field) led to a
demulsification or inversion of the emulsion, e.g., [209, 242, 255]. Another common technique is
centrifugation — having the disadvantage of multiple energy input (re-emulsification for the next reaction
cycle) and possible catalyst damage, e.g., [238]. The same disadvantages apply for shear-induced
coalescence [240]. An alternative (“Flow Pickering emulsion™) was reported in, e.g., [261, 263], where a
PE was packed into a column reactor and gravity driven flow of the organic phase through the interstices
between the drops was used [261]. Flow rates were low and consequently residence times were high,
leading to an economically inefficient process. Another disadvantage of this technique is that drops cannot
be easily exchanged when catalyst activity decreases.

A very promising but rather new alternative to enable continuous processes is the mechanical
separation of PEs via membrane filtration (Figure 1 bottom). The catalyst-containing aqueous phase drops
are retained in the retentate, while the organic product-containing phase is obtained as permeate. Compared
to, e.g., TMS and MES, where the gravity driven decanter reacts sensitively to changes in, e.g., temperature
or concentration and is not sufficient for phase separation and additives recycle, the use of PEs allows a
simplified process flow diagram with only a single-stage separation (cf. Figure 1). Cooling between the
reactor and the filtration might be required to meet the temperature compatibility of the membrane material.

Due to the novelty of this application, publications about the filtration of PEs are still scarce [95, 96,
199, 200] and a fundamental understanding of the underlying processes is missing. The aim of this thesis
is to investigate the impact of various influencing parameters, such as PE composition and operating
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Introduction

conditions, on characteristic emulsion properties and on the filtration behavior. In most investigations, the
model system composed of oil, water and solid nanoparticles is used (without the metal catalyst and
reaction (by-)products). As the production of PEs with tailor-made characteristics is essential for robust
and optimal process design, special attention is given to the drop size distribution (DSD) and empirical
correlations with the preparation conditions are developed. Knowledge about the DSD and possibly freely
suspended residual particles is required as they constitute the filter cake. The exact knowledge of the
rheological behavior is essential for mixing, pumping and filtration. The filtration of various PEs using
different membranes (membrane-solvent-particle interactions) constitutes the main part of this thesis. For
the first time, a permeability model to describe the filtration of PEs is developed which can be used for
process optimization.
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2 Scope and Outline of this thesis

The aim of this cumulative thesis is the systematic characterization of w/o Pickering emulsions as well as
the investigation and prediction of their filtration behavior under various process conditions. In this chapter
the general structure as well as the own relevant journal articles used for the thesis are presented. Their
chronology and place in the process flow sheet are schematically shown in Figure 2.

Preparation ——> Reaction ——> Filtration
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Figure 2. Schematic structure of this thesis and publications on which this thesis is based.

The basis for reaction and filtration is the preparation of PEs with tailor-made characteristics. While
the impact of different PE compositions on PE properties has intensively been studied in literature (cf.
Section 3.1.3), the preparation process as another leverage has mostly been neglected so far. The impact
of different homogenization conditions — e.g., homogenization device, time and (tip) speed — on drop size
distribution, stability, rheology and filtration behavior was investigated in detail in publications [I] and
[II] and is described in Section 5.1. These examinations were performed for a “standard” w/o PE of the
same composition. The aim was to develop correlations between Sauter mean diameters or dynamic
viscosity, respectively, with homogenization conditions for targeted PE preparation.

The next step to apply w/o PEs in continuous catalytic L/L multiphase systems is the reaction
(e.g., hydroformylation) which was published in [IV] but is not the focus of this thesis.

For economically feasible processes, a subsequent catalyst recovery and a separation of the dispersed
phase drops and the organic product containing phase is essential. The feasibility of w/o PE ultrafiltration
(UF) was shown in literature [199, 200] (cf. Section 3.2.2). Up to date, there is no thorough understanding
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for the reported unexpected, disproportionate filtration behavior. Therefore, further studies with the same
UF membrane were conducted in publication [II] and are described in Section 5.2. Focus was laid on the
impact of particle type, membrane-solvent-nanoparticle interactions as well as membrane pre-treatment.
Additional to w/o and oil-in-water (o/w) PEs, nanoparticle/oil suspensions — as the extreme form of no
dispersed phase fraction — were investigated.

Furthermore, an OSN membrane with a similar molecular weight cut-off but made of different material
was investigated in publications [V] and [VI] and is described in Section 5.3. Filtration of w/o PEs using
OSN membranes has never been published before. The membrane showed a very good reproducibility of
the filtration performance and allowed a systematic experimental parameter study (publication [VI]). The
aim was to identify the most important influencing parameters (among PE composition and process
conditions) on w/o PE filtration (cf. Section 5.3). So far, only experimental studies concerning the filtration
of PEs have been published. Therefore, publication [V] and [VI] also focused on the development of a first
modeling approach to describe the observed filtration behavior, which can then be used for process design
and optimization (cf. Section 5.4).

To summarize, this cumulative thesis seeks to answer the following questions:

- How do preparation conditions and Pickering emulsion composition influence the characteristic
PE properties (especially DSD and rheological behavior)?

- What are the main influencing parameters on w/o PE filtration using ultrafiltration and organic
solvent nanofiltration membranes?

- Which modeling approaches are suited to describe the filtration of w/o PEs?

In the following, the detailed references of the own relevant publications used in this thesis are listed
in chronological order. Throughout all chapters of the thesis, these publications will be referred to by their
Roman numerals.

[1] Kempin, M.V.; Kraume, M.; Drews, A. (2020): W/O Pickering emulsion preparation using a

batch rotor-stator mixer — Influence on rheology, drop size distribution and filtration behavior.
J. Colloid Interf. Sci., 573, 135-149, DOI: 10.1016/.jcis.2020.03.103.

[11] Kempin, M.V.; Stock, S.; von Klitzing, R.; Kraume, M.; Drews, A. (2020): Influence of
particle type and concentration on the ultrafiltration behavior of nanoparticle stabilized
Pickering  emulsions and suspensions. Sep. Purif. Technol.,, 252, 117457,
DOI: 10.1016/j.seppur.2020.117457.

[III] Kempin, M.V.; Drews, A. (2021): What governs Pickering emulsion properties during
preparation via batch rotor-stator homogenizers? Chem. Ing. Tech., 93, 311-317,
DOI: 10.1002/cite.202000130.

[IV]  Stock, S.; Schlander, A.; Kempin, M.; Geisler, R.; Stehl, D.; Spanheimer, K.; Hondow, N.;
Micklethwaite, S.; Weber, A.; Schomicker, R.; Drews, A.; Gallei, M.; von Klitzing, R. (2021):
The quantitative impact of fluid vs. solid interfaces on the catalytic performance of Pickering
emulsions. Phys. Chem. Chem. Phys., 23, 2355-2367, DOI: 10.1039/DOCP06030E.

[V] Kempin, M.V.; Schroeder, H.; Hohl, L.; Kraume, M.; Drews, A. (2021): Modeling of water-
in-oil Pickering emulsion nanofiltration — influence of temperature. J. Membr. Sci, 636,

119547, DOI: 10.1016/j.memsci.2021.119547.

[VI] Kempin, M.V.; Drews, A. (2021): Organic solvent nanofiltration of water-in-oil Pickering
emulsions - What influences  permeability? Membranes, 11, 864,
DOI: 10.3390/membranes11110864.

[VII] Stock, S.; Kempin, M.V.; Hohl, L.; Petzold, M.; Hecht, K.; von Klitzing, R.; Drews. A.:
Pickering Emulsions. (Kraume M, ed.). Integrated chemical processes in liquid multiphase
systems — from chemical reaction to process design. De Gruyter. (submitted).
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3 State of the Art

This chapter provides an overview of the present state of the art concerning the field of Pickering emulsion
characterization and filtration. After a brief general description of this emulsion type and emulsion
stabilization mechanisms, key parameters governing their properties, possible PE preparation methods and
characteristic properties such as drop size distribution and rheology are reviewed. To apply PEs in catalytic
processes in L/L multiphase systems, not only the knowledge of their properties is of great importance, but
an efficient catalyst recovery is essential. As the filtration of PEs is a promising procedure, its current state
of the art and general aspects, as well as modeling approaches for membrane filtration, are described.

3.1 Pickering emulsions

3.1.1 Background

Emulsions are colloidal dispersions in which a liquid phase is dispersed in the form of drops into a second
liquid (continuous) phase. Possible types of simple emulsions are o/w and w/o. Double or multiple
emulsions also exist but were not observed in this thesis and will therefore not be further dealt with [192].
Emulsions are thermodynamically unstable systems which seek to reduce the total surface energy by
coalescence, leading to a complete separation of the emulsion into two phases. Hence, an emulsifying
agent, often also referred to as a stabilizer, is required to either prevent coalescence or to facilitate emulsion
formation. Possible emulsifiers are, e.g., ions, surfactants, polymers, polyelectrolytes or solid particles
[192, 208]. Possible physical destabilization processes of emulsions are discussed in more detail in Section
3.1.2.

Emulsions stabilized by solid particles, so called Pickering emulsions, have recently received
increasing attention. The growing interest in PEs becomes obvious in the increasing number of publications
within the last two decades. Figure 3 displays data obtained from Web of Science showing that the
proportion of “Pickering emulsions” among “emulsions” has increased from 0% in 2000 to 11.1% in 2020.
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Figure 3. Number of publications with keywords “Pickering emulsions” or “emulsions” only. Source: Web of Science. Retrieved:
October 20, 2021.

Named after S.U. Pickering, these emulsions have been first described in the early years of the
20™ century [166, 174]. In contrast to conventional, e.g., surfactant stabilized emulsions, PEs have some
significant advantages: a high stability against coalescence, the possibility of fine-tuning and
stimuli-responsiveness, often lower toxicity and better biocompatibility [5, 247, 252]. PEs are used in
numerous fields of application, which have been reviewed in recent years by a number of authors [5, 24,
57, 86, 247, 252]. Possible fields of application include biomaterials, biomedicine, (bio-)catalytic
processes, cosmetics, drug delivery, food, material sciences, oil recovery, pharmaceutics and many more.
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In 2002, Binks published a review about the differences and similarities of emulsion stabilization via
surfactants or nanoparticles [26]. Surfactant molecules adsorb and desorb from the L/L interface on a quite
fast timescale, reaching a dynamic equilibrium. In contrast, the adsorption of nanoparticles, which are
typically bigger compared to surfactant molecules, to the interface is expected to be slower [26]. Once
adsorbed, the nanoparticles are kept almost irreversibly at the interface between the dispersed and the
continuous phase preventing coalescence through static hindrance via a mechanical barrier [26, 30, 49] (cf.
Section 3.1.2).

The high stability of PEs is caused by the high adsorption energy of the stabilizing particles at the L/L
interface. Eq. (1) describes the energy of detachment (AG,ttachment = —AGdetachment) fOr a single
spherical particle. A necessary condition for the application of this equation is that the particle is small
enough so that the deformation of the interface due to gravity can be neglected [30, 49].

AGgetachment = T[T'z)/ow(l + cos 9)2 0))

The energy of detachment depends on particle properties such as the particle radius r and the
three-phase contact angle 8 measured through the more polar liquid (here water) as well as on properties
of the involved liquids, e.g., the interfacial tension y,,, between the organic and the aqueous phase. The
impact of these three parameters on the energy of detachment decreases in the following order:
contact angle > particle radius > interfacial tension. The sign within the brackets becomes positive when
the particle is detached into the organic phase while it becomes negative when the particle is moved from
the interface into the aqueous phase [30].

The three-phase contact angle describes the particle wettability and plays a major role in PE
stabilization (Figure 4).
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Figure 4. Free energy of detachment (given as multiples of the thermal energy kT) of a spherical particle from an oil-water
interface against the contact angle (dashed line represents the detachment of the particle into the aqueous phase, solid line
represents the detachment of the particle into the oil phase). Calculated by Eq. (1) with » = 10 nm (typical value for (primary)
particle size) and yow = 50 mN m' (typical value for water-hydrocarbon systems). Adapted from [30].

In [27], contact angles were calculated from the components of the surface energies of all phases —
using the Young equation (Eq. (2)) — for particles of different hydrophobicity and oils of different polarity.

Yso — Ysw = Yow COS 0 @)

Calculated values were in good agreement with experimental data and the approach could be
successfully used to predict the preferentially formed emulsion type [27]. More hydrophilic particles can
be dispersed in water and tend to stabilize o/w PEs while more hydrophobic particles can be dispersed in
the organic phase and favor the formation of w/o PEs [14, 32, 33, 38]. However, neither very hydrophilic
particles with contact angles much smaller than 90° nor very hydrophobic particles with contact angles
much greater than 90° can efficiently stabilize PEs. For particles of intermediate hydrophobicity with
contact angles close to 90° partial wetting conditions are fulfilled and the energy of detachment is several
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orders of magnitude greater than the thermal energy kT causing a nearly irreversible attachment of the
particles to the L/L interface [14, 26, 27, 30]. Particles of intermediate hydrophobicity can stabilize both
o/w and w/o PEs [26].

The impact of the contact angle on PE stabilization and PE type is also shown in Figure 5. Similar to
the Bancroft rule for surfactants, typically the better wetting phase becomes the continuous phase, and the
more poorly wetting phase becomes the dispersed phase. It has to be considered that the initial position of
the particles and the dispersed phase ratio have an influence [26]. Typically, for particles of intermediate
hydrophobicity and a dispersed phase fraction of 0.5, the phase in which the particles are dispersed first
becomes the continuous phase [26]. This is not necessarily the case for surfactant stabilized emulsions as
surfactant molecules distribute much faster between the different phases [34]. The impact of the initial
stirrer position in stirred tanks on the resulting emulsion type for surfactant stabilized emulsions was
reported in, e.g., [182].

YSO ’YSO
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more hydrophilic intermediate more hydrophobic
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Figure 5. (Top) Schematic representation of a spherical particle at an oil-water interface for different (aqueous) contact angles.
Particle-oil (ys0), particle-water (ysw) and oil-water (yow) interfacial tensions are also shown. (Bottom) Preferentially formed
emulsion type: o/w for 6 < 90° and w/o for § > 90°. Adapted from [26, 27].

3.1.2  Stability of (Pickering) emulsions

Different destabilization mechanisms can lead to a breakdown of an emulsion (Figure 6) [192, 208].
Depending on the differences in the dispersed and continuous phase densities, creaming (o/w) or
sedimentation (w/0) of (larger) drops occurs as a result of external (gravitational or centrifugal) forces.
Creaming or sedimentation does not lead to a change in the drop size and can be reversed by gentle shaking
or stirring of the emulsion. For PEs, Binks [26] reported that upon an increase in particle hydrophobicity,
the drop size passes through a minimum and consequently the stability against creaming or sedimentation
passes through a maximum. Another destabilization process is flocculation, where multiple drops
aggregate and form larger units, while the individual drop sizes remain the same. The extent of flocculation
depends on the degree of attractive and repulsive forces. Ostwald ripening describes the process where
molecules contained within smaller drops, having a greater solubility due to curvature effects, diffuse
through the continuous phase and become deposited on larger drops. The drop size distribution is shifted
towards larger drops with time [208]. For PEs, Ostwald ripening is supposed to be stopped when the
particle layer adsorbed at the interface starts to buckle as a result of the reduction of the surface area. For
larger, swelling drops, freely suspended particles may adsorb to enhance drop stability [26]. Upon phase
inversion (often accompanied by transitional stages such as multiple emulsions) the continuous and
dispersed phase are exchanged (e.g., an o/w emulsion inverts to a w/o emulsion). The coalescence of drops
proceeds in several steps. After the drops approach each other, they deform and the thin continuous phase
film between the drops begins to flow outward. Once a critical film thickness is reached, the film finally
tears, and the drops coalesce [56]. Complete separation of an emulsion in its aqueous and organic phase as
a final stage is called phase separation [208].
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Figure 6. Schematic representation of emulsion destabilization processes. Adapted from [4, 103].

coalescence

phase separation

In [30], the main configurations and their underlying mechanisms for PE stabilization are summarized
(Figure 7). For completely covered drops (Figure 7 a)), coalescence is prevented by the two particle layers.
In the case of sparsely covered drops, a bridging monolayer in the contact region forms when the particles
are more wettable by the continuous phase (Figure 7 b)). The underlying mechanisms in both
configurations are the following [30]. As the particles are kept almost irreversibly at the interface, the
adhesion energy prevents their displacement from the interface. There, they are in close proximity and
steric hindrance prevents the lateral movement and displacement of particles. The stability of the thin
continuous phase film between two approaching drops is influenced by the capillary pressure preventing
film thinning and film rupture as well as the interfacial rheological properties causing a decrease in film
drainage rate. Further stabilizing configurations in PEs are shown in Figure 7 c)-¢), where particles
aggregate and form a two-dimensional network on the drop surface (c), where domains of particles at the
interface form in the case of sparse coverage (d) or where a three-dimensional network structure of particles
between drops is formed, improving the emulsion stability as contact between drops is hindered (e) [30].

a) Bilayer stabilization b) Bridging monolayer stabilization
¢) 2-dimensional network stabilization d) Stabilization by particle domains

Figure 7. Schematic representation of stabilization configurations in PEs. Adapted from [30].

) 3-dimensional network stabilization
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PE stability can be examined in different ways, e.g., via the shift of the oil-emulsion or emulsion-water
boundary over time [35, 37], via the amount of released oil and emulsion after a centrifugation process
[203], via the volume of separated dispersed phase after storage at higher temperatures [156] or via the
comparison of drop size distributions of fresh PEs and after certain time intervals [68]. In general, small
drop sizes and the presence of network structures between particles and drops are assumed to lead to higher
PE stability [247].

3.1.3 Key parameters governing PE properties

The exact knowledge and control of PE properties is of great importance for design and modeling of
product properties as well as reaction and separation processes. Numerous parameters can be used to tune
the characteristic PE properties (such as emulsion type, stability, DSD, rheology or filtration behavior) [5,
30]. Among these are particle and oil properties, dispersed phase fraction or properties of the aqueous
phase (Figure 8). These parameters will briefly be discussed in the following. Another leverage — that has
mostly been neglected in literature so far — is the preparation process of PEs which is more intensively
discussed in Section 3.1.4.

Key parameters governing PE properties

Nanoparticles: Organic phase: Aqueous phase:
type - polarity - ionic strength
wettability - dynamic - pH
concentration viscosity
size - interfacial
shape tension
roughness

Dispersed phase fraction |

Homogenization conditions during PE preparation |

Figure 8. Schematic representation of the key parameters determining the characteristic PE properties. Adapted from [5, 30].

Particle type and wettability
Numerous types of solid particles typically used for PE stabilization have been reviewed in [252]. Among
these are

- silica (e.g., [32, 77)),

- clay (e.g., [13, 241]),

- magnetic particles (e.g., [147]),

- natural emulsifiers such as starch, soy or whey protein (e.g., [145]),

- carbon nanotubes (e.g., [55]),

- polymeric particles (e.g., [36]) or

- cellulose (e.g., [68]).

Within the last years, some researchers have shifted their focus from inorganic particles to particles of
biological origin or particles suited for food applications [24, 118]. However, so far, most research has
been conducted with inorganic silica particles. Pure silica particles have a hydrophilic surface but can
easily be modified by grafting with non-polar organic groups such as silanes to tune the particle
hydrophobicity [30, 77]. In this thesis, various commercially available fumed silica particles of different
hydrophobicity were used as received. A more detailed description of their preparation and modification
is given in Section 4.1.

Particle concentration

A sufficient number of particles is necessary to achieve high drop coverage [30]. Excess particles in the
continuous bulk phase can enhance emulsion stability by the formation of a three-dimensional network
structure between adjacent particles and/or dispersed phase drops [3, 26, 213] (cf. Sections 3.1.2 and 3.1.6).
Typically, an increase in particle concentration leads to an increase in emulsion volume fraction and a
decrease in drop size [14]. The impact of particle concentration on the drop size distribution will be
discussed in more detail in Section 3.1.5. However, successful emulsion stabilization can also be achieved
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without full drop coverage [62, 86, 226] (cf. Section 3.1.2). In the case of low or only partial coverage, a
reallocation and redistribution of particles at the drop surface — especially in near droplet-droplet contact
areas — and a hindering of drop coalescence has been observed [226]. The possibility to induce a phase
inversion by a change of particle concentration was reported in [37]. PEs with a dispersed phase fraction
of 0.5 could be inverted from o/w to w/o by simply increasing the particle concentration, when particles of
intermediate hydrophobicity were initially dispersed in oil. The authors explained this behavior via a
change in particle hydrophobicity with increasing particle concentration due to a decrease of the effective
silanol content (silanol-silanol hydrogen bonds between particles) [37].

Particle size

For successful PE stabilization, the particles should be substantially smaller than the emulsion micro-sized
drops (e.g., 0.01 - 10 pm particle diameters in [36]) [5]. An increase in particle size influences the
drop-particle collision force, the film drainage and the adsorption time of a particle to the interface [220].
More monodisperse particles are favorable in terms of high emulsion stability [210]. Particles that are too
large become too heavy, so that gravity can no longer be neglected. However, as can be derived from
Eq. (1), the energy of detachment for very small particles with diameters comparable to surfactant
molecules is in the order of a few kT only and hence particles might be easily detached from the interface
and not too effective in PE stabilization [26].

Particle shape

For theoretical studies, model systems with well-defined spherical particles are often used [30]. Successful
PE stabilization can also be achieved with non-spherical particles of irregular shape, e.g., fumed silica [31].
In this case, different particle orientations at the L/L interface are possible, making the determination of
the contact angle more difficult. Hence, particle detachment energies cannot be calculated via Eq. (1) but
the equation should be extended by the particle orientation and at least two characteristic particle sizes [5].
In recent years, particles of various shapes were investigated, e.g., spherical particles, rods, cylinders,
ellipsoidal particles, flakes, fibers, cubes, peanuts and many more [5, 85, 86, 252]. Emulsion stability was
found to strongly depend on the aspect ratio of the particles. For dense interfacial packing, high viscoelastic
moduli and emulsion stability, a sufficiently high particle aspect ratio was necessary [69, 139]. In addition
to rigid particles, soft and deformable particles, such as microgels, can also be used (e.g., [61, 63]).

Particle surface roughness

Particle wettability and emulsion stability can significantly be influenced by the particle surface roughness
[249]. Whether an increased particle roughness is beneficial [183] or detrimental [226] to PE stability is
subject to contradiction in literature.

Oil type and dispersed phase fraction

In contrast to surfactants, the presence of particles does not significantly change the interfacial tension
between the aqueous and the organic phase [178, 226]. However, the type of oil influences the interfacial
tension as well as the three-phase contact angle and the energy of particle detachment from the interface
(cf. Eq. (1) and (2)). In [34], silica particles of intermediate hydrophobicity (residual silanol content of
67%) preferred the formation of o/w emulsions with non-polar oils while w/o emulsions were preferentially
stabilized with polar oils. The impact of dispersed phase fraction on the drop size distribution will be
discussed in Section 3.1.5.

Salt concentration and pH

The wettability and zeta potential (particle surface charge, respectively) of the particles and hence the
electrostatic interactions can be tuned via a change of pH or salt concentration (e.g., [31, 39]). Strong
repulsive electrostatic interactions between particles can hinder particle adsorption to the interface and lead
to poor PE stability [176]. Attractive interparticle interactions can promote particle aggregation, which also
has an influence on PE stability [5].
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3.1.4 PE preparation

Regardless of the intended application, PE preparation is always the first step and is very important as it —
in addition to the PE composition (cf. Section 3.1.3) — determines the characteristic properties of the final
emulsion.

Methods known to prepare surfactant stabilized emulsions can be adopted for PE preparation [5, 57,
247]. Among these — with decreasing resulting average drop diameters — are hand shaking (e.g., [12, 82,
100]), stirrers (e.g., [220, 221]), rotor-stator devices (e.g., [29, 96, 153]), high-pressure homogenizers (e.g.,
[11, 87, 114]) or ultrasonication (e.g., [78, 99, 185]). Membrane emulsification (e.g., [141, 206, 215]) or
microfluidic devices (e.g., [91, 154, 170]) can be applied to produce PEs with narrow drop size
distributions. With regard to an intended industrial application of PEs, high-pressure homogenization and
rotor-stator systems are suited best [5]. Some advantages and disadvantages of PE preparation using
rotor-stator devices are listed in Table 1.

Table 1. Advantages and disadvantages of rotor-stator devices. Adapted from [5].

advantages disadvantages

- low operating costs possibly more polydisperse emulsions

- ease of setting up - limited energy input
- rapidity of process - risk of temperature increase
- small amount of liquid required - high shear rates (might deform fragile particles

. . . h iti dditi .g.
- available from lab to industrial scales or shear sensitive additives, ¢.g., enzymes)

Rotor-stator systems in different geometric configurations and different scales are commercially
available and can be operated in batch, semi-batch or continuous mode [160]. A schematic representation
of the (batch) rotor-stator devices used in this thesis (ULTRA-TURRAX®™ (UT)) is given in Figure 9. Such
a device consists of a high speed rotor, which is housed concentrically inside and in close proximity to the
fixed stationary stator [ 134, 160]. Liquid circulation through multiple channels is realized via rotors of two
or more blades and openings or slots in the stator [134]. Two major forces cause the size reduction of
emulsion drops: fluid acceleration and hence mechanical impingement of drops against the wall and high
shear forces occurring in the gap between the rotor and the stator [134].

d

Figure 9. Schematic representation of the (left) S25N-18G and (right) S25N-10G dispersing head (IKA T 25 digital UT) with
geometric dimensions of the rotor, the stator and the gap width. Adapted from [III].
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Homogenization speeds and times are the two main parameters to control the resulting drop size. In
contrast to conventional mechanically stirred systems, shear rates (20,000 to 100,000 s™') and energy
dissipation rates (1,000 to 100,000 W kg™') are much higher in rotor-stator devices typically leading to drop
sizes in the lower micrometer range (0.5 to 100 um) [160].

Rotor-stator devices are frequently applied in literature (Table 2). However, the settings (as well as
the geometric dimensions of the tool) used to produce o/w or w/o PEs vary greatly (dispersing speeds:
5,000 to 30,000 min™!' / dispersing times: 30 s to a few minutes) [5]. Typically, one fixed preparation
protocol is used without any explanation why these homogenization conditions were chosen and often one
or the other information concerning the specifications of the dispersing device is missing. The excerpt of
a literature comparison in Table 2 illustrates that previous work on characteristic PE properties — such as
stability (cf. Section 3.1.2), drop size distribution (cf. Section 3.1.5), rheological behavior (cf. Section
3.1.6) or membrane filtration (cf. Section 3.2.2) — focused on the influence of emulsion composition at
fixed homogenization conditions, but not on the PE preparation process itself. Focus was typically laid on
the emulsion stability and average drop diameters. Detailed investigations of drop size distributions or the
rheological behavior were only carried out in a limited number of publications. Hence, studies about the
influence of PE dispersing conditions are surprisingly scarce and the differences in applied settings do not
allow a direct comparison of different studies or general conclusions. The latter is indispensable for a
targeted adjustment of desired PE properties.

3.1.5 Drop size distribution

The drop size distribution is one of the main characteristic emulsion properties. E.g., it determines the
interfacial area available in chemical reactions and influences the rheological behavior or the speed of
sedimentation or creaming.

Mean values — such as the Sauter mean diameter d3, (Eq. (3)) or the arithmetic mean diameter d;,
(Eq. (4)) — and distribution functions (Eq. (5)) are used to describe the drop size. Here, d; is the drop
diameter and N is the number of counted drops [205].

N N
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The Sauter mean diameter is frequently used for processes, where the interfacial area is an important
factor (e.g., mass transfer and chemical reactions). It describes the average drop size of a polydisperse
system, which has the same total volume as well as the same surface area as the corresponding
monodisperse system [205]. Distribution functions give more detailed information about classes of drop
sizes as well as polydispersity and can be given as cumulative distribution functions Q, or density
distribution functions q, (e.g., v =0: distribution function of number; r = 3: distribution function of
volume). This is often necessary as emulsions with the same mean drop size can exhibit differences in the
distribution functions.

In the case of PEs, numerous parameters have an influence on the drop size distribution (cf. Figure 8).
A decrease in particle size (smaller adsorption times) leads to a decrease in drop diameters and an increase
in emulsion stability [5, 36, 220]. For w/o PEs, more hydrophobic particles lead to larger Sauter mean
diameters [99, 148]. The impact of particle wettability on emulsion stability was discussed in Section 3.1.1.

The influence of particle concentration on PE stability and drop size distribution was intensively
studied among others by [37, 78, 200, 220]. An increase in particle concentration favors the formation of
smaller drop sizes as a larger interfacial area can be stabilized and the distance between particles and the
oil-water interface is reduced leading to enhanced particle-interface interactions [5].
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Table 2. Preparation and characterization of PEs — overview of UT settings, investigated PE properties and varied parameters. Part of this table was adapted from [I].

type settings device investigated properties varied parameters ref.
n t dstator drop DSD n stability  filterability
[min']  [min] [mm] diameter
o/w / / T25 / yes yes i (yes) ) rr}anuql shakil}g vs. UT vs. jet homogenizer, particle type + conc., [12]
viscosity of oil
w/o 8,000 1 T25 10 - - - - - model enzyme reactions in microgel-stabilized PEs [242]
o/w 8,000 2 T25 18 yes - - yes - pH, electrolytes, type of salt [31]
o/w 8,000 2 T18 10 yes - - yes - hydrolysis in CO, / N switchable PEs [255]
o/w 10,000 5 T35 10 yes ) i yes ) hydr.oformylation of long chained olefins, sonication vs. UT, [203]
particle type + conc.
o/w 11,000 2 T25 10 yes - yes yes - particle conc., dispersed phase fraction, ionic strength [248]
o/w 13,000 ) / 3 yes ) i yes ) in situ hydrgphobization of particles by dissolved oils, oil chain [42]
length, particle type
type + composition of oil and aqueous phase (pH, electrolytes, 41
o/w 13,000 2 / 18 yes yes i yes ) a}(]ir()iition of Is)urfactant), silica paciticle sirz)e ® " o
o/w, w/o 13,000 2 / / yes - yes yes - particle conc. + hydrophobicity + initial location [37]
o/w, w/o 13,000 2 T25 18 yes yes - - - particle conc. + wettability [29]
w/o 13,000 2 / 18 yes - yes yes - oil type, dispersed phase fraction, particle conc. [28]
olw, wlo 13,500 ) T35 18 yes ) i yes ) oil + non-aqueous phase type, dispersed phase fraction, pH, initial [34]
particle location
o/w, w/o 13,500 2 T25 18 yes yes - yes - particle wettability + size, dispersed phase fraction, addition of salt  [32, 36]
olw, wio 13,500 3 / 18 yes yes i yes ) particle conc., disperseq phase fraction, emulsification time, batch [40]
vs. continuous preparation
w/o 17,500 2 T25 / yes - yes - - impact of different lipases [94]
w/o 17,500 2 T25 / yes yes - yes yes biocatalysis in PEs, enzyme properties, particle conc. [96]
o/w 20,000 3 / 8 - - - yes - particle surface roughness [226]
o/w 20,000 5 T25 10 yes - - yes yes particle conc. [204]
w/0 20,000 5 T25 / yes yes - yes yes particle conc., UT vs. ultrasonic homogenizer [200]
o/w 24,000 2 T25 10 yes (yes) - yes - charged particles, pH, dispersed phase fraction, particle conc. [176]
o/w, w/o 24,000 2 T25 18 yes yes - yes - particle wettability, dispersed phase fraction [32]
wio 24,000 3 T25 10 yes yes yes yes ) §yn§rgistic interactions between hydrophobic silica particles + non- [153]
ionic surfactant
o/w, w/o var. 2 T25 18 yes yes yes yes - particle type + conc., dispersed phase fraction [35]
o/w var. 10 / / yes - yes - - particles + CTAB + NaCl [218]
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Three regimes for the Sauter mean diameter — according to the particle mass fraction — were reported
[78]. At low concentrations, there is a lack of particles to efficiently stabilize the emulsion drops resulting
in drop coalescence and instability. At intermediate concentrations, limited coalescence — as reported in
[12] — occurs as the amount of particles is not high enough to stabilize the whole interfacial area created
during emulsification. At high particle mass fractions, the drop size is limited by the emulsification process
(typical energy dissipation rates for rotor-stator devices were given in Section 3.1.4). Hence, a further
increase of particle concentration does not lead to reduced drop sizes, the interface is assumed to be fully
occupied by particles and excess particles in the continuous phase — possibly leading to the formation of
three-dimensional network structures — might occur [57, 78].

Upon an increase of the dispersed phase fraction, an increase in Sauter mean diameters and a change
in the emulsion type due to phase inversion has frequently been reported (e.g., [34, 93, 99, 141, 248]). At
a constant particle concentration (and constant energy input), emulsions with smaller dispersed phase
fractions develop smaller Sauter mean diameters than emulsions with higher dispersed phase fractions.
The surface coverage and the number of particles per dispersed volume available for PE stabilization have
an important influence [5, 99]. Furthermore, a change of the oil/water ratio has an impact on the sample
viscosity and density and thus on the coalescence and break-up effects during emulsification [99]. High oil
viscosities act as a damping factor, as particle diffusion and the adsorption rate to the interface are hindered
[76, 220].

A synergistic effect of particles and catalyst-ligand complexes (needed for chemical reactions) on o/w
PE drop size distributions was reported in [203]. The catalyst-ligand/water mixture had a lower interfacial
tension than pure water and caused significantly smaller Sauter mean diameters. Also w/o PEs stabilized
by silica particles and containing lipases showed smaller Sauter mean diameters compared to the emulsions
without enzymes [94].

3.1.6 Rheological behavior

The rheological behavior of suspensions and (Pickering) emulsions can be investigated via, e.g., rotational
and oscillatory measurements. The former give information about the magnitude of the dynamic viscosity
n as well as Newtonian (n =1 in Eq. (6) and k =7) or non-Newtonian flow behavior. Eq. (6) is the
Ostwald-de Waele relationship with the shear stress 7, the flow consistency index k, the shear rate y and
the flow behavior index n. Fluids showing a decrease in viscosity with increasing shear rate exhibit shear
thinning rheological behavior (n <1 in Eq. (6)), while those showing an increase in dynamic viscosity
with shear are called shear thickening (n > 1 in Eq. (6)) [115].

T=ky" (6)

Oscillatory measurements give insights into the viscoelastic behavior of the sample. For unknown
samples, an amplitude sweep needs to be conducted first to determine the sample deformation behavior in
the reversible range. The deformation is changed in a stepwise manner while keeping the angular frequency
constant. As a result, the linear-viscoelastic (LVE) area — where storage and loss modulus are constant and
independent of the deformation — is obtained. Above the LVE area, irreversible structural changes occur
within the sample [122]. The subsequent frequency sweeps are performed with a constant deformation
from the LVE area. The frequency is varied to investigate the time-dependent behavior and stability of the
sample [122]. Principally, the results for storage (G') and loss (G'") moduli as a function of frequency are
used to indicate the presence and strength of network structures. In the case of viscous or liquid-like
behavior the storage modulus is smaller than the loss modulus (G’ <G'"). In the case of elastic or
solid-like behavior the storage modulus exceeds the loss modulus (G’ > G'") [149, 156]. Emulsions are
considered kinetically stable, when both moduli are almost independent of the angular frequency and when
the storage modulus is greater than the loss modulus [153, 180, 207]. In [207], the application of
rheological measurements to assess and predict the emulsion destabilization mechanisms described in
Section 3.1.2 are reviewed.

In recent years, many results concerning the rheological behavior of PEs have been published. Similar
to the DSD, the rheology is influenced by the parameters listed in Figure 8. Numerous authors have
reported shear thinning behavior for o/w and w/o PEs (e.g., [14, 21, 54, 94, 99, 112, 153, 156, 217, 248]).
This is most often explained via the formation of a three-dimensional, elastic gel network between excess
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particles in the continuous phase and/or densely packed emulsion drops (cf. Figure 7 ¢)). With increasing
shear, particle agglomerates and drops may undergo reorientation, alignment or partial break-up leading to
a decrease in viscosity [99, 112, 158]. A three-dimensional network increases the dynamic viscosity of the
emulsion and enhances the overall PE stability as drop motion is attenuated [57, 78, 100, 207].

The formation of such a network arises from hydrogen bonds of residual silanol groups on the particle
surface. Therefore, the choice of particle type and hydrophobicity is important. Particles of increasing
hydrophobicity (and hence smaller residual silanol contents) led to smaller dynamic viscosities and lower
kinetic stabilities whereas the specific particle surface area did not show a significant influence on the
rheological behavior of w/o PEs [99].

With increasing particle mass fractions, the drop size decreased, the dynamic viscosity of PEs and the
amount of possibly freely suspended excess particles increased causing a thickening of the continuous
phase and reducing all possible destabilization phenomena [57, 78, 156] (cf. Section 3.1.2). The shear
thinning effect was enhanced at higher particle mass fractions and the emulsions showed elastic or
solid-like behavior as the storage modulus was higher than the loss modulus (G’ > G"") [99, 156, 248].
Both moduli increased with particle mass fraction and showed little dependency on the angular frequency
indicating the formation of more stable network structures [99, 248].

In [112], the impact of particle shape (while maintaining the hydrodynamic particle size) and
interparticle interactions (tuned from attractive to repulsive via a change in the salt concentration) was
investigated. Fumed silica particles stabilized PE drops better than spherical ones, as they attached in
densely packed layers on the drop surface while forming a three-dimensional network in the continuous
phase at the same time. Due to the fractal structure of fumed silica, these particles had more contact points
and multiple particles could interlock [112].

An increase in dispersed phase fraction led to an increase in Sauter mean diameters (cf. Section 3.1.5).
The emulsion dynamic viscosity as well as storage and loss moduli (G’ > G"") increased, the dependency
of the moduli on the angular frequency became smaller and the shear thinning behavior was more
pronounced [99, 248]. This is attributed to the reduced separation distance between emulsion drops at
higher dispersed phase fractions, resulting in more closely packed drops which can interact and increase
the resistance to flow (emulsion viscosity, respectively) [156].

From surfactant stabilized emulsions it is known that higher dynamic viscosities, more pronounced
shear thinning behavior and higher storage and loss moduli are obtained in monodisperse emulsions with
small drop sizes compared to more polydisperse emulsions [157, 181]. The impact of drop sizes on the
rheological behavior via a change in PE composition (tuned via the particle mass and dispersed phase
fraction) has been studied in literature, while the impact of homogenization conditions during PE
preparation (PEs of constant composition) has not been investigated in detail yet. For o/w PEs stabilized
by bentonite particles and a cationic surfactant in the presence of salt, it was found that a variation of
homogenization conditions only had an influence on the viscosity at infinite shear but not on the zero shear
viscosity [218].

3.2 Membrane filtration

3.2.1 Fundamentals

Filtration is the (mechanical) separation of dispersed components from a liquid or gas using a filter medium
or membranes, respectively, under application of a driving force. Membranes are semi-permeable systems
which form a barrier between two fluids and are permeable for certain species but impermeable for other
components allowing a separation of mixtures on a molecular level (Figure 10) [115, 146]. The incoming
feed is separated into the retentate and permeate. The retentate describes the phase that is retained by the
membrane while the permeate describes the phase that passes through the membrane.

Important factors related to membrane filtration are explained in more detail in the following. Since
this thesis will focus on the separation of w/o PEs, special attention is given to the organic solvent
nanofiltration.
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Figure 10. Schematic representation of a membrane process. Species 1 (orange) is retained by the membrane (grey) while
species 2 (black) can pass the membrane. Adapted from [45, 146].

Classification of membranes

Pressure-driven membrane processes can be classified into microfiltration (MF), UF, nanofiltration (NF)
or reverse osmosis (RO), based on the size of the retained species (Figure 11). In UF and NF applications,
often the molecular weight cut-off (MWCO), which is defined as the smallest molecular weight of a
molecule that is retained up to 90% by the membrane, is used to characterize and differentiate membranes
[115].
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Figure 11. Overview of pressure-driven membrane processes. Adapted from [115].

Membranes with microscopically visible pores are called porous membranes, otherwise they are called
dense membranes [146]. NF membranes are in the transition region as there are both porous and dense
membranes [45].

Based on the membrane material, a distinction is made between inorganic (e.g., ceramic) and organic
(polymeric) membranes [142], of which only the latter are used in this thesis and will therefore be described
in more detail. Such membranes are often made to have an asymmetric structure and consist of a thin active
layer (responsible for the separation task) and a porous support structure (responsible for mechanical
membrane stabilization). Depending on the membrane preparation procedure and the materials used for
the two layers, integrally skinned and thin film composite membranes are distinguished [142, 224]. While
in the former case active and support layer are of the same composition, layers of thin film composite
membranes consist of different materials. Typical polymers suited for membranes used in organic solvents
are high performance polymers such as polydimethylsiloxane (PDMS) (e.g., [259]), polyimide (PI) (e.g.,
[108]) or polyacrylonitrile (PAN) (e.g., [164]). As OSN is a rather young technology, many publications
focused on the development and preparation of solvent resistant membranes, but the number of
commercially available membranes is still limited [224].

Operating mode

The principle of a membrane process is schematically shown in Figure 10. The pressure difference
between feed and permeate side, called transmembrane pressure, is the driving force of the separation. The
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permeate flux J, defined by Eq. (7), is used to characterize membrane processes. Here, Vp is the permeate
volume, t is the time and Ay, is the effective membrane area. The flux and the transmembrane pressure are
linked via the permeability P (Eq. (8)).

_ Ve _ AV %)
Ay At Ay
J=PAp ®)

Two flow configurations are used in membrane technology (Figure 12). In dead-end filtrations (Figure
12 a)), the feed is orthogonal to the membrane surface. Operation can be either at constant transmembrane
pressure difference or at constant flux. The retained species (e.g., particles, molecules, drops) form a filter
cake on the membrane surface. The filter cake height increases with filtration time, leading to an increase
of the filtration resistance and a decline in flux. To maintain a constant flux, the transmembrane pressure
needs to be increased or, in extreme cases, the filtration needs to be stopped and the membrane must be
cleaned or replaced [115]. In crossflow filtrations (Figure 12 b)), the feed flow is parallel to the membrane
surface. As the crossflow creates shear and lift forces, part of the retained species is convectively returned
into the bulk flow leading to a constant filter cake height with filtration time [115].

Dead-end filtration is often used in lab scale feasibility studies due to the ease of setting up and as
pressurization via an inert gas is possible. Stirred dead-end cells can be regarded as a mixed form, as
stirring within the filtration cell creates a crossflow leading to a constant filter cake height. Crossflow
filtration requires higher feed volumes and higher energy input to realize the feed circulation and high
crossflow velocities [115].
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Figure 12. Schematic representation of flow configurations and general course of filter cake height and permeate flow under
constant pressure conditions for (a) dead-end and (b) crossflow filtration. Adapted from [115].

Driving force reducing effects
The performance of a membrane (module) is negatively influenced by different effects, e.g., fouling,
concentration polarization or membrane aging [146]. Due to a contamination, fouling increases the
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transport resistance and reduces the membrane performance. This results in a flux decline during constant
pressure operation or a pressure increase during constant flux operation. In the case of porous membranes,
different potential fouling mechanisms or phenomena exist: adsorption, pore blocking, pore constriction,
irreversible cake layer formation or gel formation [ 146, 196]. For attractive interactions between the solute
or particles and the membrane, solute/particle adsorption and a change in membrane hydrophobicity or
charge are possible. Pore blocking or pore closure on the membrane surface can be complete or partial.
The adsorption of solutes/particles inside the membrane pores is also possible, narrowing or even closing
the pore. The deposition of multiple layers of, e.g., particles on the membrane is called cake formation and
the morphology of the cake determines the flux decline [196]. Concentration polarization — as a natural
consequence of the membrane selectivity — describes the formation of concentration gradients in a
boundary layer adjacent to the membrane surface caused by the accumulation of (retained) particles or
molecules compared to the bulk solution [146, 196]. This causes a diffusive back transport to the bulk, a
hindrance of the flux through the membrane and an osmotic back pressure reducing the transmembrane
pressure [196]. The extent of the different fouling mechanisms depends on the feed composition, the
hydrodynamic conditions as well as the membrane properties [196].

Organic solvent nanofiltration

OSN, also referred to as solvent resistant nanofiltration (SRNF) or organophilic nanofiltration (ONF), has
emerged over the last two decades with the development of solvent resistant NF membranes [45, 190, 259].
This technology allows the separation of organic mixtures down to a molecular level (molecular range
between 200 and 1,000 g mol™!) [133, 259]. Research in the field of OSN includes development,
preparation and characterization of new membranes and membrane materials, their application in new
processes as well as the development of predictive methods for membrane selection and performance
[133]. E.g., OSN has been studied in food, (bio-)catalytic, petrochemical and pharmaceutical applications,
such as for the concentration and purification of products from reaction mixtures, the separation of
homogeneous catalysts [172] or the recycle or exchange of solvents [45, 171, 224, 258]. OSN has several
advantages over conventional separation technologies, such as distillation, extraction, crystallization or
adsorption (e.g., [45, 224, 259]):

- typically, no thermal energy requirement = gentle process conditions (e.g., for sensitive products)

and less energy consumption,

- reduction of process times via adjustment of the installed membrane area,

- no necessity for additives (e.g., solvents or adsorbents),

- increase of product quality,

- waste-efficiency and

- case of installation as continuous process and combination with existing processes.

As the technology is still at an early stage of market development, open questions regarding the process
design exist [45]. In contrast to aqueous systems, mutual interactions between the membrane, the solvent
and the solute have to be considered in OSN [65, 214, 224, 259]. In literature, different combinations of
these three parameters have been investigated but results were rather specific for certain applications. The
conditions for membrane characterization as well as the actual filtration process differed strongly, making
a comparison of different studies difficult [165]. This also complicates the membrane selection for a given
separation task and is further complicated when commercially available membranes are used, as the
composition and properties of these membranes are mostly unknown. Often extensive membrane
screenings are necessary [165]. These can include solvent resistant membranes especially designed for
OSN applications, but also membranes originally designed for aqueous applications might show good
stability and performance in (some) organic solvents. Furthermore, appropriate conditions for membrane
storage and rinsing need to be defined [224]. Effects reducing the driving force in a membrane process, as
described in the previous paragraph, also exist in OSN applications but have yet been less intensively
investigated compared to aqueous applications [224].

Emulsion filtration

Membrane filtration to treat the huge amounts of liquid waste emulsions produced every year by, e.g., the
petrochemical, food, textile, cosmetic, steel, metallurgical or transportation industries, has intensively been
studied in literature [72, 131, 222, 262]. The separation of w/o emulsions is important for the recovery of
solvents or the purification of oil [72, 195]. Oily wastewaters (o/w emulsions) cannot directly be discharged
as these would bring harm to people’s health and the environment [72, 236, 262]. Here, membrane filtration
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is superior to other o/w treatment techniques (such as chemical destabilization, centrifugation, coalescence,
gravity separation, etc.) since even tiny oil drops (< 10 pm) can be rejected, which is necessary to meet the
stringent standards for discharge [131, 143, 222]. For both emulsion types, the impact of emulsion
composition (e.g., type of oil and surfactant, surfactant concentration), operating conditions (e.g., pressure,
crossflow velocity) and membrane type (e.g., polymeric or ceramic membranes, membrane modification,
design of superwetting membrane materials [262]) on the filtration performance and the fouling stages as
well as fouling mechanisms have been published [52, 72, 253, 262, 80, 101, 102, 131, 143, 195, 222, 236].
As surfactant stabilized emulsions will not be further dealt with in this thesis, the reader is referred to the
indicated literature for detailed information.

The treatment of nanoparticle stabilized oily wastewaters (oil drop sizes < 30 um) via filtration of o/w
PEs using either stainless steel strainers or different underwater superoleophobic polymeric membranes
was reported in [67, 179]. Both approaches investigated a subsequent downstream process of nanoparticle
recovery (centrifugation or magnetic separator, respectively). The current state of the art of w/o PE
filtration is described in the following section.

3.2.2 Filtration of w/o Pickering emulsions

The filtration of w/o PEs is a new emerging field of interest and only a limited number of studies has been
published so far. As described in Chapter 1, it is a promising alternative for continuous catalyst recycling
in L/L multiphase reactions, where catalyst containing water drops are rejected by a membrane, while the
organic product containing phase is continuously filtered through the membrane (cf. Figure 1 and
Figure 13).
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Figure 13. Schematic representation of the separation of w/o PEs via membrane filtration. Adapted from [199].

To our knowledge, the feasibility of w/o PE ultrafiltration — using the ETNAO1PP membrane with a
MWCO of 1,000 Da — was shown for the first time in 2016 [200]. Silica particle (HDK*H20) stabilized
PEs were stable against coalescence despite the applied shear and pressure during the filtration. The water
drops could successfully be retained 100% by the membrane and permeabilities of 3 - 10 L m™ h! bar’!
were achieved [199]. However, an unexpected — but reproducible — filtration behavior was observed as the
PE flux increased disproportionately with pressure and flux levels of the pure organic solvent were lower
than PE fluxes. As scanning electron microscopy (SEM) images of fresh and used membranes showed an
unharmed membrane surface, abrasion of the membrane surface by (residual) particles during the filtration
could be ruled out. Using different organic solvents as the continuous phase, a disproportionate behavior
was observed in all cases but to varying extents. The significant increase of PE fluxes seemed to be specific
for 1-dodecene [199]. The impact of drop size distribution was investigated by filtration of PEs prepared
with different energy input (via ultrasonication or UT, respectively) and/or with different particle mass
fractions [200]. No significant impact of the drop size distribution on the flux was observed. Furthermore
it was shown, that PEs can be concentrated up to a dispersed phase fraction of 80% [199].

The filtration of biocatalytically active water-in-CPME (cyclopentyl methyl ether) PEs was
investigated in [95, 96] using a polyethersulfone (PES) UF membrane with a MWCO of 10 kDa. The
impact of particle type, shape and size (spherical vs. fractal-like fumed silica particles), particle
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concentration, dispersed phase fraction and enzyme properties on the filterability was studied. The addition
of different lipases did not provide a clear effect on the filtration behavior of PEs — both an improvement
and a deterioration of the filtration performance was observed [96]. In the case of spherical silica particles,
an increase in particle concentration led to decreased fluxes as residual, freely suspended particles formed
a filter cake [96]. The use of fumed silica particles led to smaller drop sizes, better reproducibility and
higher flux levels [95]. An increase in dispersed phase fraction led to a decrease in flux. However, even at
50% water phase fraction, industrially relevant fluxes were achieved [95]. In contrast to the work by Skale
et al. [199, 200], a disproportionate increase of flux with pressure for PEs was not observed and flux levels
of the PEs were smaller than the pure CPME flux. Furthermore, a continuous biocatalytic
transesterification in a membrane reactor was successfully carried out in long-term operation (30 hours,
8 residence times) with constant permeability [95].

3.2.3 Membrane filtration modeling approaches

For optimal filtration process design, the underlying transport mechanisms must be understood to predict
the membrane performance. For both aqueous systems as well as OSN, some models have widely been
accepted [115, 177, 189, 224, 259]:

- models based on irreversible thermodynamics, which consider the membrane as a black box,

- pore flow model,

- solution-diffusion model,

- solution-diffusion model with imperfections.

Up to date, there is no general agreement whether the transport through OSN membranes is mainly
convective or diffusive [142, 198, 214, 259]. Successful description of experimental data based on the pore
flow model (e.g., [138, 177]), the solution-diffusion model (e.g., [258]) as well as the solution-diffusion
model with imperfections (e.g., [58, 75]) was reported. Different parameters, e.g., the viscosity or the molar
volume of the organic liquid, the swelling degree of the membrane polymer or solvent solubility parameters
were identified to influence the flow of the solvent through OSN membranes [189].

Pore flow model (PFM)
In the case of porous membranes, a laminar and convective transport through the membrane driven by a
pressure gradient is assumed. The pressure difference Ap between feed and permeate side is described via
Eq. (9) with the resistance coefficient { (depending on the Reynolds number Re: { ~Re™! and { ~w™1
for laminar flow conditions), the density p of the liquid i permeating through the porous layer, the mean
flow velocity w in the porous layer and the height H as well as the hydraulic diameter dy, of the porous
layer [115].
pi _, H
bp=¢ 5w o ©)

Depending on the assumptions made for the membrane structure, different equations for the flux can
be derived (e.g., Eq. (10) and (11)), but all having in common that the pressure drop across the membrane
is proportional to the superficial velocity v (v = w ¢) (flux, respectively). Assuming the membrane pores
as continuous round channels of equal hydraulic diameter (Hagen-Poiseuille equation), the following
equation can be derived (Eq. (10)). Here, the subscripts M and i denote the membrane and the solvent,
respectively, € is the membrane porosity and 7 is the dynamic viscosity of the permeate.
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Assuming the membrane as a porous layer comparable to a bed of particles, Eq. (11) can be applied
(with d3, being the Sauter mean diameter) [115].
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In these models, specific membrane properties — that are seldomly provided by the membrane

manufacturers — are required [214]. In Darcy’s law (Eq. (12)), these unknown parameters are combined
into one numerical value, the membrane resistance Ry, which is a material-dependent parameter [115].

Ap (10)

an
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In the resistance in series model (Eq. (13)), the membrane as well as each non-ideality — caused by,

e.g., fouling, pore blocking or adsorption of species inside of the membrane pores — is assigned its own
resistance R; [115].

Ji 12)

Ap
n X R

Ji= 13)
Solution-diffusion model (SDM)
The SDM was first developed in [129] and later reviewed in [243]. The diffusive transport of a molecule
through a non-porous, dense and defect-free membrane is driven by a difference of the chemical potential
and constitutes of three steps: the dissolution of the molecule in the membrane, its diffusive transport
through the membrane and the desorption of the molecule on the permeate side of the membrane. The
pressure inside the membrane is assumed to be equal to the feed pressure [189]. Typically, only the
transport through the active membrane layer is considered [115, 146], since the support layer is much more
porous and its resistance is much smaller. The transport equation according to the SDM describes the flux
as the product of concentration, mobility of a molecule in the polymer phase (depending on the membrane
and molecule properties) and the driving force (process variable) [146], leading to Eq. (14).
Diym cim Vi
= Bor (Ap — Am) (14)

Here, Djy is the diffusion coefficient of the solvent i in the membrane, c;y is the concentration, V; is
the molar volume, R is the universal gas constant, T is the temperature, e is the thickness of the active
membrane layer and Ap and Am are the pressure and the osmotic pressure differences, respectively. The
latter one equals zero for pure solvents [258].

Solution-diffusion model with imperfections (SDMWI)

Imperfections within the dense membrane material or an increased free volume due to different swelling
degrees might lead to an additional viscous flow. The solution-diffusion model with imperfections
combines diffusive and convective transport through the membrane [45] (Eq. (15)).

Ji = Jispm + Jiprm as)
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4 Materials and Methods

This chapter gives an overview of the materials, experimental measurement techniques and ranges of test
parameters used to investigate the characteristic properties and the filtration behavior of PEs. Further
details about the exact PE composition and the specific measurements are provided in the publications
[I]-[VI] and at the beginning of each result section in this thesis (Chapter 5 — “working program”).

4.1 Chemical and physical properties of used materials

Liquid components

Deionized water (Sirion Mini 10 - 15 EP system, Veolia Water Technologies Deutschland GmbH,
k=5 uS cm™') was used as the aqueous phase for all investigated PEs. 1-dodecene (Merck KGaA),
dodecane and octene (Thermo Fisher GmbH), decene (Sigma-Aldrich Chemie GmbH), and heptane
(Th. Geyer GmbH & Co. KG) were used as organic liquids (Table 3). All organic components were used
as received. 1-dodecene was chosen as the “standard” organic liquid as it is suited as a model long-chained
olefin for, e.g., hydroformylation reactions, and enables comparison with previous studies, e.g., [200, 202,
203]. Decene and octene were selected from the homologous series of alkenes. Dodecane was used as it
has the same chain length as 1-dodecene but no double bond. Heptane was selected based on a previous
study [178].

The impact of temperature on the dynamic viscosity and density of 1-dodecene was investigated by
the group of Prof. Dr.-Ing. Matthias Kraume (Technische Universitit Berlin). An exponential correlation
(R? =0.995) was found to describe the temperature dependency of the dynamic viscosity (Eq. (16)). A
linear correlation (R? = 0.987) was found for the temperature dependency of the density (Eq. (17)).

T
N1—dodecene(I') = 0.0403 Pas - exp (—0.012 E) (16)
T
pl—dodecene(T) = (775.28 —0.7395 %) kg m3 17)

Table 3. Characteristics of the liquid components used in this thesis. Further properties are given in Table 15 (appendix).

1 3 Vi 1 o 2 o 3 o

component CAS-nr. purity M _ p (20 -3C) n° (20 °C) o’ (20 -1C)

[-] [%] [g mol” | [kg m™] [mPa s] [mN m ]
water HO 7732-18-5 / 18.02 998.0 1.002 72.7
1-dodecene Ci2Hog 112-41-4 for 168.32 758.4 1.25 25.6

synthesis

dodecane Ci2Has 112-40-3 >99.0 170.33 749.5 1.44 25.4
decene CioHa2o 872-05-9 >97.0 140.27 740.8 0.71 25.0
octene CsHie 111-66-0 >99.0 112.21 714.9 0.29 21.8
heptane C7H6 142-82-5 >99.2 100.20 680.0 0.36 20.3

! Data taken from PubChem Database (online) https://pubchem.ncbi.nlm.nih.gov (retrieved: January 14, 2021).
2 Own measurements: The dynamic viscosities of the pure solvents were measured using a cone and plate
rheometer. Details can be found in Section 4.3.3.

3 Values taken from [225] for heptane, octene, dodecane and water, [152] for decene and [161] for 1-dodecene.

Nanoparticles

Various particles differing in their specific surface area and hydrophobicity were used to prepare w/o or
o/w PEs and nanoparticle/oil suspensions. Commercially available fumed silica particles (HDK series)
listed in Table 4 were kindly donated by Wacker Chemie AG [234] and used as received. Use of these
particles enables comparison with previous studies, e.g., [95, 99, 178, 199].

Hydrophilic HDK is produced by flame hydrolysis of volatile chlorosilanes in a hydrogen-oxygen
flame at temperatures > 1,000 °C (Figure 14). During the production process, individual primary particles
(5 -50 nm) fuse with each other and form aggregates and finally agglomerates leading to fractal-like
particles of irregular shape [227].
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Table 4. Characteristics of fractal-like silica particles received from Wacker Chemie AG.

. residual silanol specific particle tamped . .
particle type density content suliface afea BET denspity surface modification ref.
[kg m™] [%] [m* g'] [gL]
HDK®H15 2,200 50 130-170 40 dimethylsiloxy [228]
HDK®H18 2,200 25 170 - 230 50 polydimethylsiloxy  [229]
HDK®H20 2,200 50 170 - 230 40 dimethylsiloxy [230]
HDK®H30 2,200 50 270 - 330 40 dimethylsiloxy [231]
HDK®H2000 2,200 25 200 100 - 250 trimethylsiloxy [232]

While the particle aggregates do not break up under high applied shear stresses, the agglomerates are
able to break up but also to reform, e.g., [15, 109, 188]. By chemical reaction of hydrophilic silica with
reactive silanes, e.g., dichlorosilane, particles of various degrees of hydrophobicity — expressed via the
residual silanol content — are obtained [227]. By definition, the residual silanol content is the relative silanol
content in relation to the hydrophilic silica (approximately 2 SiOH nm™) [227, 233]. Particle
hydrophobicity increases with decreasing residual silanol content.

SiO, Proto- Primary
Reactor molecules  particles particles Aggregates Agglomerates

Air Sio, Sio,
Si0, Si0,

Figure 14. Schematic representation of the production of hydrophilic silica via flame hydrolysis. Adapted from [227].

The contact angle a water drop forms with the different silica particles was measured by the group of
Prof. Dr. Regine von Klitzing (Technische Universitit Darmstadt) (Figure 15). Dispersions of particles
and ethanol were dried on silicon wafers. The surface topography of these particle layers was investigated
by atomic force microscopy (AFM) since surface wettability is influenced by its roughness. From the AFM
images, no individual particles could be seen but it was confirmed that the wafer is densely covered with
a layer of particles. The root mean square (RMS) roughness was determined from the height distribution.
The related contact angles of a deposited water drop on the prepared particle surfaces show that particle
hydrophobicity decreases in the following order: HDK®H18 > HDK®H2000 > HDK®H15 > HDK®H30 >
HDK®H20.

For visualization of particle size and shape, SEM images of partially hydrophobized HDK particles
were published in, e.g., [57, 99, 202]. HDK®H20 particles were found to be approximately 150 nm in
length and 10 - 50 nm in width [202]. HDK®H18 particles were reported to show the same structure as
HDK®H20 particles [201]. The attachment of HDK®H20 to the w/o interface was visualized via confocal
laser scanning microscopy in [202].

Spherical hydrophobic silica particles of different sizes and charge were prepared by the group of
Prof. Dr. Regine von Klitzing (Technische Universitidt Darmstadt) and used for selected w/o PE filtration
experiments. The procedure of particle preparation as well as particle properties were published in [IV].

For o/w PE stabilization, hydrophilic Halloysite nanotubes (HNTs) from Henan Province in China
were used. These are natural clay particles consisting of rolled aluminosilicate sheets. The hollow, tubular
particles have a silica layer on the (negatively charged) outside and an alumina oxide layer on the
(positively charged) inner surface [2]. From transmission electron microscopy (TEM) and SEM images
the following geometric dimensions of HNT particles were derived: 800 = 200 nm mean length; 50 = 5 nm
mean outer diameter and 15 = 2 nm mean inner diameter [203].
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HDK®H15 HDK®H18 HDK®H20

[um]

Contact angle
(°]
RMS roughness
[nm]

137+3 156 £4 131+4

41+7 365 25+5

HDK®H30

HDK®H2000

132+6 142+5

27+5 21+6

Figure 15. Water drops on top of a wafer spin coated with different silica particles and corresponding AFM images of the particle

layers used for contact angle measurements. Adapted from [11].

Membranes

To investigate the filtration of w/o PEs, solvent resistant membranes were needed. Both, emulsion drops
as well as possibly freely suspended residual particles needed to be reliably retained. Based on these
requirements and due to the novelty of this PE application, different commercially available UF flat sheet

membranes were investigated (Table 5) and tested with 1-dodecene.

Table 5. Characteristics of membranes tested within this thesis [/ denotes no information given by the manufacturer]. 'Own
measurements: pure 1-dodecene flux, room temperature, pressure of 4 bar, either no stirring or at 500 min!. The experimental
dead-end filtration set-up is described in detail in Section 4.4. The membranes investigated in detail in this thesis are highlighted
in dark grey and those used for selected PE filtration experiments are highlighted in light grey. Adapted from [VII].

recommended pure 1-
membrane company MWCO operating conditions type material dodecene ref.
type pH p T flux'

[Da] [-] [bar] [°C] [L m?h']
ETNAO1PP 1,000 PVDF 17.5
ETNA10PP 10,000 b-1 - 1-1005-60  UF (on PP) 58.1 [6]
GRS81PP Alfa Laval 10,000 PES 0.0
GRO0OPP 5,000 1-13 1-10 5-75 UF (on PP) 0.0 [7]
GRI5PP 2,000 0.0
PMUC Microdyn 30000 2.11 /<55 UF  cellulose 937 [150]
Nadir
silicone
PuraMemFlux ' / 7 20-40 <50 OSN coated PAN 6.3 [70]
Evonik dified
DuraMem900 900 7 <20 <50 OsSN moctie 0.0 [71]
polyimide
oNF-1 600 / OSN silicone 20.2 [47]
OoNF-2 Borsig 350 / 15-35 <60 _OSN pol}::l;r(;:iatlzed 12.0 [48]
oNF-3 900 / OSN type 14.4 [46]
HZGPDMS  Helmholz 2um  / / /  osN  PDMS 8.2 [214]
(on PAN)
Zentrum PIM
HZG PIM Geesthacht / / / / OSN (on PAN) 0.0 -

Since most commercial UF membranes are designed for aqueous applications, the choice was limited.
While UF membranes with an active PES layer did not show any 1-dodecene fluxes, the high MWCO
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membranes ETNA10PP and PMUC — despite the highest UF flux levels — were discarded to ensure
complete particle retention. Reasonable 1-dodecene fluxes were obtained using the ETNAO1PP membrane
with a MWCO of 1,000 Da from Alfa Laval. This surface-modified membrane is of composite type with
a polyvinylidene fluoride (PVDF) based active layer [237] on a polypropylene (PP) support structure [6].

To describe the filtration behavior of PEs more fundamentally, further flat sheet membranes from the
field of OSN were sought for comparison (cf. Table 5). Although recommended operating conditions are
between 15 - 35 bar, relevant 1-dodecene fluxes were obtained using the oNF-1, oNF-2 and oNF-3
membrane from Borsig Membrane Technology GmbH at the applied test conditions of 4 bar. Due to the
highest MWCO, the oNF-3 membrane was used in most investigations while the oNF-1 and oNF-2
membranes were only used for selected experiments (cf. Figure 91 and Figure 92 (appendix)). While the
MWCO of the oNF-3 membrane is comparable to that of the UF membrane ETNAO1PP, the membrane
material is different. Membranes PuraMemFlux from Evonik Resource Efficiency GmbH and HZG PDMS
from Helmholtz Zentrum Geesthacht also worked with 1-dodecene but were used for selected experiments
only due to their lower flux levels (cf. Figure 93 and Figure 94 (appendix)). DuraMem900 and HZG PIM
membranes did not show any 1-dodecene flux at the applied test conditions.

4.2 Preparation of Pickering emulsions and suspensions

The amount of particles needed to reach a certain desired particle mass fraction ¢ (defined with respect to
the total mass of the emulsion, Eq. (18)) was weighed into a 50 mL centrifuge tube or a 100 mL glass
bottle, depending on the total PE batch volume. The subscripts in Eq. (18) denote particle (p), organic
phase (0) and aqueous/water phase (w) and m is the mass.

f=—

(18)
my +my +my,
The particles were then completely wetted with the continuous phase and finally, the required volume
of dispersed phase was added with a pipette. The dispersed phase fraction ¢ is defined from the volumes
V of the dispersed (dP) and continuous (cP) phase (Eq. (19)).

_ Vap
Vap + Vep

If not stated otherwise, both liquid phases and the particles were directly homogenized using a batch
rotor-stator system (IKA T 25 digital ULTRA-TURRAX®, P.x = 500 W [104]) equipped with either a
S25N-10G or a S25N-18G dispersing head (cf. Figure 9 in Section 3.1.4). Some manufacturers’
specifications of these two dispersing heads are given in Table 6. For better comparability, the position of
the tip of the UT was always kept at the level of the interface between the organic and the aqueous phase.

To determine the energy density during PE preparation, the emulsion temperature was measured right
before and after homogenization (high-precision Pt100 thermometer — GMH 3700 series, GMH
Messtechnik GmbH).

Pap (19)

Table 6. Manufacturers’ specifications of the dispersing tools [105, 106].

specification S25N-10G  S25N-18G
working volume [mL] 1-100 10 - 1,500
(outer) stator diameter [mm] 10 18
(outer) rotor diameter [mm] 7.5 12.7
gap width between rotor and stator  [mm] 0.35 0.3
max. dispersing speed [min!] 25,000 25,000
max. tip speed [ms!] 9.8 16.6
pH range [-] 2-13 2-13
temperature range [°C] <180 <180
solvent resistivity [-] yes yes
final emulsion fineness [wm] 1-10 1-10

Various compositions of w/o PEs were investigated (Table 7). The varied parameters include the type
of organic solvent, the dispersed phase fraction, the nanoparticle (NP) type and mass fraction, the PE
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volume and the homogenization conditions during PE preparation. Highlighted in grey are the parameters
used to prepare a “standard” w/o PE. If not stated otherwise, all experiments were conducted with
individually prepared emulsions.

Table 7. Parameters used for w/o PE preparation.

investigated homogenization
parameter solvent type 1) NP type & PE volume conditions
[-] [wt.%] [mL] [min!] / [min]
1-dodecene
dodecane
HDK®H20 17,500 /2
solvent type (ie(::(t:::;: 0.25 HDK®H2000 0.5 100 (S25N-18G)
heptane
0.1
l-dodecene 0.25 HDK®H20 0.5 100 17,500 /2
¢ 0.4 HDK®H2000 (1.0) (S25N-18G)
0.5
HDK®H15
HDK®H18
NP type l-dodecene  0.25 HDK®H20 0.5 100 (Slg ;ﬁ’_ol g é)
HDK®H30
HDK®H2000
0.25 17,500 /2
® b
& 1-dodecene 0.25 H%%IéHI;%)g 0 0.5 (12003 (S25N-10G +
1.0 S25N-18G)
20 var
PE volume 1-dodecene 0.25 HDK®*H20 0.5 50 (S25N-18G)
100
o var.
horcn(ffgi‘t‘ifit;on 1-dodecene 0.25 HDK®H20 0.5 20 (S25N-10G +
S25N-18G)

In the case of nanoparticle/oil suspensions, the desired amount of particles was weighed into a glass
bottle first. The mass of particles was equal to the mass used for w/o PEs prepared with a dispersed phase
fraction of 0.25 and a particle mass fraction of either 0.5 or 1.0 wt.%. The particles were then dispersed in
100 mL of the pure organic solvent using the S25N-18G dispersing head at dispersing conditions of
17,500 min™' / 2 min. An overview of the varied suspension compositions is given in Table 8. Highlighted
in grey are the parameters used for the preparation of a “standard” suspension.

Table 8. Parameters used for nanoparticle/oil suspension preparation.

H;;i;;iizd solvent type NP type &
[wt.%)]
1-dodecene
solvent type dgceisgflrele HDK®H20 0.5
HDK®H2000 )
octene
heptane
HDK®H18 05
NP type 1-dodecene =~ HDK®H20 ]'0
HDK®H2000 )
HDK®H18 0.5
& 1-dodecene  HDK®H20 1.0

HDK®H2000 (1.25)
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For selected experiments, o/w PEs were used. Consistent with studies of the project partners — group
of Prof. Dr. Regine von Klitzing (Technische Universitit Darmstadt) [203, 204] — 16 g emulsion batches
consisting of 13 g of deionized water and 3 g of 1-dodecene with particle mass fractions of either 0.5 or
1.0 wt.% were prepared. The o/w PEs were homogenized using the same UT (S25N-18G) as used for w/o
PE preparation but at dispersing conditions of 20,000 min™! / 5 min. Either HDK®H20 particles, which are
of intermediate hydrophobicity and able to stabilize both w/o and o/w PEs, or HNTs were used as PE
stabilizers.

4.3 Characterization of Pickering emulsions

PEs were characterized in terms of DSD, stability and rheological behavior. Characterization experiments
were conducted before and after the filtration process to identify the impact of pressure, drag and shear
forces during the filtration on the PE properties.

4.3.1 Drop size distribution

Drop size distributions were determined via optical microscopy. To minimize overlapping and clustering
of drops on the microscopic images, PEs were diluted with the continuous phase which was proven not to
change the DSD in [35]. PE samples were inverted 10-fold by hand prior to application onto a glass slide
to avoid sedimentation or creaming of emulsion drops within the sample tube. As reported in [202], shaking
does not affect the DSD of w/o PEs stabilized by silica particles. Right after application onto the glass
slide, the sample was covered with a 0.13 mm thick coverslip. At least 25 microscopic images were taken
with a 10- or 20-fold magnification (Carl Zeiss AG, Axio Scope.Al, equipped with BRESSER
MikroCam SP 5.1). To get statistically sound results, a minimum of 500 drops per distribution were found
to be sufficient as the Sauter mean diameters then remained constant despite further counted drops
(cf. Figure 59 (appendix)).

An automated image analysis software was used to analyze the pictures and to evaluate the data
(SOPAT GmbH) [135]. The user has to define representative sample drops to receive appropriate search
patterns needed for the analysis algorithm. Only spherical drops can be considered, which was not a
restriction, as the number of non-spherical drops was low (estimated less than 5%). Comparability between
mean diameters from microscopic images taken with different foci was guaranteed by always using the
center of the observed rim as the drop size. By way of example, this is shown in Figure 16 by circular
green markings on selected drops. If necessary, the automated drop detection was corrected (e.g., faulty
drops were deleted) or image series were analyzed manually. Two factors — the definition of the sample
drops and the manual correction — might have introduced a subjective factor into the drop size evaluation.
According to [97, 135], where images obtained via an endoscope technique were investigated, this
subjective assessment led to deviations of 4 - 7% in the Sauter mean diameters. The error was in a similar
range, when one set of images was automatically analyzed by different persons, by using different sample
drops and different search patterns or when automated and manual image analysis were compared [97, 99,
135, 199].

O

0% «
-

Figure 16. Example microscopic image of a w/o PE to illustrate the drop profiles. Adapted from [I].
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432  Stability

In this thesis the stability of PEs against coalescence was evaluated in two different ways. For selected
experiments, the drop size distributions of freshly prepared w/o PEs and after a storage time of two and
ten weeks, respectively, were compared. Occurring drop sedimentation during storage was not considered
as instability as the drops could be re-dispersed by gentle hand shaking. Furthermore, the stability against
the applied pressure and shear during the filtration process was evaluated by comparison of drop size
distributions before and after the filtration.

4.3.3 Rheological behavior

The rheological behavior of PEs was analyzed using a cone and plate rheometer with temperature control
(Anton Paar GmbH, MCR 302, measurement system CP50-1: cone diameter 49.969 mm, angle 0.997°,
gap size 0.102 um). All measurements were performed at T =20.0 = 0.1 °C. Prior to application of PE
samples onto the plate, PEs were manually inverted 10-fold to avoid differences in applied phase fractions
resulting from drop sedimentation or creaming within the sample tube. The rheological measurement
parameters were adapted from [99] and are summarized in Table 9.

In rotational measurements, the PE sample was pre-sheared at a constant shear rate of 400 s for 5 min
to eliminate effects that might occur from non-uniform shearing histories [112]. The sample rheology was
then determined by increasing the shear rate from 1 to 1,000 s! followed by a decrease of the shear rate
from 1,000 to 1 s! to identify potential hysteresis effects.

Oscillatory measurements were conducted to investigate the linear-viscoelastic behavior. Amplitude
sweeps at a constant angular frequency were performed first to determine the LVE area. Based on these
results, frequency sweeps at a constant deformation from the LVE area were conducted (a deformation of
0.1% was found to be suited for all PEs). Shear rate, deformation and angular frequency were increased in
a logarithmic ramp.

Table 9. Rheological measurement parameters applied in this thesis.

measurement shear rate y deformation y  angular frequency w
[s] [%] [rad 5]
flow curve 1-1,000/1,000-1 / /
amplitude sweep / 0.01 - 100 10
frequency sweep / 0.1 100 - 0.1

4.4 Dead-end filtration of pure solvents, suspensions and Pickering emulsions

The experimental set-up is shown in Figure 17. Dead-end filtration experiments were conducted in
batch-mode in a solvent resistant, magnetically stirred cell (4) designed for 47 mm membrane discs
(XFUF0471, Merck KGaA, working volume V =91.5 mL, effective membrane area Aqg = 13.2 cm?).
Except for the experiments to study the influence of temperature on the filtration behavior, all experiments
were conducted at room temperature (T = 22.1 £+ 1.3 °C). If not stated otherwise, a new membrane sample
was used for each experiment. At least duplicates were performed with each type of pure solvent,
suspension or PE.

Transmembrane pressure differences were applied using nitrogen (1). As pipe length and permeate
flow rates were small, pressure drops were regarded as negligibly small, and the applied pressure equaled
the transmembrane pressure. The pressure was controlled by a pressure valve (VPPM-6, Festo GmbH) (2).
A feed tank (17530, Sartorius AG) (3) was connected to the stirred cell (4). Experiments were conducted
with or without stirring. Stehl et al. [202] observed drop coalescence and PE break up when emulsion drops
got caught between a stir bar and a vessel bottom (experiments conducted in a beaker with the stir bar on
the bottom). In the stirred cell the distance between the membrane surface and the hanging stir bar
(octahedral, length 38 mm, width 10 mm, VWR International GmbH) was approximately 1.5 mm and
hence much larger than the expected drop size (range of micrometers, e.g., [200, 202]). The permeate was
collected in a beaker (7) and weighed on an electronic balance (weighing range 720 g, accuracy 0.001 g,
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VWR International GmbH) (8) (measurement every 5 seconds). For the experiments to investigate the
impact of temperature on the filtration behavior, the stirred cell was positioned in a water bath (5) whose
temperature was controlled via a thermostat (Alpha A12, Lauda Dr. R. Wobser GmbH & Co. KG) (6).
Data was recorded using LabVIEW (Laboratory Virtual Instrumentation Engineering Workbench)
software, version 12.0, and used to calculate the flow rate V and the flux J (cf. Eq. (7)).

(2&%
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Figure 17. Schematic representation of the experimental dead-end filtration set-up: nitrogen gas cylinder (1), pressure valve (2),
feed tank (3), stirred cell (4), water bath (5), thermostat (6), permeate beaker (7) on an electronic balance (8). Adapted from [199].

Following the membrane pre-treatment (Section 4.4.1), three different types of filtration experiments
were performed: (mainly) pressure stepping experiments at constant phase ratio (Section 4.4.2), long-term
filtration experiments at constant pressure and constant phase ratio (Section 4.4.3) as well as concentration
experiments at constant pressure (Section 4.4.4).

4.4.1 Membrane pre-treatment

Two different membrane pre-treatment procedures, hereinafter referred to as “normal” or “specialized”
pre-treatment, respectively, were investigated to achieve wetting, swelling and pre-compaction of the
membrane samples before the actual experiment and to avoid overlapping effects from these time
dependent phenomena. The stirrer speed during the pre-treatment was adjusted according to the speed
during the actual filtration test.

The “normal” pre-treatment was adapted from [199, 200]. The membrane samples were soaked in the
pure continuous phase solvent at least one day prior to use and then flushed with the pure solvent at a
constant pressure of 4 bar for 90 min. Longer pre-treatment times did not help to reach steady state fluxes
faster [199].

For selected experiments with the UF membrane ETNAOIPP, an additional “specialized”
pre-treatment procedure was investigated. The effect of a gradual solvent exchange on the membrane
performance, inspired by [84, 197], was studied. The membrane samples were first immersed in pure
deionized water for 3 hours, then immersed in a mixture of 50:50 vol.% of either isopropanol/1-dodecene
or ethanol/1-dodecene, respectively, for 3 hours and finally immersed in pure 1-dodecene overnight.
According to the “normal” pre-treatment, the membranes were then washed with pure 1-dodecene at a
constant pressure of 4 bar for 90 min.

4.4.2 Pressure stepping experiments

To investigate the influence of pressure on the filtration performance, pressure stepping experiments were
conducted. When 100 mL of PE or suspension were prepared, the stirred cell was completely filled with
the emulsion or suspension, respectively. This was also the case for the pure solvents. For lower PE
volumes additional pure solvent was added to obtain a completely filled cell. The pressure stepping
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experiment was conducted at a constant phase ratio within the stirred cell as fresh solvent was continuously
transported from the feed tank to the stirred cell when pressure was applied. To pre-condition the
membrane and to reach steady states faster, pressure was first increased in a stepwise manner from 1 to
4 bar (in steps of 1 bar). The pressure was then decreased in steps of 1 bar. Each pressure step was kept for
30 min. The results presented in this thesis always represent the steady state fluxes received during pressure
descent (cf. Figure 60 (appendix)). For data evaluation, the average of 100 flux values at the end of each
pressure step was used (measurement every five seconds).

4.4.3 Long-term filtration experiments

Some selected experiments were conducted at a constant pressure of 4 bar for 5 hours at constant dispersed
phase fraction within the stirred cell as the organic phase was continuously transported from a feed tank to
the stirred cell when pressure was applied. The stirrer speed was set to either 0 or 500 min™!, respectively.
All long-term filtration experiments were conducted at room temperature.

4.4.4 Concentration experiments

Concentration experiments were conducted to investigate up to which dispersed phase ratio the PEs could
be concentrated. Since no pure solvent was continuously transported from the feed tank to the stirred cell
throughout the concentration experiments, the dispersed phase fraction in the stirred cell increased with
filtration time. The dispersed phase fraction at certain times was calculated from a mass balance (Eq. (20))
[199].

Vap

Vap + Vep=0 = Ver (8))
The pressure and stirrer speed were set to 4 bar and either 0 or 500 min!, respectively. All concentration
experiments were conducted at room temperature.

@ap(t) = ( (20)
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5 Results and Discussion

In this chapter, the results concerning the characteristic properties of w/o PEs and their filtration behavior
are presented. In Section 5.1, the impact of homogenization conditions during PE preparation on stability,
DSD, rheology and filtration using an UF and an OSN membrane are discussed. Since the UF membrane
showed a qualitatively and quantitatively different behavior compared to the OSN membrane, further
results for these two membranes — along with the accompanying investigations on PE characterization —
are separately discussed in Sections 5.2 and 5.3. Furthermore, a mathematical model to describe the
filtration of w/o PEs using the OSN membrane is developed and discussed in Section 5.4.

5.1 Choice of Pickering emulsion preparation conditions’

The exact knowledge and the adjustment of PE properties are crucial in terms of process design including
the catalytic L/L reaction as well as the filtration for catalyst recovery. While a high interfacial area (small
drops) is required for high reaction rates, supposedly larger drops are favorable for the filtration step to
achieve high fluxes. Previous studies on PEs focused on the impact of PE composition on characteristic
emulsion properties while the actual preparation procedure as another leverage for targeted PE design was
mostly neglected (cf. Table 2 in Section 3.1.4).

5.1.1 Working program

The impact of homogenization conditions on w/o PE properties was investigated for a “standard” emulsion
of the same composition prepared using 1-dodecene, 0.5 wt.% HDK®H20 and a dispersed phase fraction
of 0.25. The preparation procedure via an UT and the two dispersing heads were already described in
Section 4.2. Table 10 summarizes the varied parameters. Experiments with identical dispersing speeds
were conducted in [I] while identical tip speeds were compared in [III] to create a larger database
(highlighted in grey in Table 10). The membranes ETNAO1PP and oNF-3 introduced in Section 4.1 were
used.

Table 10. Parameters used for the investigation on the impact of homogenization conditions on PE properties.

n Wtip t VpE
S25N-10G  S25N-18G

[min™'] [ms'] [ms'] [min] [mL]
9,000 - 6 2 20
10,000 39 6.6 2/5 20
10,500 - 7 2 20
12,000 - 8 2 20
12,500 4.9 8.3 2/5 20
13,500 - 9 2 20
15,000 59 10 2 20
15,300 6 - 2 20
17,500 6.9 11.6 05/1/2/3/5 20/50/100*
17,800 7 - 2 20
20,000 7.9 13.3 2/5 20
20,400 8 - 2 20
22,900 9 - 2 20
25,000 10 - 2 20

*Variation of PE volume only for the S25N-18G head and dispersing
conditions of 17,500 min' / 2 min.

! The content of this section was partially published in [I] Kempin, M.V.; Kraume, M.; Drews, A. (2020): W/O Pickering emulsion preparation
using a batch rotor-stator mixer — Influence on rheology, drop size distribution and filtration behavior. J. Colloid. Interf. Sci., 573, 135-149,
DOI: 10.1016/j.jcis.2020.03.103 and [III] Kempin, M.V.; Drews, A. (2021): What governs Pickering emulsion properties during preparation via
batch rotor-stator homogenizers? Chem. Ing. Tech., 93,311-317, DOI: 10.1002/cite.202000130.
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5.1.2 Impact on drop size distribution and PE stability

Impact of dispersing head and dispersing speed

By way of example, Figure 18 shows microscopic images and corresponding Sauter mean diameters of
PEs prepared at a dispersing time of 2 min but different dispersing speeds. At identical dispersing speeds,
Sauter mean diameters obtained with the S25N-18G head were always smaller than those obtained with
the S25N-10G head
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Figure 18. Optical microscopy images of “standard” w/o PEs prepared at different dispersing speeds (dispersing time of 2 min)
for visualization of drop size distributions and corresponding Sauter mean diameters. Different dilutions led to different numbers

of drops per picture. All experiments were conducted at least in triplicate. For the Sauter mean diameters, mean values and standard
deviations are given. Images for 17,500 min-' were adapted from [I].

In general, breakage of the dispersed phase into drops generates new interfacial area during a
homogenization process. In the case of PEs, particles adsorb at the interface and thus might not only reduce
coalescence rates but also influence breakage phenomena due to the rigid particle layer. Two factors
determine the resulting drop size distribution of PEs [220]:

- the “interface generation capacity” — depending on the homogenization conditions and the

dispersing device — when the particle mass fraction is sufficient to completely cover the interfacial
area,
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- the “coverage capacity” — depending on the particle type and concentration — when the particle
mass fraction is too low to completely cover the freshly generated interfacial area and limited
coalescence [12] occurs.

Comparable to surfactant stabilized systems [235] or dilute o/w dispersions [60], increasing dispersing
speeds led to a steady decrease of the average drop size for the S25N-10G head. The “interface generation
capacity” was the determining factor as the energy input was not sufficient to generate as much interfacial
area as could be stabilized by the used particle concentration (cf. Figure 18, right column). In contrast, for
the S25N-18G head, only an increase of the dispersing speed to 12,500 min™! led to a significant decrease
of the drop size. A limiting minimum Sauter mean diameter of = 10 um exists, which could not further be
reduced by higher energy input for the investigated particle mass fraction here. The “coverage capacity”
was crucial as with a higher particle mass fraction using the same dispersing conditions, smaller Sauter
mean diameters were obtained (Figure 19). Since a quadrupling of the particle mass fraction did not result
in a quadrupling of the stabilized interfacial area (factor of 2.8 & 0.3 was calculated), excess silica particles
must be present in the continuous phase.
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Figure 19. Sauter mean diameter against dispersing speed (dispersing time of 2 min) of PEs stabilized by different particle mass
fractions of HDK®H20 and prepared with the two dispersing heads: (a) S25N-10G and (b) S25N-18G. All experiments were
conducted at least in triplicate and mean values are shown. Error bars represent the standard deviation. Where not visible, error
bars are smaller than the symbol size. Adapted from [I].

In [35], no significant influence of the dispersing speed (n = 8,000 - 24,000 min™!, t = 2 min, UT T25
with an 18 mm head) on the average drop size (dy 50 = 0.6 pm) was observed. A minimum drop diameter
was also found for their system (water-in-toluene PEs, ¢ = 0.1, 2 wt.% HDK®H30). The difference in the
average drop sizes can possibly be explained by the differences in the PE compositions. The authors in
[35] used a higher particle mass fraction and a lower dispersed phase fraction compared to the PEs studied
here (the impact of these parameters on the resulting drop size distribution was discussed in Section 3.1.5).
Furthermore, another organic solvent differing in its physical properties compared to the one studied in
this thesis was used (e.g., interfacial tension water/toluene: 37.6 mN m™ (25 °C) [95]; water/1-dodecene:
50 mN m™' [161]). In [43], o/w PEs stabilized by silica particles with different surface modifications were
prepared using an IKA Magic Lab with the module UTC. A decrease of the median drop diameter from
10.2 to 3.6 um was observed for dispersing speeds varied between 10,000 and 20,000 min'.

PE stability
The adsorption of particles to L/L interfaces and their effective stabilization mechanisms were described
in Sections 3.1.1 and 3.1.2. The stability against coalescence of w/o PEs prepared using the S25N-10G
head at three distinct dispersing speeds (t =2 min) was investigated by comparison of drop size
distributions of freshly prepared PEs and after a storage time of two or ten weeks, respectively.

Within the experimental error, no significant change in the cumulative number distributions or the
corresponding Sauter mean diameters was observed (Figure 20), proving the long-term stability of PEs
stabilized by 0.5 wt.% HDK®H20 particles.
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Figure 20. Cumulative number distribution and Sauter mean diameter of “standard” w/o PEs prepared using the S25N-10G head
at three dispersing speeds (dispersing time of 2 min). To check the PE stability, drop sizes of freshly prepared PEs and after a
storage time of two and ten weeks, respectively, were compared. All experiments were conducted in triplicate and mean values
are shown. For better graph clarity, error bars are not shown in the left diagram. For the Sauter mean diameters, standard deviations
are given. Cumulative number distributions for fresh PEs and all Sauter mean diameters were adapted from [I].

As PEs of the same composition and dispersing conditions but prepared using the S25N-18G head
showed even smaller Sauter mean diameters (cf. Figure 18), their long-term stability was assumed without
any further experimental proof.

In literature, long-term stability against coalescence of both o/w as well as w/o PEs prepared with
various particle types (e.g., starch granules, differently modified colloidal silica particles or latex particles)
was reported. Sauter mean diameters, ranging from a few microns up to even 270 pm, did not change over
storage times of several months or up to two years, e.g., [36, 43, 216].

Impact of dispersing time and PE volume
Increasing the dispersing time (at a fixed dispersing speed) and thus the energy input led to a decrease of
the Sauter mean diameters (Figure 21 a)). Different limiting dispersing times for the two UT heads existed
above which no further reduction of the average drop diameter was obtained (S25N-10G: 3 min;
S25N-18G: 2 min). From a certain dispersing time, either drop formation or breakage were no further
promoted (“interface generation capacity” — S25N-10G) or partial coalescence occurred until the
“coverage capacity” of the system was reached when the particle mass fraction was too small to stabilize
a larger interfacial area (S25N-18G). Similar results were published for water/chlorobenzene dispersions
prepared via mechanical agitation using a Rushton turbine [19], for surfactant stabilized emulsions
prepared using an UT or ultrasound [4], or for o/w PEs prepared using an UT [40] or ultrasonication [113].
So far, 20 mL PE samples were prepared and investigated. The dispersing head S25N-18G is suited
for the treatment of larger volumes (cf. Table 6). Figure 21 b) shows that within the investigated range
(up to 100 mL), no significant impact of the emulsion volume on the resulting Sauter mean diameter was
observed. This is consistent with [134], where the average drop size of either 12, 120, 600 or 1,100 mL of
w/o emulsions stabilized by polyvinyl alcohol and prepared using a rotor-stator system at a constant
dispersing speed were compared. Since a maximum PE volume of 100 mL was sufficient for the
experimental studies of this thesis (working volume of the stirred filtration cell, compare Section 4.4),
larger volumes were not investigated. For the application described in Chapter 1 in an industrial scale, an
investigation on the preparation of larger PE volumes would be required. At the end of this section, the
results will therefore be expressed in a manner which is independent of the explicit equipment and
conditions.

35



Results and Discussion

45 12
= inl =

40 L * ‘ n= 17,500 min const.
_ WS25N-10G 10 +
535 - ©825N-18G i
530 | + <8t
= —
3 3
Q 25 L Q
E ' E
S kS

20
. .
E15  © E 4 |
E 5

=
10 ¢ 6 o $ Z
| | n=17,500 min!
5F n )
t =2 min b)
0 I I I I I 0 |
0 1 2 3 4 5 6 20 50 100
Dispersing time t [min] PE volume Vpg [mL]

Figure 21. Sauter mean diameter against (a) dispersing time (for both dispersing heads) and (b) PE volume (for the S25N-18G
head). All measurements were conducted in triplicate and mean values are shown. Error bars represent the standard deviation.
Where not visible, error bars are smaller than the symbol size. Data for the S25N-18G head was adapted from [I].

Impact of nanoparticle pre-dispersion using a sonication bath

So far, the particles, the continuous and the dispersed phase were directly dispersed via an UT for PE
preparation. In some literature studies, PEs were prepared by initially pre-dispersing the particles in the
continuous phase (e.g., via ultrasonication) prior to the actual PE preparation (via rotor-stator systems),
e.g., [28, 29, 77, 81, 141, 148]. Pre-dispersion via ultrasonication or a sonication bath can promote
deagglomeration of particle clusters [15, 20, 109, 186, 188]. Particle powders incorporated into the
continuous liquid phase can exist as primary particles, aggregates or agglomerates (cf. Section 4.1). While
the more weakly-aggregated larger agglomerates (van-der-Waals forces and hydrogen bonds) can be
broken into finer structures in a processing environment, aggregates are held together by strong sintering
bridges and thus determine the resulting dispersion fineness [15, 29, 109].

The following procedure was investigated: the particles were dispersed in the organic phase
1-dodecene three times for 10 min each in a sonication bath (Bandelin Sonorex Super RK 1028 BH) with
brief manual shaking of the sample tube between each run. Then, water was added, and the PE was
prepared with the UT (S25N-10G or S25N-18G, respectively) at homogenization conditions of
17,500 min™' / 2 min. Results for the S25N-10G head with homogenization conditions of 10,000 min™ or
25,000 min™' / 2 min, respectively, after particle pre-dispersion are shown in Figure 63 (appendix).

Figure 22 shows that for PE preparation using the S25N-10G head, the cumulative distribution of
number was shifted towards smaller drop sizes when the particles were pre-dispersed in the continuous
phase. In contrast, the drop size distributions of PEs prepared with the S25N-18G head — within the
experimental error — did not show any significant differences. At identical dispersing conditions, the power
input was smaller for the S25N-10G head compared to the S25N-18G head. It is assumed that particle
deagglomeration using the S25N-18G head only was possible while for the S25N-10G head (and the here
applied homogenization conditions) a particle pre-dispersion in the continuous phase via a sonication bath
prior to PE preparation was necessary to obtain smaller drop sizes.

In [29], the “dispersed particle method” (with particle pre-dispersion) and the “powder particle
method” (without particle pre-dispersion) during PE preparation were compared. No significant impact on
the resulting Sauter mean diameters was observed but the results obtained without particle pre-dispersion
showed slightly higher scatter. As the authors used an IKA UT T25 equipped with an 18 mm head, these
findings are consistent with the results shown in Figure 22 b).
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Figure 22. Cumulative number distribution against drop diameter without or with pre-dispersion of the silica particles in
1-dodecene in a sonication bath prior to PE preparation via the UT (20 mL, 17,500 min'' /2 min). (a) S25N-10G and
(b) S25N-18G head. All experiments were conducted in triplicate and mean values are shown. Error bars represent the standard
deviation. Where not visible, error bars are smaller than the symbol size.

Development of correlations

The previously shown results are summarized in Figure 23, where Sauter mean diameters were correlated
via power laws with different parameters (X) in order to express the results in a manner which is
independent of the explicit equipment and conditions (Eq. (21)).

dsy = A;(X)P @1

The energy density (calculated in two ways), energy dissipation rate and tip speed were chosen as these
variables are often used to correlate drop sizes of different dispersing processes or as scaling parameters
[44, 88, 260].

In Figure 23 a), Sauter mean diameters were correlated with the energy density which was defined as
the dissipated amount of energy per unit of emulsion volume and was calculated — according to [23] —
using the experimentally detected rise of temperature (+ 0.6 °C) during PE preparation (Eq. (22)).

E

(V_> = [(P Pdp Cp,dP + (1 - (P) Pcp Cp,cP]AT (22)
PE’ T

A decrease of Sauter mean diameters with increasing energy densities was observed, even if the
obtained results scattered a lot (exponent of -0.61 and coefficient of determination of 0.65; not all data
points were considered for the power law since a minimum Sauter mean diameter of approximately 10 pm
was obtained). Nevertheless, these first results were reasonable since typical energy densities were reported
as 1-100J cm™ for w/o or o/w emulsions and different dispersing devices [23, 89, 111]. Detecting the
temperature rise as a function of time and insulation of both, the sample tube and the dispersing device,
might lead to more precise results [111, 155].

In Figure 23 b), the power consumption in the rotor-stator system was correlated with the Reynolds
(Re) and power (Po) number as known from stirred tanks [88, 89, 155, 187, 191, 250]. The power numbers
for the dispersing heads S25N-10G and S25N-18G were unknown but were assumed to be constant in the
turbulent flow regime. The Sauter mean diameters were correlated with an energy density normalized with
the power number and half of the swept-out volume (subscript hso) of the dispersing tool (instead of the
total PE volume) [60]. A decrease of Sauter mean diameters with increasing energy densities was observed
with a little less scatter than in Figure 23 a) (again, not all data points were considered for the power law
since a minimum Sauter mean diameter of approximately 10 um was obtained). The exponent was -0.47
with a coefficient of determination of 0.81. More details on the exact calculation of the energy density (cf.
Figure 23 a) and b)) can be found in publication [I].

37



Results and Discussion

10*
"Shear rate" w;,/d,,, [s]

5

100 100
WS25N-10G C
- ©525N-18G [ L
C B T i
o : o ?; : - o 5
< 5 L
e Yo : g
: g Q
- Y | i
£ 10 o 50 #8g
g o L
S B r
= g L
= e -
et 2
= = L
< <
w2 wn
[ [d52 = 310,131 ((E/Vpg)p) ! M [ds, =221,594 E/V P0)) 047
2= 310131 (BN, 94 BV, Po)
1 I | T | 1 N Lo N Lol L L1
100 107 108 107 108 10° 1010
Energy density (E/Vpg)r [J m3] Energy density (E/(V},, Po)) [J m3]
100 100 r
. I .
— n —_
3 K 3 | 5
5 o P g n 3 S %
k51 .. | k5]
£ V5o % £ %@
g 10 | ) 2 10 f ]
S ¢ c
S 5] r
= g r
E:’ g filled symbols: published in [I]
] & [ | blank symbols: published in [III]
I [d;, = 893.99 (¢)048 M [dy, = 332.03 (w4
¥ RiZ0s8s R=0.79"
102 103 104 105 1 10
Energy dissipation rate € [W kg''] Tip speed w;, [m s7']
100 1
L n=9,000 ... 25,000 min’!
[ — t=0.5...5min
B . . = Ve = 20/50/100 mL
o g] S
< 2] <
= (@] %E‘E .2
Q e =
E Boo 5
s 10 ¢} <
° 2
= s
s ]
& g
B 172]
g =l
Q
r ~
dyy = 3108 (wy /)17
Y Re=095 "
1 : : : — 0.1 ‘

10 15 20 25 30 35 40
Sauter mean diameter d;, [um]

Figure 23. Sauter mean diameter against (a, b) energy density, (¢) energy dissipation rate, (d) tip speed and (e) “shear rate”.
(f) Related standard deviation against Sauter mean diameter. All experiments were conducted at least in triplicate and mean values
are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size. Adapted
from [I] and [III].

In Figure 23 c¢), Sauter mean diameters are shown as a function of the energy dissipation rate. As the
dispersing time is not included in its calculation, data points are stacked on top of one another. To minimize
this, values for dispersing times < 2 min were not included (and again, not all data points were considered
for the power law since a minimum Sauter mean diameter of approximately 10 um was obtained). In

38



Results and Discussion

accordance with energy dissipation rates published in literature [160], values for both dispersing heads lie
mostly within 1,000 - 10,000 W kg'. The exponent of -0.48 (coefficient of determination of 0.85) was
slightly higher than exponents reported in literature (exponents between -1/3 (dissipation range) and -0.4
(inertial range) [245]).

In Figure 23 d) and e), Sauter mean diameters were correlated with the tip speed or the “shear rate”,
respectively, with the latter being defined as the ratio of the tip speed and the respective gap width between
rotor and stator. As the definition of these two parameters only contains the dispersing speed and the
geometric dimensions of the rotor, no distinction between different PE volumes or homogenization times
could be made. Therefore, only results obtained with a dispersing time of 2 min are presented (PE volume
of 20 mL) to minimize stacking of data points on top of each other. In Figure 23 d), the exponent was
-1.44 with a coefficient of determination of 0.79. In literature, an exponent of -1.4 for surfactant dispersions
prepared using an in-line Silverson rotor-stator mixer in multiple pass mode was reported [89]. For
surfactant stabilized o/w emulsions prepared using a batch rotor-stator homogenizer, exponents between
-0.77 and -1.09 were reported (depending on the dispersed phase ratio and the viscosity) [126]. Different
results were published for PEs. For w/o PEs no significant impact of the rotor speed or tip speed,
respectively, on the average drop diameter was observed in [35]. These differences from the behavior
observed in this thesis might be explained by the different organic phase, particle properties and dispersed
phase fractions and the resulting much smaller drop sizes in [35] (dy 50 = 0.6 um). In [64], a decrease of
Sauter mean diameters with increasing dispersing speeds was reported for o/w PEs. The corresponding
drop size distributions were multimodal with drop sizes ranging from 1 to 60 pum (comparable to the drop
sizes shown in Figure 23). The peak drop diameters of the multimodal distributions as a function of
homogenization speed were correlated using an exponential correlation but the data could just as well be
described using power laws. For the different peaks, exponents between -1.02 and -1.54 could be obtained
and were thus comparable to the exponent determined in this thesis.

According to [134], the drop size is mainly affected by the shear forces and therefore shear rates within
the gap between the rotor and the stator (cf. Figure 23 ¢)). The results for the two dispersing heads yielded
a coherent course of the curve with an exponent of -1.67 and a much higher coefficient of determination
0f 0.95 (data points for tip speeds > 10 m s™! were neglected since Sauter mean diameters stayed constant).

Figure 23 f) shows the related standard deviation as a function of the Sauter mean diameter. A constant
value of 0.31 = 10% was found which is consistent with values reported in literature for stirred model
systems or w/o dispersions under the addition of surfactants or particles [44, 98, 117, 178].

To summarize, Sauter mean diameters — obtained for PEs of the same composition but prepared using
various homogenization conditions and different dispersing heads — shown in Figure 23 could be best
correlated with the “shear rate” during emulsification. The developed correlations allow a direct
comparison of different dispersing tools and the preparation of PEs with targeted average drop sizes.

5.1.3 Impact on rheological behavior

Knowledge about the rheological behavior is crucial for process design (e.g., fluid dynamic design of
equipment and choice of operating conditions). Therefore, the impact of dispersing head, dispersing speed
and particle pre-dispersion will be discussed in the following (20 mL; 0.5 wt.% HDK®H20; dispersing
time of 2 min). The impact of particle concentration, dispersing time or PE volume on the dynamic
viscosity is shown in Figure 62, Figure 65 and Figure 66 (appendix).

During the increase and decrease of shear rates, slight differences in the dynamic viscosity were only
observed for PEs prepared using the S25N-10G head and shear rates < 10 s! (e.g., Figure 61 (appendix)).
For better graph clarity, only the increase of shear rate is shown in the following.

Impact of dispersing head and dispersing speed

All investigated PEs showed shear thinning rheological behavior and much higher dynamic viscosities
compared with the pure organic solvent 1-dodecene. By way of example, Figure 24 shows viscosity curves
of PEs prepared at dispersing conditions of 17,500 min™! / 2 min with the two dispersing heads. A local
maximum of the dynamic viscosity (between shear rates of approximately 5 - 20 s') indicating shear
thickening behavior appeared for the small dispersing head (cf. Figure 24). The occurrence of such local
maxima was also observed for other PEs, e.g., [94, 99], and disappeared for PEs with more pronounced
shear thinning behavior. This is consistent with the results observed in Figure 24.
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Figure 24. Emulsion viscosity against shear rate of “standard” w/o PEs prepared using the two different dispersing heads
(17,500 min™! / 2 min). All experiments were conducted in triplicate and mean values are shown. Error bars represent the standard
deviation. Where not visible, error bars are smaller than the symbol size. Adapted from [I].

Fumed silica particles of irregular shape — such as HDK®H20 — can form highly interlocked
agglomerates and often show the ability to form hydrogen bonds between silanol groups on the particle
surface and are thus able to form three-dimensional network structures between adjacent drops or particles
[94, 99]. Depending on the capability of the solvent to form hydrogen bonds, liquid molecules can build a
solvation layer on the silica particle surface and thus avoid particle contact [173]. For weakly hydrogen
bonding liquids, such as 1-dodecene [99], the interactions between the silanol groups of the particles
dominate.

Shear thinning behavior of PEs was frequently reported in literature and is explained via a reorientation
of drops within the bulk phase or a (partial) break-up of particle agglomerates or network structures under
the applied shear [57, 112, 153, 157, 173].

The results of rotational measurements for PEs prepared using different dispersing speeds or tip speeds,
respectively, are summarized in Figure 25. Dynamic viscosities at three distinct shear rates are plotted
versus the “shear rate” during PE preparation (Figure 25 a)) or versus the Sauter mean diameter (Figure
25 b)). The shear thinning rheological behavior of all investigated PEs becomes clear, since an increase in
applied shear rates (10, 100 or 1,000 s™') led to a decrease of the dynamic viscosity. The results in Figure
25 a) and b) are reversed since the Sauter mean diameter depends on tip speed or “shear rate”, respectively
(cf. Figure 23).
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Figure 25. Emulsion viscosity at three distinct shear rates of “standard” w/o PEs prepared using various dispersing conditions of
the S25N-10G and S25N-18G head against (a) “shear rate” or (b) Sauter mean diameter. All experiments were conducted at least
in triplicate and mean values are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than
the symbol size. Adapted from [I] and [III].
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Despite some scatter, clear tendencies could be observed and the results for the two different dispersing
heads overlapped resulting in a coherent course of the curve. For Sauter mean diameters between
approximately 15 and 40 um and a given applied shear rate, an almost constant (minimum) dynamic
viscosity was observed. When the Sauter mean diameter exceeded or fell below this range, an increase of
the dynamic viscosity was observed.

In literature, an increase of the dynamic viscosity and a more pronounced shear thinning rheological
behavior with decreasing drop sizes is generally reported, e.g., [157, 181]. This was attributed to a decrease
in polydispersity, increased hydrodynamic interactions between drops due to shorter distances and
increased flocculation of smaller drops [157].

It was hypothesized that the dynamic viscosity of PEs depends on both, the average drop size as well
as the amount of residual particles in the continuous phase. For emulsions of the same composition, bigger
Sauter mean diameters (and consequently a smaller total interfacial area) lead to a higher amount of freely
suspended particles which in turn can form a three-dimensional network. For the S25N-10G head, a
decrease of the Sauter mean diameter reduced the amount of residual particles and thus — similar to the
rheological behavior of nanoparticle/oil suspensions, e.g., [99] — smaller dynamic viscosities were
observed. It was further assumed that at a certain drop size (corresponding to an optimum particle
coverage), a shift from the “unbound silica nanoparticle amount” dominated regime to a “drop size”
dominated regime occurred as an increase of the dynamic viscosity with increasing “shear rates” was
observed. The applied particle mass fraction might now be too small to cover the whole interfacial area
and drops might share particles. Drops would thus be attached to each other which could cause the increase
in viscosity and lead to a strong network structure. For the S25N-18G head and “shear rates” larger than
30,000 s, the minimum Sauter mean diameter of = 10 um was obtained and the increase of the dynamic
viscosity was then less pronounced. The hypothesis is illustrated schematically in Figure 26.
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Figure 26. Schematic representation of the impact of the amount of residual particles and drop size distribution on the dynamic
viscosity of PEs of otherwise the same composition. Clustering of drops due to network formation using the HDK®H20 particles
can also be seen in Figure 33 in Section 5.2.

By way of example, Figure 27 shows the results of two amplitude sweep measurements as these are
essential to conduct frequency sweep measurements at a constant deformation from the LVE area (cf.
Section 3.1.6). The LVE area (parallel course of G’ and G"') is highlighted in Figure 27. A deformation
of 0.1% was used for all subsequent frequency sweep measurements. First conclusions concerning the
strength of the formed network structure can also be drawn from amplitude sweeps [122]: The intersection
of the storage and loss modulus is an indicator for the break-up of the three-dimensional network structure.
The PEs prepared using the S25N-18G head constituted a stronger network as the cross-over appeared at
a higher deformation.
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Figure 27. Exemplary amplitude sweeps of “standard” w/o PEs prepared using the two dispersing heads (17,500 min! / 2 min) to
determine the LVE area at a fixed angular frequency of 10 rad s''. (a) S25N-10G and (b) S25N-18G head. All experiments were

conducted in triplicate and mean values are shown. Error bars represent the standard deviation. Where not visible, error bars are
smaller than the symbol size.

Figure 28 summarizes all results from oscillatory frequency sweep measurements. Storage and loss
moduli at an angular frequency of 10 rad s™! are plotted versus the “shear rate” (Figure 28 a)) and the
Sauter mean diameter (Figure 28 b)). Storage moduli were always larger than loss moduli indicating the
viscoelastic behavior of the PEs. The higher the storage and loss moduli, the stronger was the
three-dimensional particle/drop network. The results support the above-mentioned hypothesis (of an
“unbound silica nanoparticle amount” and “drop size” dominated regime, cf. Figure 26) as within a certain
region of the “shear rate” a minimum in storage and loss moduli was observed.
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Figure 28. Storage and loss modulus of “standard” w/o PEs prepared using various dispersing conditions of the S25N-10G and
S25N-18G head against (a) “shear rate” and (b) Sauter mean diameter. Experiments were performed at a deformation of 0.1%.

All experiments were conducted at least in triplicate and mean values are shown. Error bars represent the standard deviation.
Where not visible, error bars are smaller than the symbol size.

Impact of nanoparticle pre-dispersion using a sonication bath

The impact of particle pre-dispersion in the organic phase via a sonication bath prior to the actual PE
preparation using the UT on the rheological behavior was investigated. From Figure 29 a), one can
conclude that — under the here applied UT settings (17,500 min™' / 2 min) — a particle pre-dispersion in the
continuous phase did not have a significant impact on the viscosity curves. Consistent with the previously
shown results (cf. Figure 24), PEs prepared using the S25N-18G head showed larger dynamic viscosities.
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Figure 29. (a) Emulsion viscosity against shear rate and (b) frequency sweep measurements of “standard” w/o PEs prepared
without or with silica pre-dispersion in 1-dodecene in a sonication bath prior to PE preparation using the UT (17,500 min™' / 2 min)
for the two dispersing heads. All experiments were conducted at least in triplicate and mean values are shown. Error bars in (a)
represent the standard deviation. For better graph clarity, error bars are not shown in (b).

For the S25N-18G head, drop size distributions (cf. Figure 22 b), reaching the minimum Sauter mean
diameter of = 10 wm), dynamic viscosities (cf. Figure 29 a)) but also storage and loss moduli (cf. Figure
29 b)) did not change when particles were pre-dispersed in the organic phase or not. The power input of
this dispersing tool was high enough to promote particle cluster deagglomeration (cf. Section 5.1.2).

A significant impact of particle pre-dispersion on the storage and loss moduli was observed for PEs
prepared using the S25N-10G head (cf. Figure 29 b)). Despite the smaller obtained Sauter mean diameters,
both moduli decreased when the particles were pre-dispersed in the continuous phase. Using the
S25N-10G head only, the particles kept their fractal like structure and consequently provided several
contact points and particle interlocking [112] leading to the formation of strong network structures. It is
assumed that particle pre-dispersion using the sonication bath, destroyed (part of) the fractal particle
agglomerates into smaller particle fractions. These were not too efficient in network formation and
consequently lower storage and loss moduli were measured.

This is similar to findings reported in literature, where an impact of particle shape on PE stabilization
and rheology was observed, e.g., [69, 112, 139]. It was reported that non-spherical particles with higher
aspect ratios are more likely to form three-dimensional networks. The results presented in Figure 64
(appendix) confirm this hypothesis (PEs prepared using the S25N-10G head at dispersing conditions of
either 10,000 min™' or 25,000 min™' / 2 min, with or without particle pre-dispersion, respectively). Thus,
when applying particle pre-dispersion prior to the actual PE preparation, the observed increase of the
dynamic viscosity (cf. Figure 25) and the storage or loss modulus (cf. Figure 28) at very low ratios of tip
speed and gap width might vanish. As the drop size distribution was barely affected (cf. Figure 63 a)
(appendix)), maybe not only the size of drops and the amount of residual particle traces, as proposed in
our hypothesis schematically shown in Figure 26, might be relevant parameters but also the tendency of
particles to interlock.

5.1.4 Impact on filtration behavior

The filtration performance of PEs prepared using different homogenization conditions will be discussed in
the following. In all filtration experiments, a stirrer speed of 500 min™' was applied within the stirred cell.

Impact of PE volume

In [199, 200], the same material system as used in this thesis was investigated. There, small amounts of
PEs (16 g or 30 mL, respectively) were prepared and then diluted in the stirred cell to get a completely
filled cell and to conduct pressure stepping experiments at constant phase ratio. Hence, the dispersed phase
ratio during PE preparation did not correspond to that in the stirred cell. Figure 30 shows the impact of PE
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volume (during PE preparation) or the corresponding dispersed phase fraction within the stirred cell on the
filtration behavior using two different membrane types. As shown in Figure 21 b) and Figure 66
(appendix), neither the drop size distribution nor the rheology changed when different PE volumes were
prepared. The dilution of the PEs with the pure solvent in the stirred cell did not change the average drop
size (as reported in [35]) but reduced the dynamic viscosity of the PEs (cf. Figure 68 (appendix)).
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Figure 30. Influence of dispersed phase fraction on the filtration behavior of w/o PEs (17,500 min™' / 2 min, S25N-18G) using the
(a, b) ETNAOIPP and (¢, d) oNF-3 membrane. The indicated volumes refer to the PE volume during homogenization while the
dispersed phase fractions correspond to those after dilution in the stirred cell to obtain a completely filled cell. (a, ¢) Normalized
flux against pressure. All experiments were conducted in triplicate and mean values are shown. Error bars represent the standard
deviation. Where not visible, error bars are smaller than the symbol size. Adapted from [I]. (b, d) Permeability (calculated from
the average flux at each pressure step) against pressure.

For the UF membrane ETNAO1PP, considerable differences in pure 1-dodecene fluxes during the
pre-treatment occurred (Jyasn(p =4 bar) =17.5+12.3 L m?h'!, cf. Figure 67 a) (appendix)). These
might be explained by the non-homogeneity of the small membrane samples (Aggr = 13.2 cm?, cf. Section
4.4) [137]. To eliminate these strong deviations, the flux from the pressure stepping experiment was
normalized with respect to the flux from the membrane pre-treatment. Even though the results obtained
with the oNF-3 membrane showed much better reproducibility (Jy,ash(p = 4 bar) = 14.4 £ 2.4 L m? h!, cf.
Figure 67 b) (appendix)), fluxes are also shown in the normalized manner for better comparability.

As stated in Section 4.4.2, the results presented in this thesis always represent the steady state fluxes
received during pressure descent. Using the oNF-3 membrane, no hysteresis of flux between pressure
increase and descent occurred, indicating the incompressibility of this membrane and the filter cake within
the investigated pressure range. For the ETNAOIPP membrane, fluxes during pressure descent were
slightly smaller than those during pressure increase (data not shown). In all PE filtration experiments,
particle and drop retention were 100%.
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For the UF membrane (cf. Figure 30 a)), within the experimental error, no distinct impact of the
dispersed phase fraction on the filterability of w/o PEs could be observed. PE fluxes were (mostly) higher
than the 1-dodecene flux and a disproportionate filtration behavior was observed (consistent with [199,
200]). Figure 30 b) illustrates the increase in permeability with pressure for PEs.

A qualitatively different result was obtained with the oNF-3 membrane, where the permeability
remained constant with pressure for 1-dodecene and slightly decreased for the PEs (cf. Figure 30 c) and
d)), and PE fluxes were significantly smaller than the pure solvent flux. Within the experimental error, also
no significant impact of the PE volume on the filtration behavior could be observed, allowing the filtration
of highly concentrated PEs without any loss in filtration performance.

Impact of Sauter mean diameter

The impact of the drop size distribution on the filtration behavior of w/o PEs was — due to the better
reproducibility — only investigated for the oNF-3 membrane. Different dispersing speeds for the two
dispersing heads were used to obtain PEs with a wide range of Sauter mean diameters. Results on the self-
similarity and width of different drop size distributions are shown in Figure 69 (appendix).

An increase in flux with the Sauter mean diameter squared — as one might expect from theoretical
considerations (cf. Eq. (11)) — was not observed here (Figure 31). Within the experimental error no
significant impact of the Sauter mean diameter on the flux was observed. The three measurement points
deviating from this showed the largest error bars. Eq. (11) only applies under the following assumptions:
constant filter cake porosity, constant dynamic viscosity of the permeating liquid, constant filter cake
height and constant transmembrane pressure difference. For a constant particle mass fraction, bigger Sauter
mean diameters mean a higher amount of freely suspended residual particles. The results for the rheological
behavior obtained in Section 5.1.3 showed that all investigated PEs form three-dimensional network
structures. Hence, possibly freely suspended HDK®H20 particles are part of this network instead of
accumulating on the membrane surface in the form of a dense filter cake.
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Figure 31. Normalized flux at a pressure of 4 bar against Sauter mean diameter of w/o PEs prepared with the two dispersing heads.
20 mL of PEs were prepared using various dispersing speeds. All experiments were conducted at least in duplicate and mean
values are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size. Blank
symbols were adapted from [I].

In [199], a slight influence of the drop size distribution on flux was only observed for PEs with many
larger drops. The authors also investigated water-in-1-dodecene emulsions stabilized by HDK®H20
particles but conducted their experiments using the ETNAOIPP membrane. Therefore, their observed
differences in flux might also result from the differences in membrane samples (cf. Figure 67 a)
(appendix)) instead of differences in the drop size distributions. For bioactive w/o PEs, no clear correlation
between permeability and drop size could be found [96].

In collaboration with LUM GmbH, investigations of filter cake properties were performed. Four
different PEs were investigated with regard to the packing density, sediment height and compressibility.
The results — together with the corresponding Sauter mean diameters — are shown in Figure 32.
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Figure 32. Packing density of four different w/o PEs prepared using different homogenization conditions and resulting in different
Sauter mean diameters against the position from the membrane surface (bottom of the sample tube, respectively). All experiments
were conducted in duplicate and mean values are shown. For better graph clarity, error bars are not shown.

The analytical centrifugation experiments were conducted using a LUMiSizer® and a LUMiReader
X-Ray® at a constant dispersed phase fraction. The experimental procedure is described in more detail in,
e.g., [123, 130]. During centrifugation, all drops participated in the sedimentation process and formed the
filter cake. In contrast, in the stirred filtration cell, stirring caused a crossflow and thus led to an almost
constant (much smaller) filter cake height (cf. Section 3.2.1 and 4.4) while all other drops were kept in
motion and did not settle. Consequently, the operating conditions in the LUMiSizer® and the stirred
filtration cell cannot be directly compared, but still give an important first insight into the properties of the
sediment.

Within the LUMiSizer® different rotational speeds, and consequently different centrifugal forces or
pressures, respectively, were applied. The transmembrane pressure in centrifugal filtration depends on the
centrifugal rotation speed and the height of the sample column (for details, e.g., [128]). The sediment
volume decreased with increasing pressures, indicating the presence of compressible particle network
structures between adjacent drops. The tendency to compression was pronounced in the range of low
pressures but decreased with higher applied pressures (comparable to those studied in the stirred filtration
cell > 1 bar). The resulting sediment height (6 - 7 mm) as well as the maximum packing density (= 0.8 at
the bottom of the sample tube) at the highest applied pressure were — within the experimental error — very
similar for the different w/o PEs. The packing density of a cubic close packing of 0.74 could be exceeded
due to the polydispersity of the PEs or potential drop deformation. Further results on the relative sediment
volume under different applied pressures are shown in Figure 70 (appendix).

To summarize, the investigated PEs with different Sauter mean diameters or drop size distributions,
respectively, showed very similar filter cake properties and hence no significant influence of the drop size
distribution on flux was observed.

5.1.5 Conclusions

To apply PEs in, e.g., hydroformylation processes (cf. Figure 1), PE preparation can be used as a leverage
to design PEs with tailored characteristics. In this section, the impact of homogenization conditions during
PE preparation on characteristic emulsion properties as well as on their filtration behavior was
systematically investigated for the first time. All emulsions were stable against coalescence for at least 10
weeks.

Suitable parameters for comparison of different dispersing tools were identified by harmonizing the
preparation conditions in a manner which is independent of the explicit volume and equipment and
correlations for, e.g., Sauter mean diameters and dispersion process characteristics were developed (cf.
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Figure 23). Such correlations allow the preparation of PEs with tailored drop sizes suited for the desired
application and allow better comparison of different studies but were not yet available for PEs. The “shear
rate” during PE preparation — defined as the ratio of tip speed and the respective rotor-stator gap width —
was suited best to correlate the obtained results (power law model with an exponent of -1.67 and a
coefficient of determination of 0.95). For the S25N-10G head the “interface generation capacity” was the
determining factor and a particle pre-dispersion in the continuous phase via a sonication bath was required
to obtain smaller drop sizes. For the S25N-18G head, a limiting minimum Sauter mean diameter
(depending on the used particle mass fraction and consequently the “coverage capacity”; approximately
10 um for 0.5 wt.% HDK®H20 particles) existed which could not be reduced by further increase of the
energy input. Since small drop sizes are required for a high interfacial area and high reaction rates, and the
energy demand for PE preparation should be as low as possible, the following homogenization conditions
were selected for all further studies on w/o PEs: S25N-18G, 17,500 min'/2 min, no particle
pre-dispersion via a sonication bath.

The dynamic viscosity of the PEs first decreased with increasing tip speeds, then passed through a
plateau value and finally increased again. The dynamic viscosity was lowest for Sauter mean diameters
between approximately 15 and 40 um. The higher the shear rate applied in rheological measurements, the
lower was the increase of the dynamic viscosity when this range of Sauter mean diameters was exceeded.
It was hypothesized that freely suspended residual particles and their formed networks dominate at low tip
speeds (large Sauter mean diameters) while a stiffening of the emulsion drops takes place at high tip speeds
(small Sauter mean diameters). This hypothesis was supported by additional oscillatory measurements. For
process design, the shear rates applied during mixing, pumping or filtration need to be estimated and
compared with the findings presented in this section.

Two membranes — the ultrafiltration membrane ETNAO1PP and the organic solvent nanofiltration
membrane oNF-3 — were studied and a qualitatively different behavior was observed. The UF membrane
showed a disproportionate increase of flux with pressure, while the oNF-3 membrane showed a constant
permeability and significantly lower fluxes during PE filtration compared to the pure solvent flux. To
explain the observed differences and membrane-particle-solvent interactions, the two membranes will be
separately investigated and discussed in the following sections. No significant impact of drop size
distribution or PE volume within the stirred cell on the filtration performance could be detected. This is
beneficial for the application of PEs in catalytic L/L. multiphase reactions, as it allows the filtration of
concentrated PEs and an adjustment of the drop size distribution to meet the needs for the actual reaction
step.
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5.2 Pickering emulsion filtration using the ultrafiltration membrane ETNA01PP?

The feasibility of w/o PE filtration using the UF membrane ETNAO1PP has been shown for the first time
in 2016 [200]. So far, the impact of DSD [199, 200] (Section 5.1.4), organic solvent type [ 199] or dispersed
phase fraction (Section 5.1.4) was investigated and in all cases an unexpected disproportionate increase of
flux with pressure was observed. In all of the mentioned investigations, PEs were stabilized by HDK*H20
particles. A more fundamental investigation on the influence of particle type as well as on the interactions
between membrane, solvent and particles is still missing. These interactions have to be considered and
understood for a safe and robust process design.

5.2.1 Working program

The impact of different particle types on characteristic PE properties as well as on their filtration behavior
was investigated. For selected experiments, nanoparticle/oil suspensions — as an extreme form of no
dispersed aqueous phase fraction — were studied to get a better understanding of the interactions between
the particles and the membrane without any additional interactions between emulsion drops.

1-dodecene was used as the organic phase. For suspensions and w/o PEs, 100 mL samples were
prepared using the S25N-18G dispersing head at dispersing conditions of 17,500 min™' / 2 min (cf. Section
5.1). w/o PEs were prepared at a volumetric dispersed phase fraction of 0.25. For o/w PEs, the following
preparation procedure was used (according to [204]): 20,000 min' /5 min (S25N-18G). Table 11
summarizes the varied parameters. As the particle hydrophobicity determines the emulsion type (cf.
Section 3.1.1), o/w PEs could only be stabilized by HDK®H20 or HNTs. The impact of particle
concentration on the filterability of w/o PEs will be discussed for the oNF-3 membrane in Section 5.3.3.
More detailed information about the different particle types was introduced in Section 4.1.

All suspensions were filtered without stirring to allow particle sedimentation onto the membrane
surface with time and thus not to disturb the deposit layer. While this is obviously undesirable for practical
applications, the influence of the different particle types on the shape of the filter cake should be
investigated here. All PEs were filtered at a stirrer speed of 500 min’. If not stated otherwise, a new
membrane sample was used for each experiment. Due to the considerable differences in pure 1-dodecene
fluxes during the membrane pre-treatment (cf. Figure 67 a) (appendix)), the filtration results will be
presented in a normalized manner (flux from pressure stepping experiments divided by flux from
membrane pre-treatment).

Table 11. Parameters used for the investigation of suspension and PE filtration using the UF membrane ETNAO1PP.

particle type particle mass fraction &* investigated samples
[wt.%)]
HDK®H15 0.5 w/o PE
HDK®H18 05/1.0 suspension
HDK®H20 0.5/1.0 suspension, w/o PE, o/w PE
HDK®H30 0.5 w/o PE
HDK®H2000 05/1.0 suspension, w/o PE
HNT 0.5 o/w PE

* The higher particle mass fraction of 1.0 wt.% was only investigated for the
nanoparticle/oil suspensions.

5.2.2 Properties of w/o PEs under variation of particle type

The characteristic properties of PEs stabilized by different particle types are presented first. Then, the
results on the UF of PEs using the ETNAO1PP membrane are discussed.

2 The content of this section was partially published in [II] Kempin, M.V.; Stock, S.; von Klitzing, R.; Kraume, M.; Drews, A. (2020): Influence
of particle type and concentration on the ultrafiltration behavior of nanoparticle stabilized Pickering emulsions and suspensions.
Sep. Purif. Technol., 252, 117457, DOL: 10.1016/j.seppur.2020.117457.
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5.2.2.1 Drop size distribution

Figure 33 shows microscopic images of w/o PEs stabilized by different particle types and their
corresponding Sauter mean diameters. Drop size distributions were measured and compared before and
after the filtration process to evaluate the stability of the PEs against the applied pressure and shear during
the filtration. The corresponding cumulative distribution functions of number are shown in Figure 71
(appendix). As PEs prepared with HDK®H18 particles under the here applied UT settings were not stable,
no results are shown for this particle type.
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Figure 33. Optical microscopy images of “standard” w/o PEs prepared with different types of particles for visualization of drop
size distributions and corresponding Sauter mean diameters. Different dilutions led to different numbers of drops per picture. All
experiments were conducted at least in triplicate. For the Sauter mean diameters, mean values and standard deviations are given.
(Top) Before filtration, (bottom) after filtration. Adapted from [II].

PEs stabilized by HDK®H15, H20 and H30 particles showed very similar Sauter mean diameters before
the filtration (cf. Figure 33 top) although they differ in their specific particle surface area while having the
same residual silanol content of 50% (cf. Table 4). Clusters of drops were observed which can be explained
via the stabilizing mechanism described in Section 3.1.2 (particle bridging and/or the formation of
three-dimensional network structures). For HDK®H20 and H30 particles, within the experimental error,
Sauter mean diameters remained the same after the filtration indicating their great stability. HDK®H15
stabilized PEs showed larger and more deformed drops after the filtration and partial coalescence occurred.
Results of contact angle and corresponding AFM measurements indicated that HDK®H15 particles form a
different superstructure compared to HDK®H20 and H30 (indicated by the RMS roughness, cf. Figure
15). It can be assumed that the roughness of the drop surface after particle adsorption to the interface is
significantly changed for HDK®H15 particles resulting in a lower stability under pressure and shear.

For HDK®H2000 particles, having a smaller residual silanol content and consequently fewer hydrogen
bonds between particles can be built, no cluster formation but individually distributed emulsion drops and
much bigger Sauter mean diameters were observed (cf. Figure 33). Within the experimental error, the
Sauter mean diameters before and after the filtration stayed the same.

Binks et al. [29, 32] investigated the impact of particle hydrophobicity on PE type, drop size and
transitional phase inversion. PEs were prepared with a dispersed phase fraction of 0.5 and a fixed
concentration of silica particles of different hydrophobization (varied between 14 and 100% SiOH). They
found smallest drop sizes for emulsions stabilized by particles of intermediate hydrophobicity with a
residual silanol content corresponding to a contact angle of = 90°. Particles with higher (o/w emulsions) or
smaller (w/o emulsions) residual silanol contents yielded larger Sauter mean diameters. For o/w PEs
prepared in a stirred tank, an increase of the particle contact angle from 48° to 93° decreased the Sauter
mean diameter by approximately 20% [220]. Hohl et al. [99] found a strong impact of particle
hydrophobicity on the resulting drop size distribution but not of the specific particle surface area. The
results presented here concerning the impact of particle hydrophobicity and specific surface area are in line
with findings reported in literature, e.g., [29, 99].

Concerning the impact of pressure or shear on w/o PE drop size distributions and stability, different
results were reported. In [200], a slight increase in Sauter mean diameters (11 to 14 um) and polydispersity

49



Results and Discussion

after the filtration was observed for HDK®H20 stabilized water-in-1-dodecene PEs prepared with an
ultrasonic homogenizer. The impact of shear stress in a stirred tank under reaction conditions on the drop
size distribution of the same PEs was investigated in [202]. The authors observed a slight increase of Sauter
mean diameters compared to an unstirred system. In [96], PEs prepared with CPME as the continuous
phase, spherical in-house silica particles and shear-sensitive enzymes in the aqueous phase as biocatalysts
showed a decrease in Sauter mean diameters after the filtration. This might be attributed to the different
material system, different homogenization conditions and the resulting larger Sauter mean diameters of
freshly prepared PEs (d;, = 30 um).

5.2.2.2 Rheological behavior

Before the filtration, PEs stabilized by HDK®H15, H20 and H30 particles did not only show very similar
drop size distributions (cf. Figure 33 top, Figure 71 and Figure 72 (appendix)) but the same shear thinning
rheological behavior and similar storage and loss moduli (Figure 34). An explanation for the shear thinning
behavior of PEs was already given in Section 5.1.3. The storage moduli exceeded the loss moduli
indicating a viscoelastic gel-like behavior. Both moduli were almost independent of the angular frequency
(for G" for angular frequencies < 10 rad s) indicating the emulsion stability within the investigated range
(cf. Section 3.1.6). The different specific particle surface areas of HDK®H15, H20 and H30 did not
significantly influence the rheological behavior of w/o PEs which is in line with [99].
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Figure 34. (a, ¢) Emulsion viscosity against shear rate and (b, d) frequency sweep measurements of “standard” w/o PEs prepared
with different particle types before and after the filtration. All experiments were conducted at least in triplicate and mean values
are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size. Adapted
from [II].
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For PEs stabilized by HDK®H2000 particles, a Newtonian flow behavior was observed and no LVE
area was determined in amplitude sweep measurements (cf. Section 3.1.6). Consequently, HDK*H2000
particles do not form three-dimensional network structures between residual particles and/or emulsion
drops. This is in line with the microscopic images shown in Figure 33, where only for HDK*H2000
particles, drops were individually distributed within the bulk phase without cluster (network) formation.
These results are consistent with [99], where more hydrophobic silica particles led to smaller dynamic
viscosities and a less pronounced shear thinning behavior.

Not only the residual silanol content (particle hydrophobicity, respectively) but also the type of surface
modification has an influence. In [22], it was reported that particles with a dimethylsiloxy surface
modification (such as HDK®H15, H20 and H30, cf. Table 4) allow a stronger thickening effect than
particles with a trimethylsiloxy surface modification (such as HDK®H2000, cf. Table 4). This is consistent
with the information provided by the manufacturer, that all particles — except for HDK®H2000 — can be
applied as thickeners [228, 230-232].

To the best of our knowledge, no experimental results regarding the rheological behavior of PEs after
a filtration process have been published so far. As PEs stabilized by HDK®H15 particles did not remain
stable throughout the filtration (cf. Section 5.2.2.1) and HDK®H2000 stabilized PEs showed strong
fluctuations in the viscosity curves (cf. Figure 73 (appendix); standard deviations for Sauter mean
diameters after the filtration were also highest for this particle type), dynamic viscosities as well as
differences between storage and loss moduli after the filtration are only shown for HDK®H20 and H30
particles in Figure 34 c) and d).

The qualitative shear thinning behavior was maintained after the filtration, but dynamic viscosities
were smaller. The change in the rheological behavior cannot be traced back to changes in the drop size
distributions, as these remained the same for the two particle types (cf. Figure 33 and Figure 71
(appendix)). From constant drop size distributions one can assume that also the amount of residual particles
remained the same, leaving the particle and droplet clusters as the only possible explanation.

A deeper understanding is possible when looking at the results of the frequency tests. For both particle
types, the difference (G'-G'") decreased after the filtration indicating a (partial) break-up of the
three-dimensional network structures. As this decrease was more pronounced for the HDK®H20 particles,
it can be assumed that PEs stabilized by HDK®H30 particles are more stable against the applied shear and
pressure during the filtration.

Furthermore, rotational measurements on the structure reconstruction after shear stress were carried
out via a time-dependent shear rate profile. The sample was first exposed to a very low shear rate to
simulate the resting behavior, then to a high shear rate to simulate the structure degradation and finally to
the same low shear rate as from the first section to simulate the structure reconstruction [149]. The results
for the different w/o PEs are shown in Figure 35.
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Figure 35. Emulsion viscosity as a function of time of “standard” w/o PEs stabilized by different particle types. A shear rate
profile was applied to simulate the rheological behavior at rest, structure degradation and structure reconstruction. All experiments
were repeated in triplicate and mean values are shown. For better graph clarity, error bars are not shown.
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As PEs stabilized by HDK®H2000 particles showed a Newtonian flow behavior, the change of shear
rates does not significantly influence the dynamic viscosity. For emulsions stabilized by particle types with
gelling properties, the high shear rate led to a significant decrease of the dynamic viscosity indicating the
(partial) break-up of the network structures. Reducing the shear rate to a low value in the third section led
to an almost instantaneous increase of the dynamic viscosity. The absolute value of the dynamic viscosity
was lower than in the first section for all emulsions. The percentage regeneration for HDK®*H20, H30 and
H15 was approximately 75%, 70% and 50%, respectively. This supports the other observations made that
HDK®H135 stabilized PEs show the lowest stability against external forces.

5.2.3 Ultrafiltration of w/o PEs

Filtration of nanoparticle/oil suspensions

As an extreme form of no dispersed phase fraction, nanoparticle/oil suspensions were filtered to identify
particle-membrane interactions without any additional interactions between emulsion drops. In order not
to disturb the deposition of particles onto the membrane surface (superimposition of sedimentation, applied
pressure and drag created by the flux), all suspension filtrations were conducted without stirring.
HDK®H20 was selected representatively from the group of HDK®H15, H20 and H30 due to the largest
data base (preliminary works, e.g., [99, 199, 200, 202]). Suspensions of more hydrophobic HDK®H18 and
H2000 particles were also investigated. Since HDK®H18 particles did not successfully stabilize w/o PEs,
the experimental results for these suspensions are shown in the appendix (cf. Figure 74). The dependency
of the normalized flux on pressure for HDK®H20 and H2000 suspensions using a particle mass fraction of
either 0.5 or 1.0 wt.%, respectively, is shown in Figure 36.

Against expectations, suspensions with HDK®H20 particles yielded higher fluxes than pure 1-
dodecene (Figure 36 a)). In contrast to previous PE filtrations (cf. [199, 200] and Section 5.1.4), within
the experimental error a linear increase of flux with pressure was observed (except for the lower particle
mass fraction).
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Figure 36. Normalized flux against pressure of suspensions using different particle mass fractions and different particle types:
(a) HDK®H20 and (b) HDK®H2000. All filtration experiments were conducted in triplicate and mean values are shown. Error
bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size. Adapted from [II].

By way of example, the inset in Figure 36 a) shows the several millimeter thick gel layer formed on
the membrane surface after the filtration of a 1.0 wt.% suspension. The gel layer height increased with
increasing particle mass fraction (measured at different points of the membrane surface using a caliper
gauge; 5.7 £ 0.8 mm for 0.5 wt.% and 7.9 £+ 0.9 mm for 1.0 wt.% suspensions, respectively). The porosity
€ of the gel layer was calculated using the volumes V of the gel and the particles (expressed via the effective
membrane area Afr and the gel layer height hge; or the particle mass my, and density pp, respectively) (Eq.
(23)) and was found to be larger than 99%. Thus, the gel is highly permeable for the pure organic solvent.
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A completely different behavior was observed when suspensions with HDK®H2000 particles were
filtered. As expected from theory, these particles deposited on the membrane surface, formed a (dense)
filter cake and increased the overall filtration resistance (cf. Eq. (13)). Compared to the pure solvent flux,
these suspensions showed decreasing flux levels with increasing particle mass fraction (cf. Figure 36 b))
and no gel layer formation on the membrane surface was observed.

To better interpret the different results depending on the particle type, additional contact angle
measurements of water or 1-dodecene drops on fresh and used membranes were performed (Figure 37).
A more detailed description of the experimental procedure is described in [II]. A 1-dodecene drop showed
a contact angle of approximately 20° on a fresh ETNAOIPP membrane. A quantitative determination of
I-dodecene contact angles on used membranes (after silica particle contact) was impossible as the liquid
was sucked immediately into the membrane. These results show that the particles changed the membrane
wettability, turning it more hydrophobic. This effect seemed to be even more pronounced for HDK*H20
compared to HDK®H2000 (Figure 37 bottom). For the HDK®H20 particles, the formation of a porous gel
layer together with the increase in membrane wettability caused a significant increase in flux compared to
the pure solvent 1-dodecene. In contrast, for HDK®H2000 particles the change in membrane wettability
was exceeded by the formation of the filter cake and thus a decrease in flux compared to the pure solvent
was observed. Considering the differences in the particles tamped densities, these results are plausible
since HDK®H2000 particles can be much more densely packed (cf. Table 4, 40 g L' for HDK®H20 and
100 - 250 g L' for HDK®H2000, respectively).

fresh membrane after HDK®H20 contact after HDK®H2000 contact

water

1-dodecene

Figure 37. Images of (top) water or (bottom) 1-dodecene drops on different ETNAOIPP membrane samples. (Left) fresh
membrane, (middle) after filtration of a HDK®H20 suspension and (right) after filtration of a HDK®H2000 suspension. Adapted
from [1I].

Among others, a change of wettability of different solid surfaces after particle deposition was reported
in [125, 140, 223, 254]. Many publications about the modification (e.g., hydrophilicity/ hydrophobicity)
of membranes in order to reduce fouling and to enhance the permeability and the rejection were published
in literature (e.g., [110]). This intentional modification of membranes with nanoparticles — either via the
incorporation of particles into the membrane structure or via self-assembly — was reported to improve the
membrane performance [16, 17, 53, 124, 127, 132]. In [219], similar findings were reported for the
adsorption of different surfactants onto membrane surfaces. Thus, the qualitative enhancement of flux after
silica particle contact observed here is plausible.

To further test the hypothesis of an increased membrane wettability for 1-dodecene, by way of
example, pure solvent fluxes (at a pressure of 4 bar) through a single membrane sample before and after
the filtration of 1.0 wt.% HDK®H20 suspensions were compared. The experiments were conducted in
duplicate with relatively high standard deviations which can be explained by different amounts of particle
traces on the membrane surface after the careful removal of the gel layer as well as the inherently strong
deviations in different membrane samples (cf. Figure 67 a) (appendix)). The pure solvent flux increased
from approximately 9 L m? h! (fresh membrane) to 120 L m? h'! (used membrane after suspension
filtration). As this increase in flux was significantly higher than the increase during the filtration of the
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suspension (cf. Figure 36 a)), the gel layer contributes to the filtration resistance to some extent (despite
its high porosity).

Filtration of w/o Pickering emulsions
Filtration results of w/o PEs stabilized by different silica particles are shown in Figure 38. For all
emulsions, a disproportionate increase of flux with pressure was observed (even for HDK®H2000 where
— due to flatter curves — the deviation from linearity was less obvious). Hence, the unexpected filtration
behavior using the ETNAO1PP membrane is not restricted to HDK®H20 particles. Comparable to the
results of suspension filtrations, HDK®*H2000 stabilized PEs showed lower flux levels than the pure solvent
while HDK®H15, H20 and H30 stabilized PEs showed an increase in flux (cf. Figure 36 and Figure 38).
The latter three particle types showed a shear thinning and viscoelastic gel-like rheological behavior
(cf. Section 5.2.2.2), and hence the ability to form network structures between adjacent particles and
emulsion drops. Even if the number of possibly freely suspended particles in the continuous phase
increases throughout the filtration due to a partial break-up of these network structures (cf. Figure 34),
these do not significantly add to the filtration resistance as shown in the filtration of nanoparticle/oil
suspensions (cf. Figure 36 a)). Highest flux levels were obtained for HDK*H30 PEs which showed the
highest stability throughout the filtration process (cf. Figure 34 d)).
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Figure 38. Normalized flux against pressure of “standard” PEs stabilized by different particle types. All filtration experiments
were conducted in triplicate and mean values are shown. Error bars represent the standard deviation. Adapted from [II].

Sauter mean diameters for HDK®H2000 stabilized PEs were largest among the investigated particle
types (cf. Section 5.2.2.1). One might expect higher fluxes due to higher hydraulic diameters (cf. Eq. (11)).
Assuming a similar surface coverage, larger Sauter mean diameters for the same particle mass fraction
mean a higher amount of freely suspended residual particles in the continuous phase. Particles without the
ability to form network structures, as shown for the HDK®*H2000 particles in Section 5.2.2.2, form a dense
filter cake and/or settle in the voids between emulsion drops increasing the filtration resistance. This seems
to outweigh the impact of the larger Sauter mean diameters and consequently led to a flux decline
(cf. Figure 38).

These findings are consistent with [95] where highest flux levels were found for water-in-CPME PEs
stabilized by fractal-like silica particles with gelling properties, intermediate flux levels for fractal-like
particles without gelling properties and lowest flux levels for spherical in-house silica particles (PES
ultrafiltration membrane with a MWCO of 10 kDa).

Impact of membrane pre-treatment

The membrane pre-treatment plays an important role as the membrane performance — both, permeability
and rejection, respectively — can be significantly influenced by membrane-solvent interactions [151, 175,
184] (cf. Section 4.4.1). Especially commercially available polymeric UF membranes are often designed
for aqueous applications [59], such as the ETNAOIPP membrane used here [8, 204], and a suitable
membrane pre-treatment is inevitable to use these membranes in non-aqueous systems. Regardless of the
membrane type (e.g., UF or OSN membrane), in non-aqueous systems the membrane pre-treatment should
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be performed using an organic solvent. While an appropriate membrane pre-treatment is necessary to
remove potential residues from the manufacturing process, further impacts of organic solvents on the
filtration properties exist. Due to the exposure to organic solvents, a reorganization of the membrane
material and a change of the polymeric membrane structure was observed [50, 59, 84]. These structural
changes caused a change of the membrane surface hydrophobicity [50, 59, 83, 175]. Membrane swelling
[184] or a change in pore size distribution [50, 83] — both affecting the membrane performance — are also
possible. Furthermore, the membrane pre-treatment might prevent pore collapse during the filtration of
organic solvents and allows the solvent to penetrate into and to wet all pores [107, 162, 175]. Different
pre-treatment solvents and times were proposed [162, 175]. In literature, three different pre-treatment
procedures are often described [59]:

1. Immersion of the membrane into the pure organic solvent.

2. Conditioning of the membrane with a gradual series of solvents with different polarities.

3. Flushing of the membrane with the pure organic solvent.

The procedures of the membrane pre-treatment used in this thesis were described in detail in Section
4.4.1. Typically, the normal pre-treatment was used (combination of pre-treatment procedures 1 and 3,
adapted from [199]). Figure 39 shows filtration results of pure 1-dodecene, suspensions and w/o PEs
(stabilized by HDK®H20) after the normal pre-treatment in comparison to the specialized membrane pre-
treatment (combination of pre-treatment procedures 2 and 3).
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Figure 39. Normalized flux against pressure for filtration of pure 1-dodecene, nanoparticle/oil suspensions and “standard” w/o
PEs after different membrane pre-treatment procedures. Specialized pre-treatment: (a) Immersion of membrane samples in water,
isopropanol/1-dodecene, 1-dodecene. (b) Immersion of membrane samples in water, ethanol/1-dodecene, 1-dodecene. All
experiments were conducted at least in duplicate and mean values are shown. Error bars represent the standard deviation. Where
not visible, error bars are smaller than the symbol size. Data for PEs was adapted from [II].

In all cases fluxes were higher after the specialized membrane pre-treatment, where the membrane
pores were first wetted with the pure polar phase, followed by a replacement of this internal aqueous phase
with a mixture of solvents of decreasing polarities and finally pure 1-dodecene. This seems to have opened
up further pores. Furthermore, a linear dependency between flux and pressure was now observed and the
unexpected disproportionate filtration behavior for PEs was eliminated.

5.2.4 Ultrafiltration of o/w PEs

Results of filtration as well as characterization experiments for o/w PEs stabilized by either 0.5 wt.%
HDK®H20 or HNTs, respectively, are shown in Figure 40.

o/w PEs showed a qualitatively and quantitatively different filtration behavior compared to w/o PEs
(cf. Figure 40 a) and Figure 38). No disproportionate increase in flux was observed and the PE fluxes
were — within the experimental error — similar to the pure water flux. The average water flux from the
(normal) membrane pre-treatment was J, 451 (p = 4 bar) = 97.6 £ 14.6 L m h'!. In contrast to the filtration
of w/o PEs using the same membrane ETNAO1PP and in the case of HDK®H20 the same particle type, no
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significant impact of particle covered oil drops in water or freely suspended particle traces was observed.
In the case of HDK®H20, potentially residual particles are assumed to be present in the oil drops and hence
particle contact with the membrane surface and a change in membrane wettability is assumed to be small.
As a stirrer speed of 500 min! was applied in all PE filtration experiments and as oil drops rather tend to
cream due to the density difference, filter cake formation is assumed to be small and therefore no influence
on flux was observed. In [204], concentration experiments of o/w PEs stabilized by 0.5 wt.% HNTs at a

pressure of 2.5 bar showed that the emulsions can be concentrated up to 90% (vol.) dispersed phase
fraction.
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Figure 40. (a) Normalized flux against pressure, (b) cumulative number distribution, (¢) viscosity curve and (d) frequency sweep
measurement of o/w PEs stabilized by 0.5 wt.% HDK®H20 or HNTs, respectively. The characteristic properties refer to “before
filtration”. All experiments were conducted in triplicate and mean values are shown. Error bars represent the standard deviation.
Where not visible, error bars are smaller than the symbol size. Adapted from [II].

The cumulative number distributions are shown in Figure 40 b). The corresponding Sauter mean
diameters were 9.69 + 0.63 um for HDK®H20 and 8.28 £ 0.14 um for HNT stabilized PEs, respectively.
HDK®H20 stabilized o/w PEs showed a more pronounced shear thinning behavior and higher dynamic
viscosities as well as storage and loss moduli than HNT stabilized emulsions (Figure 40 c) and d)). These
different PE properties did not influence the overall filtration performance. The rheological behavior of

o/w PEs under variation of, e.g., particle concentration or dispersed phase fraction, was investigated in,
e.g., [136, 248].
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5.2.5 Conclusions

The ultrafiltration membrane ETNAO1PP is originally functionalized for its use in aqueous applications
[8]. Pressure stepping experiments of o/w PEs showed — regardless of the particle type — the expected
linear increase of flux with pressure and almost no difference to the pure water flux. Nanoparticle covered
oil drops did not significantly add to a filtration resistance and no specialized membrane pre-treatment was
necessary.

For the intended process described in Chapter 1, the filtration of w/o PEs is required. As an unexpected
filtration behavior was observed for w/o PEs stabilized by HDK®H20 particles in literature [199, 200] and
in Section 5.1.4, further investigations on the influence of particle type and interactions between
membrane, solvent and particles were needed. All w/o PEs showed a more or less pronounced
disproportionate increase of flux with pressure. By an adjustment of the membrane pre-treatment using a
gradual change of solvents of different polarity, this disproportionate filtration behavior was eliminated,
and generally higher fluxes were achieved. For the filtration of nanoparticle/oil suspensions and w/o PEs,
an increase in membrane wettability (turning it more hydrophobic) after silica particle contact was
observed. When particles with gelling properties were used, this increased wettability led to an increase in
flux compared to the pure solvent as potential residual particles built highly porous three-dimensional
network structures and did not (significantly) add to the filtration resistance. When particles without gelling
properties were used, the increased membrane wettability for the organic solvent was outweighed by the
residual particles which formed a dense filter cake and settled in the voids between emulsion drops.

The ability of particles to form such network structures was indicated by the shear thinning rheological
behavior, the viscoelastic properties (storage moduli greater than loss moduli) and the microscopic images,
where the formation of drop clusters was observed for certain particle types. While the tendency to form
networks significantly influenced the filtration behavior, the impact of specific particle surface area or
hydrophobicity as well as drop size distribution seemed to be negligible.

To conclude, the ultrafiltration membrane ETNAO1PP can be applied for the filtration of both o/w and
w/o PEs stabilized by different particles, while in the latter case an adjusted membrane pre-treatment is
recommended. The interactions between solvent, membrane material and particle type are of significant
importance, especially when membranes originally designed for aqueous applications are used in organic
systems. Accompanying measurements regarding the fundamental characterization of PE properties (DSD
and rheology) helped to better understand and explain the observed filtration results.
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5.3 Pickering emulsion filtration using the organic solvent nanofiltration membrane
oNF-3 — systematic experimental parameter study?

5.3.1 Working program

As shown in Section 5.1.4, the oNF-3 membrane showed a very reproducible filtration behavior allowing
a systematic parameter study to identify the main influencing parameters on w/o PE membrane filtration
(Table 12). “Standard” PEs were prepared using 1-dodecene as the continuous phase, 0.5 wt.% silica
particles (HDK®H20 or HDK®H2000, respectively), a dispersed phase fraction of 0.25 and dispersing
conditions of 17,500 min™! / 2 min (S25N-18G) (cf. Section 5.1). If not stated otherwise, 100 mL of PE
were prepared and investigated. Deviations from this standard composition are indicated in the respective
subsections. Except for the experiments to study the impact of temperature on the filtration performance,
all experiments were conducted at room temperature. If not stated otherwise, in all w/o PE filtration
experiments a stirrer speed of 500 min! was applied within the stirred cell.

Table 12. Parameters used to identify the main influencing parameters on w/o PE filtration using the oNF-3 membrane.

Impact on flux?

PE composition

particle type no Figure 41
particle concentration no Figure 43
dispersed phase fraction no Figure 44
catalyst / reaction (by-)products no Figure 41 + Figure 43
solvent type yes Figure 49
PE properties

drop size distribution no Section 5.1.4
Operating conditions

pressure yes Sections 5.1 - 5.3
temperature yes Figure 48
shear rate / crossflow velocity (yes) Figure 45

5.3.2 Impact of particle type

The particle type has a significant impact on the drop size distribution and the rheological behavior of PEs
(cf. Section 5.2.2). This has also been frequently reported in literature and has been described in detail in
Sections 3.1.5 and 3.1.6.

Filtration of w/o PEs prepared using seven different types of particles yielded — within the experimental
error — a normalized flux of = 0.6 at a pressure of 4 bar (Figure 41).

In [95], the impact of different particles on flux was evaluated for bioactive water-in-CPME PEs using
a PES ultrafiltration membrane (MWCO of 10kDa). Spherical particles, not able to form
three-dimensional network structures, formed a dense filter cake and led to a decrease in flux compared to
colloidal particles. The results published in [95] and this work cannot be directly compared due to the
different material pairings and since in [95] long-term filtration runs at a constant pressure (instead of
pressure stepping experiments) were performed. As no normalized filtration data was presented, no
conclusion could be drawn about the variation of pure solvent fluxes during the membrane pre-treatment
for different membrane samples and their impact on the results of PE filtration. Furthermore, detailed
information about the interactions between the PES membrane, the solvent CPME and the particles was
missing.

3 The content of this section was partially published in [V] Kempin, M.V.; Schroeder, H.; Hohl, L.; Kraume, M.; Drews, A. (2021): Modeling of
water-in-oil Pickering emulsion nanofiltration — influence of temperature. J. Membr. Sci., 636, 119547, DOI: 10.1016/j.memsci.2021.119547 and
[VI] Kempin, M.V.; Drews, A.: Organic solvent nanofiltration of water-in-oil Pickering emulsions — What influences permeability?
Membranes, 11, 864, DOI:10.3390/membranes11110864.
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Figure 41. Normalized flux against pressure of “standard” PEs prepared using different particle types and corresponding Sauter
mean diameter of freshly prepared PEs. Except for 50 C18n- and 50 C18n+ particles, all experiments were conducted at least in
duplicate and mean values are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than
the symbol size. PEs highlighted with a (*) are those used for a hydroformylation reaction and contain catalyst and reaction
(by-)products. Except for the mod. H20 particles, data was adapted from [VI].

In contrast to the results presented here, an impact of particle type on the filtration behavior was
observed when the UF membrane ETNAOIPP was used (cf. Section 5.2.3). Particles able to form
three-dimensional networks led to an increase in flux while particles without gelling properties showed a
decrease in flux compared to the pure solvent. PE compositions and preparation conditions as well as the
operating conditions during filtration in Section 5.2.3 and this section were equal. It can be assumed that
the interactions of the particles with the two membranes were different. Table 13 summarizes the
percentage increase or decrease of flux compared to the pure solvent flux at a pressure of 4 bar for
suspensions and PEs (prepared at a fixed particle mass fraction of 0.5 wt.% of either HDK®*H20 or
HDK®H2000 particles) using the two membranes. Comparing the results from suspension filtrations
(cf. also Figure 36 and Figure 86 a) (appendix)), one can conclude that the increase in membrane
wettability after particle contact and the impact of particle gelling properties was more pronounced for the
ETNAO1PP membrane.

Table 13. Percentage increase or decrease of flux (at a pressure of 4 bar) of suspensions and PEs compared to the pure solvent
flux using the ETNAO1PP or the oNF-3 membrane, respectively.

ETNAOIPP oNF-3

suspension HDK®H20 +90% +16%
HDK®H2000 -58% -17%
PE HDK®H20 +104%  -31%
HDK®H2000 -70%  -37%

Filter cake properties of PEs stabilized by 0.5 wt.% HDK®H20 or HDK®H2000 particles were
investigated in collaboration with LUM GmbH (as introduced in Section 5.1.4). Figure 42 shows the
results for the packing density, sediment height and compressibility under variation of pressure. While for
HDK®H20 low packing densities and a compressive behavior were observed at low pressures,
HDK®H2000 particles showed an almost incompressible behavior with the formation of a dense sediment
even at the lowest applied pressures. At pressures > 1 bar (and thus the pressures applied in the pressure
stepping filtration experiments), sediment heights as well as the maximum packing density were similar
for both particle types. Together with the results shown in Table 13, this might explain why no impact of
particle type on the filtration behavior using the oNF-3 membrane was observed.
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Figure 42. Packing density of “standard” w/o PEs stabilized by HDK®H20 or HDK®H2000 particles against the position from the
membrane surface (bottom of the sample tube, respectively). All experiments were conducted in duplicate and mean values are
shown. For better graph clarity, error bars are not shown.

5.3.3 Impact of particle concentration

The impact of particle concentration on the resulting drop size distribution and the dynamic viscosity of
PEs has been described in detail in Sections 3.1.5 and 3.1.6. By way of example, the Sauter mean diameters
are shown in Figure 43 (right) where a decrease of the average drop size with increasing particle mass
fraction is observed. The rheological behavior of PEs stabilized by 0.5 wt.% of either HDK®*H20 or H2000
particles was already shown in Figure 34, results for the higher particle mass fraction of 1.0 wt.% are
shown in Figure 75 (appendix).

Within the experimentally investigated range, the impact of particle concentration on the filtration
behavior was negligible and a normalized flux of = 0.6 was obtained at a pressure of 4 bar (cf. Figure 43).
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206 O 10 0.60 + 0.03 6.59+0.30
= 0.
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Figure 43. Normalized flux against pressure of PEs prepared using different particle types at different particle mass fractions and
corresponding Sauter mean diameter of freshly prepared PEs. Except for 100 C18n+ particles, all experiments were conducted at
least in duplicate and mean values are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller
than the symbol size. PEs highlighted with a (*) are those used for a hydroformylation reaction and contain catalyst and reaction
(by-)products. Except for 0.75 and 0.875 wt.% of 100 C18n+ particles, data was adapted from [VI].

In [200], concentration experiments using the UF membrane ETNAO1PP of w/o PEs prepared using
different particle mass fractions of HDK®H20 and either an UT or ultrasonication were compared. PEs of
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higher particle mass fractions led to higher PE stability during the filtration and could be concentrated up
to higher water contents.

Heyse et al. [96] observed a decrease in flux with higher silica particle mass fractions (15 g Lap™! versus
60 g Lar") and explained this via the higher amount of residual spherical (non-gelling) silica particles in
the continuous CPME phase forming a denser filter cake. In [78], it was shown that the ratio of freely
suspended to bound silica particles (o/w PEs, mean drop sizes of = 3.5 to 5 um) was stable up to a particle
concentration of = 35 g Lap”! while it increased rapidly for higher particle concentrations. While Heyse et
al. [96] used much higher particle mass fractions, the ones used in this work correspond to a particle
concentration of maximum 33 g Lap™! and were thus below the “limit” reported in [78].

5.3.4 Impact of dispersed phase fraction

The fraction of dispersed phase significantly influences the drop size distribution and the rheological
behavior (cf. Sections 3.1.5 and 3.1.6). Results of characteristic properties of PEs stabilized by either
0.5 wt.% HDK®H20 or HDK®H2000 particles, respectively, are shown in Figure 76 (appendix).

No impact of the dispersed phase fraction on the qualitative and quantitative filtration behavior was
observed in pressure stepping experiments (Figure 44). In contrast to Figure 30 in Section 5.1.4, here,
100 mL of PEs were directly prepared with different dispersed phase fractions without any further dilution
within the stirred cell (leading to different drop size distributions and particle mass fractions [related to the
dispersed phase] compared to Figure 30).

While no significant impact of the aqueous phase fraction on the filtration behavior was observed for
HDK®H20 stabilized water-in-CPME PEs in long-term filtration experiments at constant pressure,
increasing the dispersed phase fraction from 0.1 to 0.5 significantly decreased the filterability of
HDK®H2000 PEs to almost 50% in [95]. Further discussion of their results was not possible as detailed
information about the interactions between the PES membrane, the continuous phase CPME and the used
particles was missing.
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Figure 44. Normalized flux against pressure of PEs prepared using (a) HDK®H20 or (b) HDK®H2000 particles at different
dispersed phase fractions. All experiments were conducted at least in duplicate and mean values are shown. Error bars represent
the standard deviation. Where not visible, error bars are smaller than the symbol size. Adapted from [VI].

5.3.5 Impact of catalyst / reaction (by-)products

As the field of PE filtration for its application in continuous processes is still rarely explored, PEs were
typically prepared using only water, the organic phase and the particles in this thesis. For selected
experiments, PEs were prepared under addition of the catalyst-ligand complex and hydroformylation
reactions were performed prior to filtration (cf. [IV]). Consequently, not only the catalyst but also reaction
products and byproducts were present. These emulsions were marked with a (*) in Figure 41 and Figure
43. The filtration performance was not significantly affected. Drop size distributions of freshly prepared
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PEs, after the reaction and after the filtration are summarized in Figure 77 (appendix). It was shown that
Sauter mean diameters as well as drop size distributions — within the experimental error — did not change
throughout the entire process indicating the great stability of the PEs.

5.3.6 Impact of shear rate / crossflow velocity

Pressure stepping experiments were also performed for “standard” w/o PEs using different stirrer speeds
within the filtration cell (Figure 45). The stirred cell can thus be regarded as a mixed form, as the crossflow
— created by the stirring — led to a presumably constant filter cake height. Under the applied test conditions,
regardless of particle type, the stirrer speed did not have an impact on the resulting filtration performance
(cf. Figure 45). Figure 78 and Figure 79 (appendix) show additional results for PEs prepared using
different homogenization conditions resulting in larger Sauter mean diameters (cf. Section 5.1.2).
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Figure 45. Normalized flux against pressure of “standard” PEs prepared using (a) HDK®H20 or (b) HDK®H2000 particles under
application of different stirrer speeds within the filtration cell. All experiments were conducted at least in duplicate and mean
values are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size.
Adapted from [VI].

Conducting long-term filtration experiments at a constant pressure instead of pressure stepping
experiments revealed differences with regard to the impact of stirrer speed on the filtration behavior of PEs
stabilized by different particle types. Figure 46 shows the filtration results (5 h at a constant pressure of
4 bar) using HDK®H20 and HDK®H2000 particles with and without stirring in the filtration cell.

For HDK®H20 particles no impact of the stirrer speed was observed and the flux remained constant
over the entire time period. The slight increase of flux with time could be traced back to an increase of
temperature (~ 2 - 3 °C) in the lab throughout the day (cf. Section 5.3.8 for the impact of temperature on
the filtration behavior).

For HDK®H2000 stabilized PEs, the flux remained only constant when stirring was applied but
significantly decreased after approximately 75 min in the case without stirring. The filter cake resistance
then increased with time. This can possibly be traced back to the differences in sedimentations velocities
of drops (um-range) and particles (nm-range). A simple calculation of the sedimentation velocities of a
single droplet or a single particle without and with superposition of the flux (at a pressure of 4 bar) was
used as a first estimate. For a 20 um big droplet, the superposition of the flux does not significantly reduce
the sedimentation time. It takes a single droplet less than 5 minutes to settle from the top of the filtration
cell to the membrane surface. For the nm-sized particles, the superposition of the flux significantly
decreases the sedimentation time. After 75 minutes, all particles being present in an ~ 1.3 cm thick layer
above the membrane have settled to the membrane surface. It is assumed that in the beginning of the
filtration experiment, the filter cake mainly consisted of drops but with time, more particle aggregates or
agglomerates sedimented and settled in the voids between the emulsion drops. The non-gelling
HDK®H2000 particles formed a dense filter cake instead of three-dimensional network structures
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(cf. Section 5.2.3 for PEs and suspensions using the ETNAO1PP membrane and Figure 86 a) (appendix)
for suspensions using the oNF-3 membrane).
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Figure 46. Flux as a function of time for long-term filtration experiments at a constant pressure of 4 bar of “standard” PEs
stabilized by HDK®H20 or HDK®H2000 particles: (a, ¢) with and (b, d) without stirring. Duplicate experimental runs are shown.
Adapted from [VI].

The corresponding cumulative number distributions Q@ showed slight differences before and after the
long-term filtration experiments although no clear tendency could be observed (cf. Figure 80 (appendix)).
For HDK®H20 stabilized emulsions, the drop size distribution and the Sauter mean diameter stayed
constant when no stirring was applied during filtration (dz;pf=9.62 um; d3; o¢ = 9.93 um), while an
increase of the Sauter mean diameter was observed when a stirrer speed of 500 min"' was applied
(d3zpf = 8.66 um; dzp ¢ = 13.01 pm). For HDK®H2000 stabilized emulsions, the Sauter mean diameter
decreased when stirring was applied during the long-term filtration experiments (d3z;ps=19.66 um;
d33 o = 13.24 pm; cumulative number distribution shifted to smaller drop diameters) while it increased
without stirring (d3; pe = 22.31 pm; d3; 55 = 26.07 um; cumulative number distribution shifted to larger
drop diameters).

5.3.7 Concentration experiments
In addition to the experiments at constant phase ratio within the stirred cell (as fresh organic phase was

continuously transported from a feed tank to the filtration cell), some selected concentration experiments
were conducted to figure out to what extent PEs can be concentrated (cf. Section 4.4.4). 20 mL “‘standard”

63



Results and Discussion

PEs stabilized by either 0.5 wt.% HDK®H20 or H2000 particles and an initial dispersed phase fraction of
0.25 were investigated (Figure 47). The x-axis starts at a dispersed phase fraction of 0.2, since an additional
volume of 5 mL of 1-dodecene was used to flush the funnel used to fill the PEs into the stirred cell. The
dispersed phase fraction at certain times was calculated from a mass balance (cf. Eq. (20)).

For all investigated PEs — within the experimental error — a constant flux was observed up to a dispersed
phase fraction of approximately 60%. Concentrating the emulsions further, led to a steep decrease in flux.
PEs stabilized by HDK®H20 particles could be concentrated up to a dispersed phase fraction of
approximately 75% while the more polydisperse HDK®H2000 stabilized PEs could be concentrated a bit
further.

The results were similar to those presented in [199], where PEs stabilized by HDK®H20 particles could
be concentrated up to a dispersed phase fraction of approximately 80% using the ETNAO1PP membrane.
While in [199] water then passed through the membrane, a clear water-free permeate was obtained using
the oNF-3 membrane.
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Figure 47. Normalized flux against dispersed phase fraction from concentration experiments of “standard” PEs stabilized by
(a, b) HDK®H20 or (¢, d) HDK®H2000 particles. PEs were filtered at a constant pressure of 4 bar either with or without stirring
within the filtration cell. Duplicate experimental runs are shown.

5.3.8 Impact of temperature

The impact of temperature on the filtration behavior was investigated for the pure organic solvent
1-dodecene and for “standard” w/o PEs stabilized by either HDK®H20 or HDK®H2000 particles.
According to the manufacturer, typical operating conditions of the oNF-3 membrane are temperatures up
to 60 °C [46].
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Figure 48 shows an increase in flux with increasing temperature for the pure organic solvent as well
as for the filtration of PEs. For the investigated temperature range (25 to 50 °C), a factor in flux of 1.7 - 1.9
was observed. Consistent with the previous results, PE fluxes were lower than the pure solvent fluxes and
almost no impact of particle type on the filtration behavior was observed.
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Figure 48. Flux against pressure for (a) pure 1-dodecene, (b) HDK®H20 and (¢) HDK®H2000 stabilized “standard” PEs under
variation of temperature. All experiments were conducted at least in duplicate and mean values are shown. Error bars represent
the standard deviation. Where not visible, error bars are smaller than the symbol size. Adapted from [V].

For the permeation of pure solvents, a 1.5 to 3-fold increase in flux with temperature (varied between
0 and 65 °C) was also reported in, e.g., [45, 137, 257]. To the best of our knowledge, the impact of
temperature on the PE filtration behavior has not been published before. However, for surfactant stabilized
w/o emulsions also an increase in permeate flux with increasing temperature has been reported (e.g., [72,
101]). The authors explained this increase in flux with increasing temperature via an increase in the solvent
diffusion coefficient and a decrease in the solvent viscosity.

5.3.9 Impact of organic solvent type

As the level of permeate flux can be expected to depend on the type of solvent and its interaction with the
membrane, different organic solvents varying in their properties (e.g., dynamic viscosity, molar mass or
interfacial tension, cf. Table 3) were investigated. Characteristic PE properties (DSD, viscosity curves and
packing densities of the sediment) are shown in Figure 87, Figure 88 and Figure 89 (appendix),
respectively.
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Figure 49 shows that the type of organic solvent has a significant impact on the flux level. A decrease
in chain length led to an increase in flux while the difference between 1-dodecene and dodecane (same
chain length but differing in double or single bonds) was negligible. Consistent with the previous results,
PE fluxes were smaller than the pure organic solvent fluxes and almost no impact of particle type on the
filtration behavior was observed.
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Figure 49. Flux against pressure for (a) pure organic solvents, (b) HDK®H20 and (¢) HDK®H2000 stabilized “standard” PEs
under variation of organic solvent type. All experiments were conducted at least in duplicate and mean values are shown. Error
bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size. Adapted from [VI].

In [137], the flux of several solvents differing in their physical properties (e.g., molecular size, polarity,
dielectric constant, viscosity, ...) using a MPF-50 membrane was investigated. Consistent with the results
presented here, within a homologous series of solvents, the authors found an increase in flux with
decreasing molecular volume. Ultrafiltration of w/o PEs prepared using different organic solvents
(1-dodecene, decene, decane, toluene) as the continuous phase were investigated in [199]. Focus in [199]
was on the explanation of the unexpected disproportionate PE filtration behavior using the ETNAO1PP
membrane (cf. Section 5.2) and not on the impact of specific solvent properties. However, strong
differences in pure solvent as well as PE fluxes comparing the different organic solvents were observed
even though solvents of similar chain length and hydrophobicity but of different purity were chosen [199].

5.3.10 Conclusions

In this section, a systematic parameter variation to identify the main influencing parameters on w/o PE
filtration using the organic solvent nanofiltration membrane oNF-3 was performed.
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In contrast to the UF membrane ETNAO1PP (cf. Section 5.2.3), using the oNF-3 membrane, all PEs
showed the expected linear increase of flux with pressure and fluxes were lower compared to the pure
solvent flux (permeability reduced by approximately only 40%). No specialized membrane pre-treatment
was required. Consistent with results published for the ETNAO1IPP membrane [199], PEs could be
concentrated up to a dispersed phase fraction of approximately 75% without emulsion break-up. In the
case of the oNF-3 membrane, the flux remained constant up to a dispersed phase fraction of about 60%
and then steeply decreased. No water passed through the membrane and a clear permeate was obtained.

In terms of PE composition, only the type of organic solvent (and consequently its characteristic
properties such as dynamic viscosity or diffusion coefficient) had a significant impact on the filtration
behavior. In terms of process conditions, pressure and temperature played a key role. The applied stirrer
speed within the filtration cell only had an impact on the filtration performance when particles without the
tendency to form three-dimensional network structures were used in long-term filtration experiments. The
filtration behavior of w/o PEs using the oNF-3 membrane was insensitive towards the particle type, the
particle concentration, the dispersed phase fraction as well as the presence of catalyst and reaction
(by-)products. These findings allow a robust operation as well as broad operation windows and an
optimization of the PE composition to meet the needs of the actual reaction.
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5.4 Pickering emulsion filtration using the organic solvent nanofiltration membrane
oNF-3 — modeling approach*

The OSN membrane oNF-3 showed a great reproducibility of the filtration performance and a systematic
parameter study was performed (cf. Section 5.3). Interestingly, only a limited number of parameters
showed a significant impact on the filtration behavior of w/o PEs. The main influencing parameter — apart
from the pressure — was found to be the dynamic viscosity of the continuous organic phase, varied either
via the temperature (for one specific solvent type) or via the use of different organic solvents (at room
temperature). The other parameters, such as the particle type and concentration, the dispersed phase
fraction, the presence of catalyst or reaction (by-)products, as well as the stirrer speed within the filtration
cell did not show any significant impact on the filtration behavior in pressure stepping experiments of
water-in-1-dodecene PEs (cf. Section 5.3). Therefore, for the first time, a mathematical modeling approach
to describe the temperature dependent filtration behavior (cf. Section 5.4.2) and the impact of the organic
solvent type on membrane filtration (cf. Section 5.4.3) is developed and discussed in this section.

5.4.1 Working program

The impact of temperature and organic solvent type on the filtration of w/o PEs was investigated for
“standard” emulsions prepared using 0.5 wt.% of either HDK®H20 or HDK®H2000 particles, respectively,
a dispersed phase fraction of 0.25 and dispersing conditions of 17,500 min / 2 min (S25N-18G). In all
filtration experiments a stirrer speed of 500 min™! was applied within the filtration cell.

5.4.2 Impact of temperature

Pure 1-dodecene fluxes
Since the oNF-3 membrane has a relatively high MWCO (900 Da), there may be a diffusive but also a
convective flow component. Different modeling approaches (cf. Section 3.2.3) were followed to describe
the permeation of pure 1-dodecene at different temperatures. The reader is referred to [V] for more detailed
information.

The oNF-3 membrane is of silicone polymer-based composite type [133]. As oNF-1 and oNF-2
membranes were reported to have a PDMS active layer on a PAN support structure [45, 212, 239, 259],
this membrane composition was also assumed for the oNF-3 membrane and the modeling approach
presented here. It is likely that the main transport resistance occurs in the active PDMS layer.

The solution-diffusion model combined with an Arrhenius-type relationship to express the temperature
dependency of the diffusion coefficient was found to be most appropriate (cf. [V]) and will therefore be
described in detail in the following.

To obtain the volumetric instead of the molar flux in [L m?h'], an extension of Eq. (14) by the
quotient of molar mass and density was required (Eq. (24)). The membrane thickness §¢ Was expressed
via the swelling degree S and the dry (active layer) membrane thickness &, [258].
Dim(T) cim Vi(T) M;

60 RTpi(T)S

The temperature T and the pressure p were defined for each experiment, the universal gas constant ‘R
and the molar mass M of the solvent i were taken from literature, the temperature dependent density p of
the solvent was determined experimentally (cf. Eq. (17) in Section 4.1), leaving the swelling degree S, the
concentration ¢ of solvent inside the membrane, the dry membrane thickness &, and the diffusion
coefficient D as unknown parameters.

The parameter determination was based on [258], where the retention of the non-ionic surfactant
Marlipal 24/70 from the organic solvent 1-dodecene using oNF-1 and oNF-2 membranes was investigated.
The authors used the same organic solvent as used in this thesis and membranes of the same series as the

Ji(T) = (24)

4 The content of this section was partially published in [V] Kempin, M.V.; Schroeder, H.; Hohl, L.; Kraume, M.; Drews, A. (2021): Modeling of
water-in-oil Pickering emulsion nanofiltration — influence of temperature. J. Membr. Sci., 636, 119547, DOI: 10.1016/j.memsci.2021.119547 and
[VI] Kempin, M.V.; Drews, A.: Organic solvent nanofiltration of water-in-oil Pickering emulsions — What influences permeability?
Membranes, 11, 864, DOI:10.3390/membranes11110864.
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oNF-3 membrane but with smaller MWCOs (600 Da and 350 Da, respectively, cf. Table 5). It is thus
likely that the model parameters determined in [258] can be applied for the permeation of pure 1-dodecene
and the filtration of w/o PEs presented here.

The thickness of a dry and swollen PDMS layer upon contact with 1-dodecene at room temperature
and atmospheric pressure was measured using a micrometer gauge in [258]. The swelling degree S was
found to be 2. The extent of swelling of PDMS in different solvents can either increase, stay constant or
decrease with increasing temperature [73]. For a PDMS membrane upon contact with toluene (Hildebrand
solubility parameter of 18.20 (J cm™)%?) the swelling degree based on the length and weight increase,
increased by 4.3% and 9.1%, respectively, when the temperature was increased from 8 to 42 °C [121]. In
[73], it was stated that the impact of temperature on the swelling degree is smaller for “better” solvents
with “good” and “poor” solvents being classified via the differences in the solubility parameters between
the respective solvent and PDMS [251]. The Hildebrand solubility parameter for PDMS was reported to
be 15.0 - 15.5 (J cm™)%3[1, 119, 211, 259]. The one for 1-dodecene was calculated based on the molecular
structure of the solvent as published in [74] and found to be 16.75 (J cm™)"°. 1-dodecene was assumed to
be a “good” solvent (even “better” than toluene) and the impact of temperature on the swelling degree was
assumed to be low. This was confirmed by experimental results in [258], where the solvent uptake by the
membrane at 25 °C and 35 °C was equal. The swelling degree of the oNF-3 membrane in 1-dodecene was
therefore assumed to be independent of temperature and the constant value of § = 2 reported in [258] was
used in the modeling approach.

The concentration of 1-dodecene in the (swollen) active PDMS membrane material was calculated
using Eq. (25) in [258].

_oon m;/M;
Vtotal VPDMS - VfV + Vsolvent

The maximum absorbed amount of 1-dodecene m; per gram PDMS was determined via gravimetric
absorption and swelling experiments and was found to be 1.6 g [258]. Using the densities of 1-dodecene
(cf. Table 3) and PDMS (970 kg m™), the volumes Vppus and Vojyent Were calculated to be 1.03 cm?® and
2.11 e, respectively, [258]. Furthermore, a free volume Vi, of approximately 19% (0.2 cm®) was
assumed [258]. The calculated concentration cjy; of 3,240 mol m™ was also used for the modeling approach
in this thesis and a temperature dependency was neglected.

The dry active membrane layer thickness &, for oNF-1 and oNF-2 membranes was reported to be
3.5 um and 2.5 pum, respectively, in [258] but is unknown for the oNF-3 membrane. The membrane was
shown to be incompressible within the experimentally investigated pressure range (cf. Sections 5.1.4 and
5.3) and the dry membrane thickness was assumed to be constant and lumped with the diffusion coefficient
in the fitting.

A theoretical derivation of the diffusion coefficient of a solvent through a membrane is typically not
possible, as it depends on, e.g., the crosslinking degree or the procedure of the membrane production [258].
For commercially available membranes, these properties are mostly unknown. In the modeling approach
developed here, the diffusion coefficient was assumed to be independent of pressure but temperature
dependent. According to [90, 159], the temperature dependency was expressed via an Arrhenius-type
relationship (Eq. (26)).

(25)

Cim

Dim = D, exp (— E) (26)
8o

The coefficient D, and the activation energy E, were fitted to the experimental permeation data of pure
1-dodecene obtained at three distinct temperatures (25, 35 and 45 °C). Values for the coefficient and the
activation energy were found to be 2.75 m s and 22.7 kJ mol’!, respectively, with the latter being in the
same order of magnitude as reported for, e.g., dodecane [90] or cyclohexane [159] and polymeric
membranes.

The parity plot (Figure 50) shows that deviations between experimental and modeled values were
smaller than 5%, indicating the great accuracy of the developed model (given in Eq. (24) with the ratio of
diffusion coefficient and dry active membrane layer thickness expressed via Eq. (26) and the temperature
dependent density given in Eq. (17)). The experimental results (flux against pressure) as well as the results
from the model fit and model prediction are shown in Figure 81 (appendix).
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Figure 50. Parity plot for pure 1-dodecene fluxes at different temperatures with the modeled values against the experimental data.
The solution-diffusion model (Eq. (24)) combined with an Arrhenius-type relationship to describe the temperature dependency of
the diffusion coefficient (Eq. (26)) was used. For the model fit, the experimental results at temperatures of 25, 35 and 45 °C were
used. All experiments were conducted at least in duplicate. Error bars represent the standard deviation. Where not visible, error
bars are smaller than the symbol size. Adapted from [V].

In summary, the proposed model is able to successfully represent pure 1-dodecene fluxes through
oNF-3 membranes at different temperatures and will therefore be used in the following. The modeling
approach via the solution-diffusion model is schematically summarized in Figure 51.

solution-diffusion model i
P fitting of Dy and E, prediction of flux
] = Dim Cim Vi Mi A > Dim _ f(T) data
iT 5, mTSp P 80

literature values: ¢y ‘ change of T ’
S

M;
experimental data: p;(T) } Vi
flux data at 25/35/45°C

Figure 51. Schematic representation of pure 1-dodecene flux modeling. Highlighted in grey are necessary literature values and
experimental data. Filtration experiments were conducted in pressure stepping mode at four different pressures as described in
Section 4.4.2. Adapted from [V].

Filtration of w/o PEs
For the prediction of PE fluxes, a combination of the SDM (developed in the previous paragraph) and the
resistance in series model was used (Eq. (27)).

L _ni(MRu 4 MM Rex(25°C) 1 ni(T) Rk (25°C)
Jpex(T) Ap Ap Jisom(T) Ap

1 SRTaMS (1) Rex(25°C) @7
Jeex(T) — Dim(T) cim Vi(T) M; Ap Ap

All parameters needed for the first term are known by now. The subscript i denotes the pure solvent
1-dodecene, while the subscript k denotes the particle type (HDK®*H20 or HDK®H2000, respectively). The
temperature dependent dynamic viscosity of 1-dodecene was expressed via Eq. (16).

Cake resistances shown in Figure 52 were calculated from experimental filtration data at different
temperatures via the resistance in series model (cf. Eq. (13)) with the membrane resistance Ry calculated
from Eq. (12) using the results from the permeation of the pure solvent (range of 6:10'%-1-10" m!,
cf. Figure 82 (appendix)).
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Figure 52. Cake resistance against pressure of “standard” w/o PEs stabilized by (a) HDK®H20 or (b) HDK®H2000 particles.
Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size. Adapted from [V].

All PEs were prepared at room temperature and heated to the desired temperature within the stirred
cell. Consequently, all freshly prepared PEs showed — depending on the particle type — the same Sauter
mean diameters and the same dynamic viscosity (cf. Section 5.2.2). Although the characteristic properties
(DSD and rheological behavior) of the HDK®H20 and H2000 stabilized emulsions differed significantly,
cake resistances were very similar for both particle types. Filter cake properties at the pressures applied
here were also similar (cf. Figure 42). Differences in cake resistances with increasing pressure were small
and were assumed to lie within or at least close to the experimental error. Cake resistances were also
assumed to be independent of temperature, as — despite higher scatter — no clear tendency was observed
(cf. Figure 52). In the following, cake resistances were fitted to the experimental data at 25 °C only (small
number of experiments regarding the practical applicability of the developed model). Mean cake
resistances and standard deviations were calculated to be Rcpzo=(16.9+2.76) 10" m" and
RcH2000 = (24.1 £5.38) 10" m™, respectively. Being significantly smaller than the membrane resistance,
the differences in cake resistances only play a minor role on the total resistance and can therefore be safely
averaged.

Deviations between modeled and experimental values for emulsions stabilized by either HDK®H20 or
HDK®H2000 particles were smaller than 10 or 15%, respectively (Figure 53).
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Figure 53. Parity plot for w/o PE fluxes at different temperatures with the modeled values against the experimental data. A
combination of the solution-diffusion and the resistance in series model was used. For the model fit (Eq. (27)), the experimental
results at a temperature of 25 °C were used. (a) HDK®H20 and (b) HDK®H2000 stabilized PEs. All experiments were conducted
at least in duplicate. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size.
Adapted from [V].
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As the cake resistance at the lowest applied temperature was used for the model fit, a slight systematic
overestimation of flux was observed. The experimental results (flux against pressure) as well as the results
from the model fit and model prediction are shown in Figure 83 (appendix).

To summarize, the proposed model successfully predicts w/o PE fluxes at different temperatures. It
shows great practical applicability as model fits should be performed with the smallest experimental effort.
Here, only a limited number of filtration experiments — the permeation of the pure organic solvent at three
distinct temperatures and one filtration run for PEs (one for each particle type) — was necessary. The
modeling approach for w/o PE filtration via the combined solution-diffusion and resistance in series model
is schematically shown in Figure 54.
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Figure 54. Schematic representation of w/o PE filtration modeling. Highlighted in grey are necessary experimental data. Filtration
experiments were conducted in pressure stepping mode at four different pressures as described in Section 4.4.2. Adapted from
[V].

5.4.3 Impact of organic solvent type

Pure organic solvent fluxes

The solution-diffusion model was well suited to describe pure 1-dodecene fluxes through the oNF-3
membrane under variation of temperature (cf. Section 5.4.2). Therefore, Eq. (24) was also used to model
the permeation of different organic solvents. The concentration ¢ of solvent inside the membrane, the
swelling degree S, the dry membrane thickness &, and the diffusion coefficient D were the unknown
parameters which needed to be identified first.

The concentration of solvent inside the membrane was calculated using Eq. (25). The free volume as
well as the volume of PDMS were kept constant and the values published in [258] and described in Section
5.4.2 were used. The parameter m; was determined experimentally via solvent uptake measurements. The
mass of dry and wet membrane samples was measured. The samples were soaked in the respective solvent
for 48 hours at room temperature and carefully dried with filter paper prior to the measurement. For each
solvent, the experiments were repeated with five membrane samples and mean values as well as standard
deviations are given in Table 14. The experimentally determined values for 1-dodecene are in good
agreement with the values published in [258].

Table 14. Results from solvent uptake experiments to determine the mass of solvent inside of oNF-3 membrane samples and
calculated concentrations of solvent inside the membrane using Eq. (25). Adapted from [VI].

m; [g] cim [mol m™]
1-dodecene 1.58 £0.03 3,214.8
dodecane 1.57 £0.03 3,148.3

decene 1.51 £0.02 3,746.5
octene 1.36 £ 0.03 4,429.5
heptane 1.20+0.03 4,613.5

The swelling degree of S =2 used for 1-dodecene in Section 5.4.2 and adapted from [258] was
determined by experimental thickness measurements. Since we did not have access to the pure PDMS
material, only the composite membrane was available and experimental thickness measurements for the
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different solvents were not possible. In this first modeling approach the value of S = 2 was assumed to be
constant for all solvents.

The (constant) dry membrane thickness was again lumped with the diffusion coefficient in the fitting.
According to [90], the diffusion coefficient decreases linearly with the molar volume. A linear correlation
between the ratio of diffusion coefficient and dry membrane thickness and the molar volume calculated
from the experimental data of 1-dodecene and heptane was used in a first attempt (cf. Eq. (28) and Figure
55).
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Figure 55. Parity plot for pure organic solvent fluxes with the modeled values against the experimental data. The solution-diffusion
model (Eq. (24)) combined with a linear correlation between the ratio of diffusion coefficient and dry membrane thickness and
the molar volume of the organic solvent (Eq. (28)) was used. For the model fit, the experimental results using 1-dodecene and
heptane were used. All experiments were conducted at least in duplicate. Error bars represent the standard deviation. Where not
visible, error bars are smaller than the symbol size. Adapted from [VI].

Significantly better predictions were obtained when the ratio of diffusion coefficient and dry membrane
thickness was linearly correlated with the reciprocal of the molar mass of the solvents (again, the
experimental data of 1-dodecene and heptane were used) (Eq. (29) and Figure 56).
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Figure 56. Parity plot for pure organic solvent fluxes with the modeled values against the experimental data. The solution-diffusion
model (Eq. (24)) combined with a linear correlation between the ratio of diffusion coefficient and dry membrane thickness and
the reciprocal of the molar mass of the organic solvent (Eq. (29)) was used. For the model fit, the experimental results using
1-dodecene and heptane were used. All experiments were conducted at least in duplicate. Error bars represent the standard
deviation. Where not visible, error bars are smaller than the symbol size. Adapted from [VI].
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Consequently, when correlating via the molar mass, the exact knowledge of the swelling degree for
each solvent is not necessary and the assumption made (S = 2 for all solvents) is sufficient.
D; 1 m
M _ (02272 =L _0001) = (29)
8o M; mol s
As deviations between experimental and calculated fluxes were smaller than 10%, this modeling
approach will be used in the following. The experimental results (flux against pressure) as well as the
results from the model fit and model prediction are shown in Figure 84 (appendix).

Filtration of w/o PEs

A combination of the solution-diffusion model and a resistance in series model was used to describe the
filtration behavior of w/o PEs (cf. Eq. (27)). Cake resistances were calculated from experimental filtration
data via the resistance in series model (cf. Eq. (13)), with the membrane resistance Ry calculated from
Eq. (12) using the results from the permeation of the different pure organic solvents (range of
7.1-101 - 1.6-10" m!, cf. Figure 90 (appendix)). The cake resistances were — within the experimental
error — assumed to be independent of pressure (Figure 57). Scatter of cake resistances for varying organic
solvents was bigger but no clear correlation of cake resistances with either the characteristics of the organic
solvents or the experimentally determined Sauter mean diameters was found. In this first modeling
approach (cf. Eq. (27) combined with Eq. (29)), constant mean cake resistances obtained from filtration
experiments using 1-dodecene at room temperature were used for the model fit (3.07-10" m?! for
HDK®H20 and 2.23-10"* m™! for HDK®H2000 stabilized PEs).
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Figure 57. Cake resistance against pressure of “standard” w/o PEs prepared using different organic solvents and stabilized by
(a) HDK®H20 or (b) HDK®H2000. Error bars represent the standard deviation. Where not visible, error bars are smaller than the
symbol size. Adapted from [VI].

Deviations between modeled and experimental values for emulsions stabilized by either HDK®*H20 or
HDK®H2000 particles were smaller than 20% and a slight overestimation of flux was observed (Figure
58). Considering the simplified assumptions made, the results can be rated as good. The experimental
results (flux against pressure) as well as the results from the model fit and model prediction are shown in
Figure 85 (appendix).
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Figure 58. Parity plot for w/o PE fluxes (prepared using different organic solvents) with the modeled values against the
experimental data. A combination of the solution-diffusion and the resistance in series model was used. For the model fit
(Eq. (27) combined with Eq. (29)), the experimental results of 1-dodecene at room temperature were used. (a) HDK®H20 and
(b) HDK®H2000 stabilized PEs. All experiments were conducted at least in duplicate and mean values are shown. Error bars
represent the standard deviation. Where not visible, error bars are smaller than the symbol size. Adapted from [VI].

5.4.4 Conclusions

A mathematical model to describe the filtration of w/o PEs was developed for the first time. Cake
resistances were (almost) independent of pressure, temperature and the type of organic solvent. The
membrane itself was incompressible within the experimentally investigated pressure range, but the
membrane resistance depended on the diffusion coefficient. Pure solvent fluxes were predicted with great
accuracy using the solution-diffusion model (deviations between experimental and calculated fluxes lower
than 10%). The temperature dependency of the diffusion coefficient was modeled via an Arrhenius-type
relationship, while the diffusion coefficient for the different organic solvents was modeled via a linear
correlation with the reciprocal of the molar mass. Combining this solution-diffusion model with a
resistance in series model yielded a model for w/o PE filtration (deviations between experimental and
calculated fluxes lower than 20%). Another advantage of the developed model is that it can easily be
applied in practice, as only a limited number of filtration experiments is necessary — namely, filtration
experiments with (two) organic solvents (at three temperatures) and only one PE filtration experiment (for
each particle type).

The results obtained in this section are indispensable for a model-based optimal process design for PE
application in continuous catalytic L/L. multiphase systems.
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6 Summary and Outlook

Pickering emulsion filtration for phase separation as well as efficient catalyst and additives recycling in
the PE assisted interfacial catalysis was proven to be a promising procedure to enable economically feasible
and continuous processes. It is a very robust procedure (in the investigated range) for the (single stage)
mechanical separation of the catalyst containing dispersed phase drops and the continuous organic (product
containing) phase with broad operation windows and a large optimization potential. For a complete
understanding of the filtration process, a detailed characterization of the Pickering emulsions was essential.
Knowledge about the drop size distribution and residual particles is indispensable as these constitute the
filter cake. Exact knowledge about the rheological behavior is necessary in terms of, e.g., mixing, pumping
or stirring. Therefore, the PE preparation procedure and physico-chemical properties (stability, DSD,
rheological behavior) were investigated. The operating conditions and the emulsion composition were
varied. This thesis systematically addressed the membrane filtration of PEs using selected membrane types.
The main influencing factors on PE filtration were identified and, for the first time, a transport model to
describe the filtration of w/o PEs was developed. The three questions elaborated in Chapter 2, which have
been examined in detail in the context of this thesis, will be briefly answered in the following.

How do preparation conditions and PE composition influence the characteristic PE properties?

To the best of our knowledge, no empirical correlations to describe the impact of preparation process
conditions on, e.g., drop size distributions, existed so far. The impact of homogenization conditions using
two different heads of a rotor-stator device on the properties of w/o PEs of constant composition (stabilized
by gelling particles) was systematically investigated. Depending on the dispersing head either the
“interface generation capacity” (i.e., the power input) or the “coverage capacity” (i.e., the particle mass
fraction) determined the drop size distribution while in the latter case a limiting minimum Sauter mean
diameter was obtained. The results of the two dispersing heads could be best correlated using a power law
and the “shear rate” during PE preparation (defined as the ratio of the tip speed and the respective gap
width between the rotor and the stator). This correlation now allows the prediction of the “shear rate” (and
thus tip speed for a given device) to prepare PEs with tailored drop sizes. For increasing “shear rates” the
dynamic viscosity passed through a minimum leading to the assumption that both, the amount of unbound
silica particles (i.e., network formation) and the drop size distribution (i.e., stiffening of drops) have an
impact on the emulsion viscosity. Based on these investigations, the following homogenization conditions
were chosen for all further studies: S25N-18G dispersing head, 17,500 min™' /2 min without particle
pre-dispersion in the continuous phase in a sonication bath prior to the actual PE preparation.

The analysis of the PE composition was based on a broad knowledge from literature and was in good
agreement with published results. More hydrophobic silica particles led to larger Sauter mean diameters
and smaller dynamic viscosities, while the specific particle surface area only had a minor impact. Higher
particle mass fractions led to smaller drop sizes and higher dynamic viscosities. An increase of the
dispersed phase fraction led to an increase of the Sauter mean diameter and the dynamic viscosity. Particles
of intermediate hydrophobicity showed shear thinning rheological behavior and oscillatory measurements
proved their feasibility to form three-dimensional network structures. More hydrophobic silica particles
(with a higher tamped density) showed a Newtonian flow behavior without gelling properties. This was
also proven in analytical centrifugation experiments on the packing densities of the “filter cakes” in
collaboration with LUM GmbH.

What are the main influencing parameters on w/o PE filtration using UF and OSN membranes?
Due to the novelty of Pickering emulsion filtration, suitable membranes were screened and interactions
between the membrane, particles and the solvent were characterized. Significantly different results of the
PE filtration behavior were observed for the ultrafiltration membrane ETNAO1PP and the organic solvent
nanofiltration membrane oNF-3 despite their similar MWCO.

To apply the ETNAO1PP membrane in organic solvents (originally designed for its application in
aqueous systems) and to diminish the unexpected disproportionate increase of flux with pressure, a
specialized membrane pre-treatment by a gradual solvent exchange was elaborated. The contact of the
silica particles with the membrane led to an increased membrane hydrophobicity. During filtration,
particles with gelling properties were able to form a highly porous gel layer on the membrane surface. This
additional resistance was outweighed by the increase in membrane wettability and fluxes of suspensions
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and w/o PEs were higher than pure solvent fluxes. Particles with non-gelling properties formed a dense
filter cake, leading to a flux decline. Filtration of o/w PEs was successful and PE fluxes were close to those
of pure water. No specialized membrane pre-treatment was necessary and the reproducibility of the
filtration performance was much better than in the case of organic solvents.

The oNF-3 membrane showed a great reproducibility of the filtration behavior, the expected linear
increase of flux with pressure, lower fluxes for w/o PEs compared to the pure solvent and no specialized
membrane pre-treatment was necessary. This membrane type was used to systematically investigate the
impact of varying PE compositions and operating conditions on the filtration behavior. The main
influencing parameters were the transmembrane pressure, the temperature and the type of organic solvent.
The stirrer speed within the filtration cell only became important when particles without gelling properties
were used in long-term filtration experiments. Neither the drop size distribution nor the dispersed phase
fraction had a significant impact on the filtration performance allowing the filtration of concentrated PEs
in small reactors which is beneficial in terms of process intensification.

Which modeling approaches are suited to describe the filtration of w/o PEs?

A suitable transport model to describe the permeation of solvent through the membrane — which is essential
for process design (membrane surface area) and optimization (temperatures and pressures) — was
developed for the first time. Pure solvent fluxes — either under variation of temperature or organic solvent
type — were modeled via the solution-diffusion model with high accuracy (deviations between experimental
and calculated fluxes < 10%). The temperature dependency of the diffusion coefficient was described via
an Arrhenius-type relationship while the diffusion coefficient for the different solvents was linearly
correlated with the reciprocal of the molar mass. Cake resistances were almost independent of pressure,
temperature, solvent and particle type. The filtration of w/o PEs was successfully modeled by combining
the solution-diffusion model with a resistance in series model (deviations between experimental and
calculated fluxes <20%). As only very few filtration experiments were necessary for the model fit, the
developed model is of great practical applicability.

In future works, the interactions between the nanoparticles (silica as well as other materials), the solvent
and different membrane types should be investigated in more detail by using swelling experiments, contact
angle measurements or SEM and TEM of the membrane surface and the membrane cross-section. As
shown in this thesis, different membranes showed significant differences in the qualitative and quantitative
filtration performance, specific interactions with the particles and in some cases a specified membrane
pre-treatment was necessary. Therefore, (in-house) membranes with tailored properties should be tested to
promote the physical understanding of the underlying phenomena even further.

The robust filtration behavior of the oNF-3 membrane enables the optimization of the PEs to meet the
needs of the reaction (e.g., particle type and concentration, catalyst). As, e.g., hydroformylation reactions
are typically performed at higher temperatures and pressures and the retentate is to be returned to the
reactor, cooling costs should be as low as possible. PE filtration at higher temperatures was therefore
investigated and modeled in this thesis. Future work should include higher pressures and (real) crossflow
filtration. A transferability of the developed model to these changed operating conditions and modes as
well as different membranes must be examined. For crossflow operation, the pumpability of different PEs
needs to be determined. In addition, the system is probably extendable to other (bio-)chemical reactions.
If the pressure and temperature applied during the reaction are compatible with the membrane material,
the filtration can even be integrated into the reactor. Focus should also be laid on long-term operation to
investigate the membrane performance and the PE stability.

Furthermore, it would be interesting to track the drop size distribution and the formation of the filter
cake on-line. Different in-situ monitoring techniques, e.g., DOTM (direct observation through the
membrane) exist and allow the observation of, e.g., droplet attachment onto the membrane or droplet
coalescence on the membrane surface. Since significantly different operating conditions are required for
this type of experiment (e.g., very low dispersed phase fraction, low crossflow velocity), the transferability
of these results must be verified.

In summary, this thesis has advanced the knowledge about the properties of Pickering emulsions and their

influence on the filtration behavior under various process conditions and thus helps to pave the way towards
a genuine continuous reaction and filtration system.
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Figure 35. Emulsion viscosity as a function of time of “standard” w/o PEs stabilized by different particle types. A
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reconstruction. All experiments were repeated in triplicate and mean values are shown. For better graph clarity, error
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particle types: (a) HDK®H20 and (b) HDK®H2000. All filtration experiments were conducted in triplicate and mean
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Figure 38. Normalized flux against pressure of “standard” PEs stabilized by different particle types. All filtration
experiments were conducted in triplicate and mean values are shown. Error bars represent the standard deviation.
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Figure 40. (a) Normalized flux against pressure, (b) cumulative number distribution, (¢) viscosity curve and (d)
frequency sweep measurement of o/w PEs stabilized by 0.5 wt.% HDK®H20 or HNTs, respectively. The
characteristic properties refer to “before filtration”. All experiments were conducted in triplicate and mean values are
shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size.
F N b LT AN o) 10 1 1 SRR URRRRR 56

Figure 41. Normalized flux against pressure of “standard” PEs prepared using different particle types and
corresponding Sauter mean diameter of freshly prepared PEs. Except for 50 C18n- and 50 C18n+ particles, all
experiments were conducted at least in duplicate and mean values are shown. Error bars represent the standard
deviation. Where not visible, error bars are smaller than the symbol size. PEs highlighted with a (*) are those used
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Figure 42. Packing density of “standard” w/o PEs stabilized by HDK®H20 or HDK®H2000 particles against the
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duplicate and mean values are shown. For better graph clarity, error bars are not Shown. ..........cccccevveviveereeieennnnne. 60

Figure 43. Normalized flux against pressure of PEs prepared using different particle types at different particle mass
fractions and corresponding Sauter mean diameter of freshly prepared PEs. Except for 100 C18n+ particles, all
experiments were conducted at least in duplicate and mean values are shown. Error bars represent the standard
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Figure 44. Normalized flux against pressure of PEs prepared using (a) HDK®H20 or (b) HDK®H2000 particles at
different dispersed phase fractions. All experiments were conducted at least in duplicate and mean values are shown.
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Figure 45. Normalized flux against pressure of “standard” PEs prepared using (a) HDK®H20 or (b) HDK®H2000
particles under application of different stirrer speeds within the filtration cell. All experiments were conducted at least
in duplicate and mean values are shown. Error bars represent the standard deviation. Where not visible, error bars are
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Figure 47. Normalized flux against dispersed phase fraction from concentration experiments of “standard” PEs
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Figure 48. Flux against pressure for (a) pure 1-dodecene, (b) HDK®H20 and (¢) HDK®H2000 stabilized “standard”
PEs under variation of temperature. All experiments were conducted at least in duplicate and mean values are shown.
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Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size. Adapted
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Figure 49. Flux against pressure for (a) pure organic solvents, (b) HDK®H20 and (¢) HDK®H2000 stabilized
“standard” PEs under variation of organic solvent type. All experiments were conducted at least in duplicate and
mean values are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the
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Figure 50. Parity plot for pure 1-dodecene fluxes at different temperatures with the modeled values against the
experimental data. The solution-diffusion model (Eq. (24)) combined with an Arrhenius-type relationship to describe
the temperature dependency of the diffusion coefficient (Eq. (26)) was used. For the model fit, the experimental
results at temperatures of 25, 35 and 45 °C were used. All experiments were conducted at least in duplicate. Error
bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size. Adapted from

Figure 51. Schematic representation of pure 1-dodecene flux modeling. Highlighted in grey are necessary literature
values and experimental data. Filtration experiments were conducted in pressure stepping mode at four different
pressures as described in Section 4.4.2. Adapted from [V]. ....oooiiiiiiiiii e 70

Figure 52. Cake resistance against pressure of “standard” w/o PEs stabilized by (a) HDK®H20 or (b) HDK*H2000
particles. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size.
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Figure 53. Parity plot for w/o PE fluxes at different temperatures with the modeled values against the experimental
data. A combination of the solution-diffusion and the resistance in series model was used. For the model fit (Eq.
(27)), the experimental results at a temperature of 25 °C were used. (a) HDK®H20 and (b) HDK®H2000 stabilized
PEs. All experiments were conducted at least in duplicate. Error bars represent the standard deviation. Where not
visible, error bars are smaller than the symbol size. Adapted from [V]. ...ccccoevvieiiinienieiieiieeeeeeeee e 71

Figure 54. Schematic representation of w/o PE filtration modeling. Highlighted in grey are necessary experimental
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Figure 55. Parity plot for pure organic solvent fluxes with the modeled values against the experimental data. The
solution-diffusion model (Eq. (24)) combined with a linear correlation between the ratio of diffusion coefficient and
dry membrane thickness and the molar volume of the organic solvent (Eq. (28)) was used. For the model fit, the
experimental results using 1-dodecene and heptane were used. All experiments were conducted at least in duplicate.
Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size. Adapted

Figure 56. Parity plot for pure organic solvent fluxes with the modeled values against the experimental data. The
solution-diffusion model (Eq. (24)) combined with a linear correlation between the ratio of diffusion coefficient and
dry membrane thickness and the reciprocal of the molar mass of the organic solvent (Eq. (29)) was used. For the
model fit, the experimental results using 1-dodecene and heptane were used. All experiments were conducted at least
in duplicate. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol
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Figure 57. Cake resistance against pressure of “standard” w/o PEs prepared using different organic solvents and
stabilized by (a) HDK®H20 or (b) HDK®H2000. Error bars represent the standard deviation. Where not visible, error
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Figure 58. Parity plot for w/o PE fluxes (prepared using different organic solvents) with the modeled values against
the experimental data. A combination of the solution-diffusion and the resistance in series model was used. For the
model fit (Eq. (27) combined with Eq. (29)), the experimental results of 1-dodecene at room temperature were used.
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Figure 59. Example sensitivity plot for the evaluation of the drop size distribution of a “standard” w/o PE stabilized
by HDK®H20 particles (20 mL, 17,500 min™' / 2 min, S25N-18G). Comparison of the current and previous results
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Figure 60. Pure 1-dodecene flux from pressure stepping experiments (1 - 4 - 1 bar as described in Section 4.4.2, after
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Figure 61. Emulsion viscosity against shear rate including hysteresis (“standard” w/o PEs, 17,500 min™' / 2 min using
the two dispersing heads). All experiments were conducted at least in triplicate and mean values are shown. Error
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Figure 62. Emulsion viscosity at three distinct shear rates against “shear rate” during PE preparation (prepared using
different dispersing speeds at a dispersing time of 2 min with the two dispersing heads). PEs were stabilized by either
(a) 0.25 wt.% or (b) 1.0 wt.% HDK®H20. All experiments were conducted at least in triplicate and mean values are
shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size.99

Figure 63. Cumulative number distribution against drop diameter for “standard” w/o PEs prepared without or with
pre-dispersion of HDK®H20 in 1-dodecene in a sonication bath prior to PE preparation via the UT (S25N-10G) at
dispersing conditions of either (a) 10,000 min™ / 2 min or (b) 25,000 min™! / 2 min. All experiments were conducted
in triplicate and mean values are shown. Error bars represent the standard deviation. Where not visible, error bars are
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Figure 64. (a, ¢) Emulsion viscosity against shear rate and (b, d) frequency sweep measurements for “standard” w/o
PEs prepared without or with pre-dispersion of HDK®H20 in 1-dodecene in a sonication bath prior to PE preparation
via the UT (S25N-10G) at dispersing conditions of either 10,000 min' /2 min or 25,000 min™' /2 min. All
experiments were conducted in triplicate and mean values are shown. Error bars represent the standard deviation.
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Figure 65. Emulsion viscosity against shear rate for “standard” w/o PEs prepared at 17,500 min™! and different
dispersing times. (a) S25N-10G and (b) S25N-18G head. All experiments were conducted in triplicate and mean
values are shown. For better graph clarity, error bars are not ShOWN. ..........cccoeiieiiiiiniiie e 101

Figure 66. Emulsion viscosity against shear rate for “standard” w/o PEs with different volumes during preparation
(17,500 min™' / 2 min, S25N-18G). All experiments were conducted in triplicate and mean values are shown. Error

bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size.................... 101
Figure 67. Single and average 1-dodecene washing flux for the (a) ETNAO1PP (adapted from [II]) and (b) oNF-3
membrane. The normal membrane pre-treatment was performed. ...........ccoovvervieeiieiiieienieriee e 102

Figure 68. Emulsion viscosity against shear rate for “standard” w/o PEs with different volumes during preparation
(17,500 min™! / 2 min, S25N-18G) and made up to a total volume of 100 mL with 1-dodecene. All experiments were
conducted in triplicate and mean values are shown. Error bars represent the standard deviation. Where not visible,
error bars are smaller than the SYMDOI SIZE. .......c.cccuiiiiiiiiiiiii ittt be b sae e ees 102

Figure 69. (a, b) Cumulative volume distribution against related drop diameter, (¢, d) cumulative number distribution
against drop diameter in a log probability plot and (e, f) spano against dispersing speed for “standard” w/o PEs
prepared using different dispersing speeds using the (left) S25N-10G and (right) S25N-18G head. All experiments
were conducted at least in triplicate and mean values are shown. For better graph clarity, error bars are not shown.
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Figure 70. Relative sediment volume against (a) pressure and (b) time (applying alternating pressures) for different
“standard” w/o PEs prepared using different homogenization conditions (Sauter mean diameters indicated in (b)). All
experiments were conducted in duplicate and mean values are shown. Error bars presented in (a) represent the
standard deviation. Where not visible, error bars are smaller than the symbol size. For better graph clarity, error bars
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Figure 71. Cumulative number distribution (a) before and (b) after the filtration of “standard” w/o PEs stabilized by
0.5 wt.% of different particle types. All experiments were conducted at least in triplicate and mean values are shown.
For better graph clarity, error bars are not shown. Adapted from [I1].........cccoorieiiiiiniiniereeeee e 104

Figure 72. Cumulative volume distribution against related drop diameter for “standard” w/o PEs stabilized by
0.5 wt.% of different particle types. All experiments were conducted in triplicate and mean values are shown. For
better graph clarity, error bars are not shown. Drop size distributions of HDK®H15, H20 and H30 stabilized PEs are
self-similar. Drop size distributions of HDK®H2000 stabilized PEs are shifted towards larger drop sizes and are more
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Figure 73. Emulsion viscosity against shear rate for “standard” w/o PEs stabilized by HDK®H2000 before and after
the filtration. All experiments were conducted at least in triplicate and mean values are shown. Error bars represent
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Figure 74. (Left) Normalized flux against pressure for HDK®H 18 suspensions using different particle mass fractions
in comparison to 1-dodecene fluxes. All experiments were conducted in triplicate and mean values are shown. Error
bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size. Inset shows the
gel layer on the membrane surface after the filtration of a 0.5 wt.% suspension. (Right) Water and 1-dodecene drop
on membranes after particle contact show the increased membrane hydrophobicity. Adapted from [II]. ............... 106

Figure 75. (a) Emulsion viscosity and (b) frequency sweep measurements before and after the filtration of w/o PEs
stabilized by 1.0 wt.% of HDK®H20 or HDK®H2000. All experiments were conducted in triplicate and mean values
are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size.
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Figure 76. (a, ¢) Cumulative number distribution (adapted from [VI]) and (b, d) emulsion viscosity for w/o PEs
prepared with 0.5 wt.% of HDK®H20 or HDK®H2000 and different dispersed phase fractions. All experiments were
conducted in triplicate and mean values are shown. Error bars represent the standard deviation. Where not visible,
error bars are smaller than the SYMbOL S1Ze. ........coouiiiiiiiiiii e e 107

Figure 77. Cumulative number distribution against drop diameter for w/o PEs stabilized by different particle types
and particle mass fractions. Drop size distributions of freshly prepared PEs, after the hydroformylation reaction and
after the filtration cycle were measured and compared. All experiments were conducted once. ............ccceeeuerneenee. 108

Figure 78. Normalized flux against pressure for HDK®H20 w/o PEs (prepared using different dispersing speeds
(S25N-10G)) under application of different stirrer speeds within the filtration cell in comparison to pure 1-dodecene
fluxes. All experiments were conducted at least in duplicate and mean values are shown. Error bars represent the
standard deviation. Where not visible, error bars are smaller than the symbol size...........cccccveevenienienienieeiece, 109

Figure 79. Normalized flux against pressure for HDK®H2000 w/o PEs (prepared using different dispersing speeds
(S25N-10G)) under application of different stirrer speeds within the filtration cell in comparison to pure 1-dodecene
fluxes. All experiments were conducted at least in duplicate and mean values are shown. Error bars represent the
standard deviation. Where not visible, error bars are smaller than the symbol size............coccoeoiiiniiiiininiine 109

Figure 80. Cumulative number distribution against drop diameter for “standard” w/o PEs stabilized by (a, b)
HDK®H20 or (¢, d) HDK®H2000 before and after long-term filtration experiments (5 h at a constant pressure of
4 bar) with or without stirring within the filtration cell. All experiments were conducted at least in duplicate and mean
values are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the
001010 1S3 V-/ PP SRRR 110

Figure 81. Experimental and modeled pure 1-dodecene flux at different temperatures against pressure. The solution-
diffusion model (Eq. (24)) combined with an Arrhenius-type relationship to describe the temperature dependency of
the diffusion coefficient (Eq. (26)) was used. For the model fit, the experimental results at temperatures of 25, 35 and
45 °C were used. All experiments were conducted at least in duplicate and mean values are shown. Error bars
represent the standard deviation. Where not visible, error bars are smaller than the symbol size. Adapted from [V].
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Figure 82. Membrane resistance calculated via Darcy's law (Eq. (12)) against pressure. For the calculation, the
experimental results of pure 1-dodecene at different temperatures were used. All experiments were conducted at least
in duplicate and mean values are shown. Error bars represent the standard deviation. Where not visible, error bars are
smaller than the symbol size. Adapted from [V]. ...coooiiiiii e e 111

Figure 83. Experimental and modeled w/o PE flux at different temperatures against pressure. (a) HDK®H20 and (b)
HDK®H2000 stabilized PEs. A combination of the solution-diffusion and the resistance in series model was used.
For the model fit (Eq. (27)), the experimental results at a temperature of 25 °C were used. All experiments were
conducted at least in duplicate and mean values are shown. Error bars represent the standard deviation. Where not
visible, error bars are smaller than the symbol size. Adapted from [V]. ...cccoceevieiiiiiieiiiieieeee et 112

Figure 84. Experimental and modeled pure organic solvent flux against pressure. The solution-diffusion model (Eq.
(24)) using a linear correlation between the ratio of diffusion coefficient and dry membrane thickness and the
reciprocal of the molar mass of the organic solvent (Eq. (29)) was used. For the model fit, the experimental results
using 1-dodecene and heptane were used. All experiments were conducted at least in duplicate and mean values are
shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size.
Experimental data points for 1-dodecene and dodecane overlap. Adapted from [VI]. ....cocoeeiiniiiiiiiiiiieee 113

Figure 85. Experimental and modeled flux of w/o PEs prepared using different organic solvents against pressure. (a)
HDK®H20 and (b) HDK®H2000 stabilized PEs. A combination of the solution-diffusion and the resistance in series
model was used. For the model fit (Eq. (27) combined with Eq. (29)), the experimental results of 1-dodecene at room
temperature were used. All experiments were conducted at least in duplicate and mean values are shown. Error bars
represent the standard deviation. Where not visible, error bars are smaller than the symbol size. ..........ccccceceeneee. 113

Figure 86. (a)-(e) Normalized flux against pressure for “standard” suspensions prepared using different organic
solvents and HDK®H20 or HDK®H2000 particles. (f) Average pure solvent flux from the membrane pre-treatment
(at a pressure of 4 bar) and gel layer height on the membrane surface after the filtration of HDK®H20 suspensions.
All experiments were conducted without stirring, at least in duplicate and mean values are shown. Error bars represent
the standard deviation. Where not visible, error bars are smaller than the symbol size. .........cccccceveninininenncennn. 114

Figure 87. (a, b) Sauter mean diameter before and after the filtration of “standard” w/o PEs prepared with HDK ®*H20
or HDK®H2000 particles and different organic solvents. All experiments were conducted at least in triplicate and
mean values are shown. Error bars represent the standard deviation. Adapted from [VI]. (¢, d) Cumulative volume
distribution (before filtration) against related drop diameter. For better graph clarity, error bars are not shown. ... 115
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Figure 88. Emulsion viscosity against shear rate for w/o PEs prepared using different organic solvents and (a)
HDK®H20 or (b) HDK®H2000 particles. All experiments were conducted at least in duplicate and mean values are
shown. For better graph clarity, error bars are N0t SNOWN. ..........ccueeiirierieiieie et 116

Figure 89. Packing density of different w/o PEs prepared using different organic solvents and (top) HDK®H20 or
(bottom) HDK®H2000 particles against the position from the membrane surface (bottom of the sample tube,
respectively). All experiments were conducted in duplicate and mean values are shown. For better graph clarity, error
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Figure 90. Membrane resistance calculated via Darcy's law (Eq. (12)) against pressure. For the calculation, the
experimental results of pure organic solvents at room temperature were used. All experiments were conducted at least
in duplicate and mean values are shown. Error bars represent the standard deviation. Where not visible, error bars are
smaller than the SYMDOL SIZE. ........ccuiiiiriiiieieeie ettt ettt et et e e e et e ssaesseesseesseesseenseessesssesaensaensenssesnnesnns 117

Figure 91. (a) Pure 1-dodecene flux from the membrane pre-treatment and (b) normalized flux against pressure for
pure 1-dodecene as well as “standard” suspensions and w/o PEs stabilized by HDK®H20 or HDK®H2000 particles.
All experiments were conducted at least in duplicate and mean values are shown. Error bars represent the standard
deviation. Where not visible, error bars are smaller than the symbol size. The membrane oNF-1 was used. ......... 117

Figure 92. (a) Pure 1-dodecene flux from the membrane pre-treatment and (b) normalized flux against pressure for
pure 1-dodecene as well as “standard” suspensions and w/o PEs stabilized by HDK®H20 or HDK®H2000 particles.
All experiments were conducted at least in duplicate and mean values are shown. Error bars represent the standard
deviation. Where not visible, error bars are smaller than the symbol size. The membrane oNF-2 was used. ......... 118

Figure 93. (a) Pure 1-dodecene flux from the membrane pre-treatment and (b) normalized flux against pressure for
pure 1-dodecene as well as “standard” suspensions and w/o PEs stabilized by HDK®H20 or HDK®H2000 particles.
All experiments were conducted at least in duplicate and mean values are shown. Error bars represent the standard
deviation. Where not visible, error bars are smaller than the symbol size. The membrane HZG PDMS was used. 119

Figure 94. (a) Pure 1-dodecene flux from the membrane pre-treatment and (b) normalized flux against pressure for
pure 1-dodecene as well as “standard” suspensions and w/o PEs stabilized by HDK®H20 or HDK®H2000 particles.
All experiments were conducted at least in duplicate and mean values are shown. Error bars represent the standard
deviation. Where not visible, error bars are smaller than the symbol size. The membrane PuraMemFlux was used.
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A. Appendix
A.1. Supplementary Information (SI)

A.1.1. SI to Materials and Methods

Table 15. Additional characteristic properties of the organic liquids used in this thesis.

component LogP! solubility in water! (25 °C) Hildebrand solubility parameter?
[-] [mg L] [ em™)**]
1-dodecene Ci2Hoy 6.1 none 16.75
dodecane Ci2He 6.1 3.7-103 16.06
decene CioHao 5.7 0.115 16.6
octene CsHis 4.6 4.1 16.4
heptane C7Hi6 4.7 3.4 15.2

! Data taken from PubChem Database (online) https://pubchem.ncbi.nlm.nih.gov (retrieved: January 14, 2021).
2 Estimated based on the molecular structure of the solvent as described in [74].
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Figure 59. Example sensitivity plot for the evaluation of the drop size distribution of a “standard” w/o PE stabilized by HDK®H20
particles (20 mL, 17,500 min! / 2 min, S25N-18G). Comparison of the current and previous results for Sauter mean diameters
during analysis (black symbols: single drop, orange line: d32(n), black line: d32(N)).
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Figure 60. Pure 1-dodecene flux from pressure stepping experiments (1 -4 - 1 bar as described in Section 4.4.2, after normal
membrane pre-treatment) as a function of time using the (a) ETNAO1PP and (b) oNF-3 membrane.
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A.1.2. SI to Choice of Pickering emulsion preparation conditions
Example viscosity curves with hysteresis
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Figure 61. Emulsion viscosity against shear rate including hysteresis (“standard” w/o PEs, 17,500 min'' / 2 min using the two
dispersing heads). All experiments were conducted at least in triplicate and mean values are shown. Error bars represent the
standard deviation. Where not visible, error bars are smaller than the symbol size.

Impact of particle mass fraction on the rheological behavior
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Figure 62. Emulsion viscosity at three distinct shear rates against “shear rate” during PE preparation (prepared using different
dispersing speeds at a dispersing time of 2 min with the two dispersing heads). PEs were stabilized by either (a) 0.25 wt.% or (b)
1.0 wt.% HDK®H20. All experiments were conducted at least in triplicate and mean values are shown. Error bars represent the
standard deviation. Where not visible, error bars are smaller than the symbol size.
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Impact of particle pre-dispersion on the drop size distribution and the rheological behavior
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Figure 63. Cumulative number distribution against drop diameter for “standard” w/o PEs prepared without or with pre-dispersion
of HDK®H20 in 1-dodecene in a sonication bath prior to PE preparation via the UT (S25N-10G) at dispersing conditions of either
(a) 10,000 min™' / 2 min or (b) 25,000 min"' / 2 min. All experiments were conducted in triplicate and mean values are shown.
Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size.
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Figure 64. (a, ¢) Emulsion viscosity against shear rate and (b, d) frequency sweep measurements for “standard” w/o PEs prepared
without or with pre-dispersion of HDK®H20 in 1-dodecene in a sonication bath prior to PE preparation via the UT (S25N-10G) at
dispersing conditions of either 10,000 min™! / 2 min or 25,000 min"' / 2 min. All experiments were conducted in triplicate and
mean values are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size.
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Impact of dispersing time and PE volume on the rheological behavior
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Figure 65. Emulsion viscosity against shear rate for “standard” w/o PEs prepared at 17,500 min™! and different dispersing times.
(a) S25N-10G and (b) S25N-18G head. All experiments were conducted in triplicate and mean values are shown. For better graph
clarity, error bars are not shown.
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Figure 66. Emulsion viscosity against shear rate for “standard” w/o PEs with different volumes during preparation
(17,500 min' / 2 min, S25N-18G). All experiments were conducted in triplicate and mean values are shown. Error bars represent
the standard deviation. Where not visible, error bars are smaller than the symbol size.
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Results from the membrane pre-treatment
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Figure 67. Single and average 1-dodecene washing flux for the (a) ETNAO1PP (adapted from [II]) and (b) oNF-3 membrane. The
normal membrane pre-treatment was performed.

Impact of PE dilution on the rheological behavior
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Figure 68. Emulsion viscosity against shear rate for “standard” w/o PEs with different volumes during preparation
(17,500 min™' / 2 min, S25N-18G) and made up to a total volume of 100 mL with 1-dodecene. All experiments were conducted in

triplicate and mean values are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than
the symbol size.
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Self-similarity and width of drop size distributions
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Figure 69. (a, b) Cumulative volume distribution against related drop diameter, (¢, d) cumulative number distribution against
drop diameter in a log probability plot and (e, f) spano against dispersing speed for “standard” w/o PEs prepared using different
dispersing speeds using the (left) S2SN-10G and (right) S25N-18G head. All experiments were conducted at least in triplicate
and mean values are shown. For better graph clarity, error bars are not shown.
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Filter cake characterization (investigated in collaboration with LUM GmbH)
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Figure 70. Relative sediment volume against (a) pressure and (b) time (applying alternating pressures) for different “standard”
w/o PEs prepared using different homogenization conditions (Sauter mean diameters indicated in (b)). All experiments were
conducted in duplicate and mean values are shown. Error bars presented in (a) represent the standard deviation. Where not visible,
error bars are smaller than the symbol size. For better graph clarity, error bars are not shown in (b).
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——HI15
-0-H20
—{+H30
—A—H2000

before filtration

0 10

20 30 40
Drop diameter d [pm]

50

—0.38

after filtration

20 30

40

Drop diameter d [um]

50

Figure 71. Cumulative number distribution (a) before and (b) after the filtration of “standard” w/o PEs stabilized by 0.5 wt.% of
different particle types. All experiments were conducted at least in triplicate and mean values are shown. For better graph clarity,
error bars are not shown. Adapted from [I1].
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Figure 72. Cumulative volume distribution against related drop diameter for “standard” w/o PEs stabilized by 0.5 wt.% of different
particle types. All experiments were conducted in triplicate and mean values are shown. For better graph clarity, error bars are not
shown. Drop size distributions of HDK®H15, H20 and H30 stabilized PEs are self-similar. Drop size distributions of HDK®H2000
stabilized PEs are shifted towards larger drop sizes and are more polydisperse.
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Figure 73. Emulsion viscosity against shear rate for “standard” w/o PEs stabilized by HDK®H2000 before and after the filtration.
All experiments were conducted at least in triplicate and mean values are shown. Error bars represent the standard deviation.

Filtration of nanoparticle/oil suspensions

Figure 74 shows results of the filtration of HDK®H18 suspensions prepared using two different particle
mass fractions. Similar to HDK®H20 suspensions (cf. Figure 36 a)), an increase in flux compared to pure
1-dodecene and the formation of a gel layer on the membrane surface was observed. The gel layer height
was 4.32£0.59 mm and 8.11 £ 0.98 mm for 0.5 or 1.0 wt.% suspensions, respectively, and thus in a
similar range as those observed for HDK®H20 suspensions. The slight differences in the absolute values
of the gel layer thickness can possibly be explained by the difference in the tamped densities (cf. Table 4).
Comparison of Figure 36 a) and Figure 74 shows no clear trend regarding the impact of particle mass
fraction on the flux level. Table 16 summarizes normalized flux values (at a pressure of 4 bar) for
suspensions of three different particle mass fractions using HDK®*H18 or HDK®H20 particles, respectively.
It can be assumed that — depending on the particle type — a certain particle mass fraction exists above which
the improvement of flux (caused by the increase of membrane wettability) is outweighed by the increasing
number of particles and the flux declines.
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Figure 74. (Left) Normalized flux against pressure for HDK®H18 suspensions using different particle mass fractions in
comparison to 1-dodecene fluxes. All experiments were conducted in triplicate and mean values are shown. Error bars represent
the standard deviation. Where not visible, error bars are smaller than the symbol size. Inset shows the gel layer on the membrane
surface after the filtration of a 0.5 wt.% suspension. (Right) Water and 1-dodecene drop on membranes after particle contact show
the increased membrane hydrophobicity. Adapted from [II].

Table 16. Normalized flux at a pressure of 4 bar of suspensions prepared using different particle mass fractions of either
HDK®H18 or HDK®H20, respectively. All experiments were conducted at least in duplicate and mean values as well as standard
deviations are given.

normalized flux at p = 4 bar
HDK®H18 HDK®H20

particle mass fraction [wt.%]

0.5 1.45+0.15 1.90 £0.19
1.0 1.00£0.18 2.10£0.19
1.25 096+0.12 1.79+0.07

A.14. SI to PE filtration using the OSN membrane oNF-3
Impact of particle mass fraction on the rheological behavior
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Figure 75. (a) Emulsion viscosity and (b) frequency sweep measurements before and after the filtration of w/o PEs stabilized by
1.0 wt.% of HDK®H20 or HDK®H2000. All experiments were conducted in triplicate and mean values are shown. Error bars
represent the standard deviation. Where not visible, error bars are smaller than the symbol size.
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Impact of dispersed phase fraction on the drop size distribution and the rheological behavior
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Figure 76. (a, ¢) Cumulative number distribution (adapted from [VI]) and (b, d) emulsion viscosity for w/o PEs prepared with
0.5 wt.% of HDK®H20 or HDK®H2000 and different dispersed phase fractions. All experiments were conducted in triplicate and
mean values are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size.
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Impact of catalyst and reaction (by-)products on the drop size distribution
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Figure 77. Cumulative number distribution against drop diameter for w/o PEs stabilized by different particle types and particle

mass fractions. Drop size distributions of freshly prepared PEs, after the hydroformylation reaction and after the filtration cycle
were measured and compared. All experiments were conducted once.

108



Impact of stirrer speed / crossflow velocity on the filtration performance
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Figure 78. Normalized flux against pressure for HDK®H20 w/o PEs (prepared using different dispersing speeds (S25N-10G))
under application of different stirrer speeds within the filtration cell in comparison to pure 1-dodecene fluxes. All experiments
were conducted at least in duplicate and mean values are shown. Error bars represent the standard deviation. Where not visible,
error bars are smaller than the symbol size.
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Figure 79. Normalized flux against pressure for HDK®H2000 w/o PEs (prepared using different dispersing speeds (S25N-10G))
under application of different stirrer speeds within the filtration cell in comparison to pure 1-dodecene fluxes. All experiments
were conducted at least in duplicate and mean values are shown. Error bars represent the standard deviation. Where not visible,
error bars are smaller than the symbol size.
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Impact of stirrer speed / crossflow velocity on the DSD
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Figure 80. Cumulative number distribution against drop diameter for “standard” w/o PEs stabilized by (a, b) HDK®H20 or
(¢, d) HDK®H2000 before and after long-term filtration experiments (5 h at a constant pressure of 4 bar) with or without stirring

within the filtration cell. All experiments were conducted at least in duplicate and mean values are shown. Error bars represent the
standard deviation. Where not visible, error bars are smaller than the symbol size.
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Impact of temperature on the filtration performance
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Figure 81. Experimental and modeled pure 1-dodecene flux at different temperatures against pressure. The solution-diffusion
model (Eq. (24)) combined with an Arrhenius-type relationship to describe the temperature dependency of the diffusion coefficient
(Eq. (26)) was used. For the model fit, the experimental results at temperatures of 25, 35 and 45 °C were used. All experiments
were conducted at least in duplicate and mean values are shown. Error bars represent the standard deviation. Where not visible,
error bars are smaller than the symbol size. Adapted from [V].
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Figure 82. Membrane resistance calculated via Darcy's law (Eq. (12)) against pressure. For the calculation, the experimental
results of pure 1-dodecene at different temperatures were used. All experiments were conducted at least in duplicate and mean
values are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size.
Adapted from [V].
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Figure 83. Experimental and modeled w/o PE flux at different temperatures against pressure. (a) HDK®H20 and (b) HDK®H2000
stabilized PEs. A combination of the solution-diffusion and the resistance in series model was used. For the model fit (Eq. (27)),
the experimental results at a temperature of 25 °C were used. All experiments were conducted at least in duplicate and mean values
are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size. Adapted

from [V].
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Impact of organic solvent type on the filtration performance

Figure 84. Experimental and modeled pure organic solvent flux against pressure. The solution-diffusion model (Eq. (24)) using
a linear correlation between the ratio of diffusion coefficient and dry membrane thickness and the reciprocal of the molar mass of
the organic solvent (Eq. (29)) was used. For the model fit, the experimental results using 1-dodecene and heptane were used. All
experiments were conducted at least in duplicate and mean values are shown. Error bars represent the standard deviation. Where
not visible, error bars are smaller than the symbol size. Experimental data points for 1-dodecene and dodecane overlap. Adapted

from [VI].
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Figure 85. Experimental and modeled flux of w/o PEs prepared using different organic solvents against pressure. (a) HDK®H20
and (b) HDK®H2000 stabilized PEs. A combination of the solution-diffusion and the resistance in series model was used. For the
model fit (Eq. (27) combined with Eq. (29)), the experimental results of 1-dodecene at room temperature were used. All
experiments were conducted at least in duplicate and mean values are shown. Error bars represent the standard deviation. Where
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Filtration of nanoparticle/oil suspensions using different organic solvents
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Figure 86. (a)-(e) Normalized flux against pressure for “standard” suspensions prepared using different organic solvents and
HDK®H20 or HDK®H2000 particles. (f) Average pure solvent flux from the membrane pre-treatment (at a pressure of 4 bar) and
gel layer height on the membrane surface after the filtration of HDK®H20 suspensions. All experiments were conducted without
stirring, at least in duplicate and mean values are shown. Error bars represent the standard deviation. Where not visible, error bars
are smaller than the symbol size.
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Impact of organic solvent type on the drop size distribution, the rheological behavior, the filter cake
properties and the membrane resistance
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Figure 87. (a, b) Sauter mean diameter before and after the filtration of “standard” w/o PEs prepared with HDK®H20 or
HDK®H2000 particles and different organic solvents. All experiments were conducted at least in triplicate and mean values are
shown. Error bars represent the standard deviation. Adapted from [VI]. (¢, d) Cumulative volume distribution (before filtration)
against related drop diameter. For better graph clarity, error bars are not shown.
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Figure 88. Emulsion viscosity against shear rate for w/o PEs prepared using different organic solvents and (a) HDK®H20 or
(b) HDK®H2000 particles. All experiments were conducted at least in duplicate and mean values are shown. For better graph
clarity, error bars are not shown.
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Figure 89. Packing density of different w/o PEs prepared using different organic solvents and (top) HDK®H20 or (bottom)
HDK®H2000 particles against the position from the membrane surface (bottom of the sample tube, respectively). All experiments
were conducted in duplicate and mean values are shown. For better graph clarity, error bars are not shown.
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Figure 90. Membrane resistance calculated via Darcy's law (Eq. (12)) against pressure. For the calculation, the experimental
results of pure organic solvents at room temperature were used. All experiments were conducted at least in duplicate and mean
values are shown. Error bars represent the standard deviation. Where not visible, error bars are smaller than the symbol size.

A.1.5. Filtration of w/o PEs using further OSN membranes

The OSN membranes oNF-1, oNF-2, HZG PDMS and PuraMemFlux also gave relevant 1-dodecene fluxes
during the membrane pre-treatment although fluxes were (except for the oNF-1 membrane) lower than
those using the oNF-3 membrane (cf. Table 5 in Section 4.1). By way of example, some selected filtration
experiments with “standard” suspensions (0 min™') and PEs (500 min™) were conducted using these four
OSN membranes (cf. Figure 91 to Figure 94).

For the oNF-1 membrane (cf. Figure 91 a)), an average pure l-dodecene washing flux of
202+ 1.0Lm?h! was obtained. When suspensions were filtered, particles with gelling properties
showed the same while non-gelling particles showed lower fluxes compared to the pure solvent. PE
filtration yielded lower fluxes than pure 1-dodecene and — within the experimental error — no impact of
particle type was observed (cf. Figure 91 b)). The obtained results are qualitatively consistent with those
obtained using the oNF-3 membrane (cf. Figure 41 and Figure 86 a)). While the flux was reduced by
approximately 40% when PEs were filtered using the oNF-3 membrane, the flux was reduced by only
about 12% when the oNF-1 membrane was used. The extent of swelling — expressed via the amount of
1-dodecene in the membrane material — was determined via solvent uptake experiments (oNF-1:
1.61 £0.03 g).
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Figure 91. (a) Pure 1-dodecene flux from the membrane pre-treatment and (b) normalized flux against pressure for pure
1-dodecene as well as “standard” suspensions and w/o PEs stabilized by HDK®H20 or HDK®H2000 particles. All experiments
were conducted at least in duplicate and mean values are shown. Error bars represent the standard deviation. Where not visible,
error bars are smaller than the symbol size. The membrane oNF-1 was used.
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For the oNF-2 membrane (cf. Figure 92 a)), an average pure l-dodecene washing flux of
120+ 1.1 Lm?h! was obtained. When suspensions were filtered, particles with gelling properties
showed the same while non-gelling particles showed lower fluxes compared to the pure solvent. PE
filtration yielded lower fluxes than pure 1-dodecene and — within the experimental error — no impact of
particle type was observed (cf. Figure 92 b)). The obtained results are qualitatively consistent with those
obtained using the oNF-3 membrane (cf. Figure 41 and Figure 86 a)). While the flux was reduced by
approximately 40% when PEs were filtered using the oNF-3 membrane, the flux was reduced by only
about 15% when the oNF-2 membrane was used. The extent of swelling — expressed via the amount of
I-dodecene in the membrane material — was determined via solvent uptake experiments (oNF-2:
1.65+0.01 g).
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Figure 92. (a) Pure 1-dodecene flux from the membrane pre-treatment and (b) normalized flux against pressure for pure
1-dodecene as well as “standard” suspensions and w/o PEs stabilized by HDK®H20 or HDK®H2000 particles. All experiments
were conducted at least in duplicate and mean values are shown. Error bars represent the standard deviation. Where not visible,
error bars are smaller than the symbol size. The membrane oNF-2 was used.

For the HZG PDMS membrane (cf. Figure 93 a)), an average pure 1-dodecene washing flux of
8.2+ 3.1 L m? h'! was obtained. When suspensions and PEs stabilized by two different particle types were
filtered, no significant impact on the filtration behavior was observed and fluxes were — within the
experimental error — comparable to those of the pure organic solvent (cf. Figure 93 b)). These results differ
from those obtained using the oNF-3 membrane (cf. Figure 41 and Figure 86 a)), where PEs showed
significantly lower fluxes than the pure solvent and flux levels of suspensions depended on the particle
type and their tendency to form network structures.
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Figure 93. (a) Pure 1-dodecene flux from the membrane pre-treatment and (b) normalized flux against pressure for pure
1-dodecene as well as “standard” suspensions and w/o PEs stabilized by HDK®H20 or HDK®H2000 particles. All experiments
were conducted at least in duplicate and mean values are shown. Error bars represent the standard deviation. Where not visible,
error bars are smaller than the symbol size. The membrane HZG PDMS was used.

For the PuraMemFlux membrane (cf. Figure 94 a)), an average pure 1-dodecene washing flux of
6.3 £0.5 L m? h'! was obtained. When suspensions were filtered, particles with gelling properties showed
slightly higher while non-gelling particles showed similar fluxes compared to the pure solvent. PE filtration
yielded higher fluxes than pure 1-dodecene and — within the experimental error — no impact of particle
type was observed (cf. Figure 94 b)). The obtained results differ from those using the oNF-3 and the
HZG PDMS membrane. The extent of swelling — expressed via the amount of 1-dodecene in the membrane
material — could be ruled out, as solvent uptake experiments yielded similar results for all three membrane
types (oNF-3: 1.58 £ 0.03 g; HZG PDMS: 1.53 + 0.02 g and PuraMemFlux: 1.56 + 0.03 g, respectively).
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Figure 94. (a) Pure 1-dodecene flux from the membrane pre-treatment and (b) normalized flux against pressure for pure
1-dodecene as well as “standard” suspensions and w/o PEs stabilized by HDK®H20 or HDK®H2000 particles. All experiments
were conducted at least in duplicate and mean values are shown. Error bars represent the standard deviation. Where not visible,
error bars are smaller than the symbol size. The membrane PuraMemFlux was used.

As all membranes investigated in this thesis were commercially available ones, information about the
membrane material, its preparation procedure and its properties are scarce. Differences in the internal free
volume, the crosslinking or the thickness of the active membrane layer could have caused the differences
in the observed filtration behavior. Further research on the explicit impact of membrane properties on the
filtration behavior of PEs and its implementation into a mathematical model is necessary in the future.
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