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ABSTRACT

In this research project, the electrical splitting of stable o0il in water emulsions has been
investigated. Particular attention has been paid to emulsions with a very low amount of
solvent phase dispersed in the aqueous carrier phase, according to industrial applications
in liquid-liquid extraction. These turbidities must be split in the electric field without
electrolysis, therefore limited to the action of electrical field intensity.

To produce a reproducible stable turbidity, the stability of emulsions has been studied. For
the system ShellSol-K/water the optimal number of revolutions was determined to be 1500
rpm. Below and above this number of revolutions the stability of the emulsion will drop.
The stability was increased by adding the anionic surfactant 4-dodecylbenzenesulfonic
acid. Stable turbidity was needed for comparison of different splitting techniques. Besides
the splitting in the electric field, also the chemical splitting, splitting by centrifugation
and flotation have been investigated. However, none of these techniques could satisfy the
needs.

Splitting in the electric field has been investigated in different setups. It was observed, that
inclination of the electrodes leads to faster separation compared to vertically arranged
electrodes. A link between the electric field strength and the separation willingness was
found. Expectedly, increasing electric field strength led to faster phase separation. On the
contrary, the electrode distance at constant electric field strength did not show an influence
on quality or duration of the separation. The number of electrodes also influenced the rate
of separation.

With these findings, the optimal configuration was determined. In the three electrodes
setup with a central anode and the outer cathodes best phase separation was achieved.
The electrodes shall be inclined by an angle of 45 degrees.

A model has been developed to facilitate the prediction of splitting of emulsions in the
electric field. The model correlates theoretically consolidated the electric field strength

with the droplet diameter, which can just be separated.



KURZFASSUNG

In der vorliegenden Arbeit wurde die elektrische Spaltung von stabilen Ol in Wasser
Emulsionen untersucht. Hauptaugenmerk wurde auf Emulsionen mit sehr geringem Anteil
an Solventphase in wissriger Tragerlosung gelegt, wie sie in der industriellen Anwendung
der Fliissig-Fliissig Extraktion vorkommen. Diese Feinsttriibungen wurden im elektrischen
Feld ohne Elektrolyse behandelt, wodurch die Stirke des elektrischen Feldes limitiert war.
Um eine reproduzierbare Feinsttriibung zu erzeugen, wurde im Vorfeld eine Studie
hinsichtlich der Stabilitdt von Emulsionen durchgefiihrt. Fiir das Stoffsystem ShellSol-
K/Wasser konnte eine optimale Drehzahl des Riihrers von 1500 rpm gefunden werden.
Unter und auch iiber dieser Drehzahl war die Stabilitdt der Emulsion geringer. Durch
Zugabe des anionischen Tensides 4-Dodecylbenzolsuflonsdure konnte die Stabilitdt weiter
gesteigert werden. Eine stabile Feinsttriibung war erforderlich, um in den Spaltversuchen
verschiedene Verfahren vergleichen zu kénnen. Neben der Spaltung im elektrischen Feld
wurden auch die chemische Spaltung, die Spaltung mittels Zentrifugation und Flotation
untersucht. Keines dieser Alternativverfahren konnte alle Anforderungen erfiillen.

Die elektrische Spaltung wurde in unterschiedlichen Varianten des Spaltapparates unter-
sucht. So konnte festgestellt werden, dass eine Neigung der Elektroden im Vergleich zur
vertikalen Ausrichtung eine schnellere Spaltung bewirkt. Weiters wurde ein Zusammen-
hang zwischen elektrischer Feldstdrke und Trennverhalten gefunden, wobei erwartungs-
gemafs erhohte Feldstdarke schnellere Phasentrennung mit sich brachte. Dagegen hatte die
Verdnderung des Abstandes der Elektroden bei gleichbleibender elektrischer Feldstdrke
keinen Einfluss auf die Giite und die Dauer der Trennung. Auch die Anzahl der Elektroden
beeinflusste die Geschwindigkeit der Spaltung. Die optimale Konfiguration war demnach
eine Drei-Elektrodenanordnung, wobei die mittlere als Anode und die beiden dufseren
als Kathode geschaltet waren. Zusétzlich sollten die Elektroden um 45° geneigt in den
Spaltungsapparat eingebaut werden.

Um die Vorhersage des Spaltverhaltens einer Emulsion im elektrischen Feld zu erleichtern
wurde ein Modell entwickelt. Dieses stellt theoretisch fundiert den Zusammenhang zwis-
chen der elektrischen Feldstdrke und dem Tropfendurchmesser, der gerade noch abgetrennt

werden kann, her.
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1. INTRODUCTION

1.1. DEFINITION AND CLASSIFICATION OF EMULSIONS

1.1.1. DEFINITION

An emulsion (macroemulsion) is a system containing two intensely mixed immiscible or
partially miscible liquids. One of the liquids forms droplets, which are dispersed in the
other one. The liquid forming droplets is called dispersed phase and the one representing
the surrounding media is called the continuous phase. In most cases, one phase is an oil
and the other one is aqueous. Oil in this case means an insoluble organic species. There
are two types of emulsion, which can be distinguished looking at the continuous and the
dispersed phase. There is the oil-in-water (0/w) emulsion, where the oil is dispersed in
the water phase, and the water-in-oil (w/0) emulsion, where it is the other way around.
There are several ways to identify the direction of the emulsification like solubilisation
of a dye in the continuous phase or trying to dilute with water or oil. Depending on the
continuous phase, it is possible to dilute with water (if water is the continuous phase) or
with oil. Another option to find out the dispersion direction is to determine the electrical

conductivity since oil usually has a lower conductivity than water. [1]

Emulsions may be significantly stable relative to the intended use, which covers a range

from a few minutes to a few years. [2]

1.1.2. CLASSIFICATION

In general the droplet size of macroemulsions lies in the micrometre range (0.1 — 10 um [3]),
which means that gravity force influences the behaviour of the droplets [4]. Additionally,
this size range covers the wavelength of visible light. Therefore, macroemulsions often
scatter visible light and appear cloudy [3]. As mentioned in the previous section, intense
mixing (or high energy input in general, see chapter 3 for more information) is necessary to
form droplets small enough to produce a macroemulsion. Anyway, no matter how high the
energy input into the emulsifying system might be, it is only kinetically stable. Therefore,
several stabilising mechanisms (see chapter 2) have to be taken into account to produce

macroemulsions as stable as possible.
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Table 1.1.: Properties of different emulsion types [1, 3, 6]

Property Macroemulsion Nanoemulsion Microemulsion
Appearance Formulation- Transparent to Transparent
dependent milky
Preparation method Classic High energy Low-energy
homogenization (pressure) emulsification
Surfactant load Fairly low Medium (<10 %) Fairly high
(10-20 %)
Droplet size 0.1-10 pm 50 - 200 nm 1-100 nm
Thermodynamic Unstable; Unstable; kinetically Stable
stability kinetically stable stable

A transparent or translucent type of emulsion is a so-called nanoemulsion. The size range
of the dispersed droplets is 50 — 200 nm. They are kinetically stable but their long-term

stability is sometimes referred to as “approaching thermodynamic stability.” [5]

A special case are so-called microemulsions, which form spontaneously and are thermody-
namically stable. The range for the characteristic drop size is from 1 — 100 nm, which means
that they do not scatter light. Microemulsions can be divided into two main types: the
dispersed and the bicontinuous microemulsion. In the former, the droplets are stabilised
by surfactants. In the latter, a network of water and oil — both continuous - is stabilised by

amphiphilic membranes. [3]

In table 1.1, some properties of macro- nano- and microemulsions are listed. Additionally,
the preparation mode is described, since this leads to big differences in emulsion behaviour.
The same holds for the surfactant load.

1.2. PROCESSES AND EMULSIONS

Emulsions are used in many different industrial applications. There are several processes,
where emulsions are desired. These processes include but are not limited to agricultural
products, cosmetics, pharmaceuticals and foodstuff as well as metal working [3, 7]. However,
emulsion formation is not always a desired process step. In the following sections, some
examples for such processes are given. Additionally, the problems due to unwanted
emulsification are addressed.
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1.2.1. EXTRACTION

In liquid-liquid extraction, the feed phase with the constituent to be separated is contacted
with a second liquid. The latter liquid shall be more or less immiscible with the feed
phase. The goal is to separate two or more components from the feed phase. The solute
shall preferentially dissolve in the solvent. [8] Since liquid-liquid extraction has always
to be followed by a solvent recovery process, the extraction process needs complete
phase separation [8, 9]. Therefore, stable emulsions are unwanted in solvent extraction.
While primary separation is often easily achieved, complete separation into two clean
(turbidity free) phases might take long separation time. The reason for this disadvantageous
phenomenon is mainly the presence of surface-active components in the system. These
components can be added intentionally, acting as catalyst (see [10] for more information)
or occur unintended as part of fermentation broths or as degradation products. All cases
show the same problem. The separation of the aqueous from the solvent phase is not
complete. If the solvent or the target component are expensive chemicals, even traces lost
in the aqueous raffinate phase may have a strong influence on the economic feasibility
of a process. Another reason for the need of complete separation might be the toxicity of

constituents.

1.2.2. SECONDARY CRUDE OIL PRODUCTION

Crude oil recovery from oil fields is usually performed using the natural energy of the
reservoir. If this energy becomes too low with ongoing recovery, seawater is injected to
elevate the pressure in the reservoir. Due to this process a stable emulsion (stability up to
five months) with very fine water droplets in the crude oil is formed. The small droplet
size together with naturally occurring surfactants lead to stabilization. These surfactants
do not drop the interfacial tension but avoid coalescence by opposing film thinning (see
chapter 2.2.2). [11] Obviously, the further processing of the crude oil is hindered by water
dispersed into the oil, which therefore has to be removed.

1.2.3. CUTTING OIL EMULSIONS

Cutting oil emulsions are used during mechanical cutting and machining of metals, because
they combine the properties of lubrication as well as cooling. A cutting fluid consists of
water, a mineral oil and additives to meet the desired specifications. These specifications

can be the resistance to bacterial growth or low corrosion capacity [12]. These properties
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may get lost due to aging by mainly thermal degradation and increasing concentration
of metal particles during usage. Therefore, cutting oils have to be replaced on occasion.
Due to the high content of surfactants and other organic compounds spent cutting oil
emulsions are classified as environmentally toxic. These emulsions are designed to be very
stable. This includes the admixture of surfactants. Additionally, the droplet size is very
small, which can lead to turbidity formation. Therefore, splitting of cutting oil emulsions is
very challenging and it might be necessary to combine two or more separation techniques.
[13]

1.3. ScorE

For the above-mentioned reasons the target of this work is the splitting of emulsions
with very low amount of solvent (turbidity) dispersed in an aqueous carrier. For better
understanding of emulsion splitting, a general review of the knowledge already discussed
in literature is summarized. The stabilising effects as well as the breakdown processes will
be discussed. The understanding of formation of stable emulsions is a basic need for the
development of splitting technologies. Therefore, experiments on emulsion formation are
necessary. Then, the breaking of a stable turbidity can be investigated. Different techniques
are in principle available. However, the focus is laid on splitting of turbidity in the electric
field without faradaic current. This topic is not intensively discussed in literature and
claimed to be a slow technique [9]. Nevertheless, due to its advantages regarding setup
complexity and the lack of safety hazards this technique deserves detailed attention. A
standard apparatus consisting of two vertical electrodes, which are arranged in parallel, had
to be optimized regarding number, shape and inclination of the electrodes. Additionally,
a model for the prediction of splitting progress had to be developed relating the electric

tield strength with the size of the smallest removable droplets.
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2. STABILISATION MECHANISMS

In this section, the most important stabilisation mechanisms and parameters influencing
the stability are described. Special attention is paid to this section since it is necessary
to deal with emulsion stability preceding the investigation of the splitting mechanisms.
Since this work mainly deals with o/w-emulsions, the focus is laid on the stabilisation

mechanisms of this dispersion direction.

2.1. DLVO-THEORY

The DLVO-theory helps understanding the stability of colloids. It was named after the
four developers of this theory Boris Derjaguin, Lew Landau, Evert Verwey and Theodoor
Overbeek [14, 15]. In this theory the repulsive double layer forces as well as the attractive
van der Waals forces, which act on short-range and long-range, respectively, are taken
into account. This is used to describe the potential energy in the system as the sum of the
repulsive potential energy due to the overlapping of the electrical double layer surrounding
the colloid particles (in the case of emulsions: droplets) and the attractive van der Waals

energy. [3]

In figure 2.1 net DLVO interaction is depicted for different interfacial tensions . The lower
the interfacial tension the lower the energy barrier. Below a critical interfacial tension, there
is no repulsive barrier anymore and the emulsion breaks due to coalescence because the

attractive forces are predominant.
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Figure 2.1.: Schematic energy versus distance profiles of the DLVO interaction [16]

2.1.1. DOUBLE LAYER REPULSION

Particles or droplets suspended in water, which has a high dielectric constant, are usually
charged. Therefore, coalescence is often prevented by repulsive electrostatic forces [16].
This surface charge leads to the formation of an electrical double layer around the dispersed
droplets [17]. The structure surrounding the droplet consists of the following parts (from

inside to outside) and is depicted in figure 2.2:



2. STABILISATION MECHANISMS

+ - -+
- + + -
- -+
- + + -
+ - -+
- + + -
+ - -+
- + + -
+ - -+
- + + -
. -+

Figure 2.2.: Scheme of electrical stabilisation layers, adopted from [17]

¢ Oil droplet

¢ Charged surface

¢ Stern layer: A layer of oppositely charged ions (compared to the charged surface)
close to the surface [17]. A part of the counterion charge is located here [18].

* Diffuse layer: A layer of oppositely charged ions (compared to the charged surface)
next to the Stern layer. The remainder of the counterion charge is located here. [18]

¢ Electric double layer: The combination of the Stern layer and the diffuse layer. [17]

¢ Surrounding aqueous phase

The interaction due to the electrostatic forces is mostly influenced by the overlap of the
electric double layers [18]. Therefore, it is important to define its spreading and quantify
the strength. An important number describing the thickness of the double layer is the Debye
length, 1/ k. It is a measure for the decay of an electric field. Its magnitude is only dependent
to the properties of the solution. The charged interface does not have any influence on it.
For a monovalent electrolyte (z = 1) the Debye-length can be calculated as described in
[16] as

Rl = 6026# . 2.1)
. pOO e

The potential at the border between the Stern layer and the diffuse layer is quantified by
the zeta-potential. It can be measured by electrophoresis. The higher the zeta potential the

stronger is the repulsion between the droplets. [17]
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2.1.2. VAN DER WAALS FORCES

The van der Waals forces arise from the interactions between dipoles, i.e. from the
interactions between molecules on the surface of each droplet. For two flat infinite surfaces

with a distance of h in vacuum the potential is

An

V=The

[3]. 2.2)

According to International Union of Pure and Applied Chemistry (IUPAC) van der Waals
forces can be defined as follows:

“The attractive or repulsive forces between molecular entities (or between groups within
the same molecular entity) other than those due to bond formation or to the electrostatic
interaction of ions or of ionic groups with one another or with neutral molecules. The
term includes: dipole-dipole, dipole-induced dipole and London (instantaneous induced
dipole-induced dipole) forces.

The term is sometimes used loosely for the totality of nonspecific attractive or repulsive
intermolecular forces.” [19]

2.2. SURFACTANTS

To stabilise mixtures of two immiscible liquids in such way to call the mixture an emulsion
as it is defined in [2] (see chapter 1.1.1) it is necessary to add additional components to
reach the required stability. These components are of amphiphilic character, which means
they have a hydrophilic head and a hydrophobic tail (consisting of 10 - 20 carbon atoms
[20]). Therefore, they adsorb onto the interface of the system to be emulsified and reduce
the interfacial tension. [2]

These components are called surfactants, which is a contraction of the term surface-active
agent. Surfactants are very versatile. They are used in motor oils, in pharmaceuticals, for
detergents and many other things. Another important fact about surfactants is that they form
micelles in the continuous phase. This characteristic does not occur at any concentration,
but it starts above the critical micelle concentration (cmc). Until this concentration is reached,
the surfactant molecules adsorb only onto the interface of the two-phase system. [2] The

definition for the critical micelle concentration (cmc) according to the IUPAC is as follows:
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Table 2.1.: Fields of application of surfactants with distinct HLB [23]

HLB Range Application

4-6 w /o emulsifiers
7-9 Wetting agents

8-18 o/w emulsifiers
13-15 Detergents
15-18 Solubilizers

“Critical micelle concentration (cmc): There is a relatively small range of concen-
trations separating the limit below which virtually no micelles are detected and the
limit above which virtually all additional surfactant molecules form micelles. Many
properties of surfactant solutions, if plotted against the concentration, appear to change
at a different rate above and below this range. By extrapolating the loci of such a
property above and below this range until they intersect, a value may be obtained known
as the critical micellization concentration (critical micelle concentration), symbol Q,
abbreviation cmc (or c.m.c.). As values obtained using different properties are not quite
identical, the method by which the cmc is determined should be clearly stated.” [19]

A general classification of surfactants regarding their activity can be done using the
hydrophilic-lipophilic balance (HLB) [21]. This is an empirical number in the range
between 1 and 20. The value indicates whether the surfactant is preferably in the aqueous
or in the solvent phase. The more hydrophilic the surfactant the higher the HLB [3]. Adding
surfactants with a high HLB value leads to formation of oil-in-water (0/w) emulsions while
surfactants with low HLB values support the stability of water-in-oil (w/0) emulsions at a
given temperature. Table 2.1 gives an overview about the application of a surfactant with a
specific HLB-value. The formulas for calculating the HLB values of nonionic (equation
2.3) and ionic surfactants (equation 2.4) are given according to Griffin [21] and Davies [22],

respectively.

My
HLB=20-{ ————— 2.3
(MH+ML) (2:3)

and
HLB = (Z hydrophilic group numbers) —

—n- (Z group numbers per C' Hy group) +7, (2.4)

10
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Table 2.2.: HLB group numbers [22]

Hydrophilic groups group number
-S5O,  Na* 38.7
-COO K* 21.1
-COO" Na* 19.1
N (tertiary amine) 9.4
Ester (sorbitan ring) 6.8
Ester (free) 24
-COOH 2.1
Hydroxyl (free) 1.9
-O- 1.3
Hydroxyl (sorbitan ring) 0.5
Lipophilic groups

-CH-

-CHS,-

CH, -0.475
=CH-

Derived groups

-(CH,-CH,-0O)- 0.33
-(CH,-CH,-CH,2-0)- -0.15

where My is the molar mass of the hydrophilic part and M;, is the molar mass of the
lipophilic part of the molecule. The hydrophilic group numbers as well as the group
numbers per CH,-group are shown in table 2.2. n stands for the number of lipophilic
groups in the molecule.

The reason for this difference in calculation is that the ionic character of the hydrophilic part
of the surfactant increases its hydrophilic character, which cannot be taken into account by
the simple ratio between the molar masses of the hydrophilic part and the lipophilic part.
Due to their simple character, both equations are only applicable for their own specific
range. Equation 2.3 can be used for the HLB calculation of nonionic surfactants while

equation 2.4 is in use for ionic surfactants and delivers good results. [24]

As already mentioned, regarding the ionisation of the hydrophilic group, there are four
different types of surfactants.

11



2. STABILISATION MECHANISMS

Anionic surfactants: the hydrophilic group is negatively charged [20]

Cationic surfactants: the hydrophilic group is positively charged [20]

Nonionic surfactants: no functional group, which can be dissociated in water [20]

Amphoteric surfactants: the hydrophilic group has an anionic part and a cationic part
[20]

The most important group of the aforementioned surfactants are the anionic surfactants.
They are mainly used in cleansing agents. The same holds for nonionic surfactants but they
are in use in a much smaller amount. Cationic surfactants are used in antiseptics, fabric
softeners and different cosmetic products because they act antistatic. Amphoteric surfactants
are used in low concentration washing-up liquids, shampoos and other cosmetics since the
skin compatibility is very good. [20]

2.2.1. STERIC STABILISATION

Steric stabilisation occurs when polymeric surfactants adsorb at the interface. There they
form tails and loops inside the two phases (see figure 2.3). Therefore, a layer is formed,
which stabilises the emulsion due to the limited interpenetration of the polymer chains
of the surfactant and leads to repulsion of the droplets approaching each other [3]. Steric

stabilisation is an effective way of stabilising non-aqueous emulsions. [17]

88 @?ﬁf&

%fﬂ\g S

Figure 2.3.: Scheme of steric stabilisation of emulsions

2.2.2. MEMBRANE FORMATION

Since surfactants lower the interfacial tension, they favour the formation of small droplets
and therefore new interfaces. When a new droplet is formed, the surface is mechanically
stabilised by the surfactant forming a membrane at the interface. This leads to two static

effects and one dynamic effect, which prevent coalescence. [17]

12



2. STABILISATION MECHANISMS

Static effects

* The reduction in interfacial tension leads to a decrease in the thermodynamic drive
into coalescence. [25]
* A physical barrier is set up by the surfactant molecules, which prevents coalescence

by its strength and elasticity. [25]
Dynamic effect

¢ The Gibbs-Marangoni effect stabilises the membrane itself. When two drops approach
each other and their surfaces are insufficiently covered with surfactant they take up
surfactant molecules while getting closer to each other. Due to an interfacial tension
gradient at the interface of the droplets, which occurs due to the hindered adsorption
in the film between the droplets, the surfaces move into the direction of the film. This
causes streaming of the liquid along the surface, which drives the droplets apart. This
self-stabilising effect is only possible if the surfactant is dissolved in the continuous
phase. [25] (see figure 2.4)

Low y High y Low y
Surfactant Surfactant
) :ﬂi T S = & éj%
TEigs % & BEEE
Surfactant Surfactant

Figure 2.4.: Scheme of the Gibbs-Marangoni effect [26]

2.3. BROWNIAN MOTION

Brownian motion of small dispersed droplets is caused by the movement of the molecules
of the continuous phase due to heat energy [27]. In contrast to gravity, which favours
creaming (accumulation of the dispersed phase at the top, see chapter 4.2) or sedimentation
(accumulation of the dispersed phase at the bottom, see chapter 4.2), Brownian motion

favours a random distribution of the dispersed droplets in the whole emulsion. The reason

13



2. STABILISATION MECHANISMS

for this is that it maximises the configurational entropy of the system. Equation 2.5 shows
the equilibrium distribution of droplets in an emulsion underlying both Brownian motion
and creaming. [26]

(2.5)

A7 .3 . AN-p-q-
6 = o eap (TR0

3-kp-T

In this equation ¢(h) is the hold-up of the dispersed phase at a distance & from the top of
the emulsion. ¢, represents the hold-up at the top of the emulsion. r represents the radius
of the droplet, Ap is the density difference of the continuous and the dispersed phase, g
means the gravitational constant, kp the Boltzmann constant and 7" the temperature. If
#(h) = ¢ the dispersed phase is evenly distributed in the continuous phase. Therefore,
Brownian motion dominates the system. If ¢(h) << ¢, the droplets tend to accumulate

and the dispersed phase vanishes. [26]
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3. EMULSION FORMATION TECHNIQUES

Emulsions on a submicronic scale with a narrow drop size distribution are needed in
cosmetics, food and pharmaceutical industry. To produce these emulsions two ways
are possible. Emulsification is either possible via a large amount of energy input or
via a high surfactant content or combinations of both. [6] In the following sections the
emulsion formation techniques are distinguished by energy input starting with low energy

consuming techniques.

3.1. Low ENERGY CONSUMING TECHNIQUES

The low energy consuming techniques take advantage of the physicochemical properties
of the system [17]. Therefore, only a small amount of energy but a high amount of
surfactant is necessary to produce finely dispersed emulsions. Additionally, the interfacial
tension is reduced by surfactants, which also increases the emulsion stability. This effect
is schematically depicted in figure 3.1. It is visible that there is an optimum surfactant
concentration where the droplet size as well as the interfacial tension show a minimum,

which leads to a maximum in emulsion stability.

In low energy emulsification, two main effects can be distinguished. The first one shows

unique behaviour since emulsification occurs without addition of any surfactant.

Emulsion Droplet
stability ~ // Size

RN

Interfacial
<« tension

0 100
% Surfactant with high HLB

Figure 3.1.: Influence of surfactant concentration on emulsion stability, droplet size and interfacial tension
[28]
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3. EMULSION FORMATION TECHNIQUES

3.1.1. Tue Ouzo EFFECT

This effect describes the addition of a solvent to a dilute binary system. The solute shows
only limited solubility in this solvent. Therefore, supersaturation occurs and the solute
rapidly separates from the solution. The dispersion produced is stable with very small
droplets of solute without any mechanical energy input, stabilizers or surfactants. The
dispersion shows a narrow dropsize distribution and droplet growth only takes place by

Ostwald ripening (see chapter 4.4 for more information) [29]

The Ouzo effect only occurs in systems with three or more components. The name originated
in the addition of water to ouzo, a beverage common in Greece, since the dissolved anise
oil spontaneously nucleates and forms an opaque, milky liquid following the mechanisms
described before. [29]

3.1.2. PHASE INVERSION

Phase inversion can be divided into two main classes. First, the phase inversion temperature
(PIT) method shall be explained. Then, an explanation of the emulsification using the
emulsion inversion point (EIP) method is given (see figure 3.2).

1 W/0 transitional
phase inversion

optimum formulation ... I
..---‘ ‘ \r[x/

| catastrophi'c phase invérstio> O/W

temperature

water volume fraction @

Figure 3.2.: Schematic illustration of transitional and catastrophic phase inversion [30]

PHASE INVERSION TEMPERATURE METHOD

The PIT method was first described by Shinoda et. al. in 1969 [31]. They found that many

o/w emulsions, which are stabilised with a nonionic surfactant, show phase inversion at a
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3. EMULSION FORMATION TECHNIQUES

critical temperature (phase inversion temperature) without changes in composition. The
surfactants were subject of dehydration of the polyethylene oxide chain with increasing
temperature and therefore became more lipophilic. At low temperature, stable o/w
emulsions were formed as the surfactant had a higher affinity to the aqueous phase. At high
temperatures, the stability of o/w emulsions decreased and both o/w and w/o emulsions
became unstable. In this temperature zone, the interfacial tension reached a minimum and
the system crossed a point of zero spontaneous curvature. At higher temperature w/o
emulsions became stable. [32] Picture 3.3 shows this change in spontaneous curvature.
The surfactant stabilising the reverse micelles of a w/o emulsion changes its preferred
curvature from negative to positive curvature with decreasing temperature. Initially this
leads to a lamellar structure of the emulsion before the dispersion direction changes and

an o/w emulsion is formed.

A big advantage of emulsions prepared at temperatures close to the PIT is that the droplets
are very small. However, they are unstable towards coalescence in this temperature range.
Therefore, exiting this unstable zone by rapid cooling stabilises the emulsion and retains
the small droplet size. [28]

Another option to stabilise emulsions is to increase the molar mass at given HLB. The
enhanced stability is caused by steric hindrance due to the longer chains inside the

surfactant molecules. (see chapter 2.2.1 for more information) [28]

The presence of electrolytes reduces the PIT. Therefore, surfactants with a higher PIT have
to be chosen for stabilising electrolyte-containing emulsions at a given temperature. [28]

EMULSION INVERSION POINT METHOD

The EIP method takes advantage of the fact that the radius of curvature changes spontan-
eously when changing the phase ratio. For example, if water is added to oil the water phase
becomes the dispersed phase and therefore forms droplets. With increasing amount of
water the spontaneous curvature of the surfactant changes from w/o emulsion stabilisation

to stabilizing o/w emulsions. [30]

Additionally, the point of phase inversion shows a hysteresis when emulsifying according
to the EIP method, which means that addition of oil leads to a different result compared
to the addition of water. Furthermore, the extent and technique of energy input during

emulsification has an influence. [33]
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Change of emulsion property leads to change of emulsification direction

LT o

Figure 3.3.: Scheme of curvature change inside an emulsion due to transitional or catastrophic phase inversion
(adopted from [30])

3.2. INTERMEDIATE ENERGY CONSUMING TECHNIQUES

The intermediate energy consuming techniques consist mainly of membrane applications for
emulsification. Specifically, the direct emulsification using membranes shall be mentioned,
as described in this section.

In 1992, Nakashima et al. proposed a new emulsification technique which proved to be
beneficial compared to conventional emulsification techniques [34]. Especially the industry
makes use of this method to create stable emulsions with a narrow drop size distribution
[35]. Another important advantage of emulsification with membranes is that the drop size
itself corresponds solely with the pore diameter of the membrane used. This means that a
change in particle size can easily be achieved by changing the membrane [34]. Moreover,
even emulsions containing a big amount of the dispersed phase can be stabilised using
membrane emulsification [35]. A critical pressure P, can be determined which has to be
overcome to make the oil disperse and permeate the membrane (see 3.1). v,,, means the
interfacial tension between the organic and the water phase and © represents the oil/water

contact angle while D,, corresponds with the average pore diameter of the membrane.
[34]

474y - cos(O)
P, = B [34]. 3.1)

Nakashima et al. found some additional aspects concerning emulsion formation in general

and about the drop formation in specific.
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3. EMULSION FORMATION TECHNIQUES

e Particle size D, corresponds with the pore size D,, in a linear way. (see equation 3.2
[34, 35])

D,=k- Dy, (3.2)

In this equation, k£ means a linear correlation between D, and D,,, which depends on
the system to be dispersed and the membrane used [17].

* One of the most important requirements is that the membrane has to be wetted by
the continuous phase. Additionally, adsorption of the surfactants on the membrane
by stabilising the emulsion has to be avoided. Ionising the membrane surface or
applying the same charge as the functional group of the surfactant can fulfil this
recommendation. [34]

* An appropriate amount of surfactant has to be present in the system to form stable
emulsions with a narrow drop size distribution. High concentrations do not lead to a

change in droplet size or drop size distribution. [34]

On the contrary, a minimal velocity is needed to apply physical force on the fluid to be

dispersed and to separate the droplets from the membrane surface [35].

3.3. HIGH ENERGY CONSUMING TECHNIQUES

To produce emulsions in large scale, conventional devices like ultrasonic transducers,
high-pressure homogenizers or colloid mills are used [17]. The droplets are deformed
because of the forces inside the equipment and finally break into smaller ones, if the
Laplace pressure is overcome (see equation 3.3) [30]. This pressure corresponds to a
pressure difference between the two sides of a curved interface and can be written as Ap,,
(see equation 3.3). R; and R, are two radii of the curvature. For spherical droplets R; = R,
holds.

11
App =1+ (R_1 + R—Q) (3.3)

In the following sections, the main high-energy consuming emulsification systems are

briefly described.
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3.3.1. ROTOR-STATOR SYSTEMS

Rotor-stator systems are widely used in industry because they offer a large variety
of configurations. It is possible to operate these systems either in discontinuous or
in continuous mode depending on the device applied. For producing coarse primary
emulsions high speed mixers can be used. To produce smaller droplets the preformed
emulsion is fed into a second homogenization equipment like colloid mills, which are
much more efficient in reducing the size of droplets than in producing a primary emulsion.
The force applied on the emulsion is caused by a combination of velocity gradients inside
the vessel containing the mixing device or by shear stress in the gap between rotor and
stator. [26]

3.3.2. HIGH PRESSURE SYSTEMS

High pressure homogenizers are the most important emulsification devices in industry
for continuous production of finely dispersed emulsions. These systems use intense shear
stress and cavitation to disrupt droplets. [36] This is the reason why mainly secondary
emulsification is performed in such devices. [26] It is possible to produce mean droplet
diameters of 0.1 pm even at high throughputs [6, 37]. However, a drawback has to be
taken into account since the emulsion has to withstand high pressure gradients inside the

equipment, which may not be usable for every system. [37]

3.3.3. ULTRASONIC SYSTEMS

The ultrasonic emulsification is based on the production of pressure variations due to
the induced movement of piezoelectric or magnetostrictive materials. The induction is
performed by exposure of piezoelectric materials to an electric field or by exposure of
magnetostrictive materials to a magnetic field. The materials respond to this field with
changing in dimensions, which are transferred to passive components to enhance the
energy transfer. [38] Since the throughput is small, ultrasonic emulsification is only applied

in lab scale, where a droplet size of 0.2 um can be obtained [39].

In table 3.1 the high energy input emulsification techniques are summarized. It is obvious
that depending on the emulsification system used the properties of the system to be
emulsified as well as the produced emulsion differ. Especially the droplet size and the

viscosity of the emulsions are very different. Rotor-stator systems for example offer a wide
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range of optimal viscosity from 20 to 5000 mPas for emulsification, while for high pressure

systems and ultrasonication low to medium viscosities (1 to 200 mPas) are required.
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Table 3.1.: Comparison of different types of emulsification systems [6]

Emulsification system

Rotor—stator systems

High-pressure systems

Ultrasonic systems

Examples

Droplet disruption
mechanisms

Throughput
Batch/continuous

Minimum droplet size
(nm)

Optimal range of
viscosity

Application
Energy density

Change of energy input
through

Residence time in
dispersing zone, ¢
Required adsorption
rate of emulsifier

Mixers, agitators, colloid
mills (Silverson,
Ultra-Turrax)

Shear stress in laminar
flow and/or shear and
inertial stress in
turbulent flow

Medium to high

Batch (mixers) or
continuous (colloid
mills)

1.0

Low to high (20 — 5000
mPas)

Lab/industrial
Low-high
Rotation speed,
exposure time, gap
distance, and disk
design

01<t<1s

Low to high

Radial diffusers, valve
homogenizers, jet

dispersers, microfluidizer
Shear and inertial stress in

turbulent flow; cavitation

in laminar extension flow

High
Continuous

0.1

Low to medium (1 — 200
mPas)

Lab/industrial
Medium-high
Pressure, recirculation

(exposure time), and
nozzle design

0.1<t<3ms

High to very high

Sonotrodes (sonication
probes)

Cavitation in
microturbulent flows

Low

Batch or
quasi-continuous

0.1-0.2
Low to medium

Lab
Medium-high
Intensity and frequency

of ultrasonic wave
sonication time

Middle to high
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4. BREAKDOWN PROCESSES IN EMULSIONS

There are several different processes involved in emulsion splitting. Some of them are
applied simultaneously, others consecutively. [28] In figure 4.1 various breakdown processes

are depicted. In the following sections, these processes are explained in detail.

4.1. COALESCENCE

Coalescence describes the fusion of two droplets or fusion of one droplet with its coherent
phase [40]. It starts with the thinning of a liquid film between the phase boundaries, which
tinally leads to disruption of the film [28]. Three major steps can be distinguished until two
drops (or one drop and an interface) coalesce [26, 40]. These steps are depicted in figure 4.2

and described below.

1. Approaching: When a droplet reaches an interface (it does not matter if it is a curved
interface of a drop or a flat one of the coherent phase) the droplet as well as the
interface are deformed. However, the film in between remains intact. Through the
deformation possibly an oscillation is induced, which normally is restrained by the
viscosity of the liquids. [40]

2. Film thinning: The film vanishes by flowing out of the gap between the two interfaces.
Gravity force (or any other force strong enough to move the droplet, e.g. buoyancy,
centrifugal or electric field force) pushes the interfaces closer together. This step takes

the longest time and therefore is the decisive step for coalescence to take place. [40]
3. Film rupture: If the film thickness reaches a critical value, it gets ruptured and the
droplet coalesces with the interface. At the critical film thickness the interfacial forces,

which increase with decreasing film thickness, reach the order of magnitude of the

hydrostatic forces in the system and therefore lead to coalescence. [40]

4.2. CREAMING AND SEDIMENTATION

Creaming and sedimentation describe the settling of the dispersed phase due to external

forces, e.g. gravitational, centrifugal or electric field forces. They differ only in the settling
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Creaming Sedimentation Flocculation
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Phase inversion Coalescence Ostwald ripening

Figure 4.1.: Scheme of various breakdown processes in emulsions (adopted from [28])

Approaching Film thinning Film rupture

Figure 4.2.: Main coalescence steps (adopted from [40])
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Fr

Figure 4.3.: Force balance of an ascending droplet

direction of the droplets. Creaming and Sedimentation mean the movement of droplets to
the top and the bottom of the emulsion, respectively. If the dispersed phase has a lower
density, creaming occurs. If the dispersed phase has a higher density, sedimentation takes
place. [26, 28]

For dilute systems and rigid spheres, which is given for low hold-up and very small
droplets, the Stokes” law can be applied to calculate the creaming or sedimentation velocity
v. It can be obtained from equations 4.1 and 4.2 and a force balance for a droplet (see figure
4.3). [26]

4

F, = —§'7T'7’3'(P2—P1)'9 (4.1)

Ff = 6-7- T - T UStokes (42)

F, describes the gravitational force while F; stands for the frictional force. These two forces
counteract, independently whether creaming or sedimentation occurs. The symbols p; and
p2 represent the density of the continuous and the dispersed phase, respectively. The shear

viscosity of the continuous phase is described by 7;.

2.q9-12. —
VStokes = — J 9 5;02 pl) (43)
Y

The direction of droplet movement is determined by the signum of vges. A positive
signum means the droplet moves upward (creaming) and a negative signum signals that
the droplet moves downward (sedimentation). A rule of thumb tells that an emulsion with

Usiokes < 1 mm per day can be seen as stable toward creaming. [26]
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Figure 4.4.: different potential energy curves versus distance of droplets with charged surface [3]

4.3. FLOCCULATION

Flocculation describes the process of reversible aggregation. If aggregation is irreversible, it
is termed coagulation [3]. This means that two or more droplets merge without losing their
individual integrity. Due to flocculation, the gravitational separation rate is increased [26].
Additionally, the emulsion viscosity is increased, which may even lead to gel formation

[41, 42]. This can have a stabilising effect in concentrated emulsions [43].

The DLVO theory describes in general terms whether flocculation or coagulation occurs.
More generally, the stability of the emulsion can be described by the DLVO theory (see
chapter 2.1). This can be illustrated by figure 4.4 where three different emulsions are
depicted. For the first type of emulsion the potential energy curve is dominated by the
attractive van der Waals forces, which will lead to coagulation (see figure 4.4 curve a).
Coagulation is favoured in this case because the potential energy is minimized. For
the second type of emulsion the attractive forces and the repulsive double-layer forces
contribute in such way that a secondary minimum occurs in the potential energy curve. If
the minimum is comparable to kg7, reversible flocculation can take place, (see figure 4.4
curve b). For the third type of emulsions the repulsive forces contribute with significant
values, which leads to a positive potential energy barrier. If this barrier is large enough (i.e.

large compared to kzT’) the emulsion is kinetically stable (see figure 4.4 curve c). [3]
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4.4. OSTWALD RIPENING

Ostwald ripening results from finite mutual solubility of the liquid phases, which increases
with decreasing droplet diameter. Therefore, large droplets grow while smaller droplets
dissolve (see figure 4.5) [26, 28, 44, 45]. The Ostwald ripening rate increases with increasing
surfactant concentration [46]. This can be supported by the fact that solubility of the
dispersed phase increases with decreasing droplet diameter, which is a consequence of
higher surfactant concentration. The correlation of solubility and droplet size can be seen
in equation 4.4. [47]

2-v-M
In this equation S(r) is the solubility of a droplet of radius r. Consequently, S(co) is the
solubility of a droplet with an infinitely large radius, i.e. a planar surface. Additionally, M

represents the molar mass of the dispersed phase.

From equation 4.4 can be seen that the concentration of the dispersed phase is higher in the
surrounding of small droplets because of the higher solubility of smaller droplets. Since
this induces a concentration gradient, the molecules move towards the bigger droplets
leading to a shrinkage of the small ones and a growth of the bigger ones. [26]

4.5. PHASE INVERSION

Phase inversion refers to the change of the dispersed phase to become the continuous
phase and vice versa. [28] As described in chapter 3.1.2 this results from the change in
curvature of the emulsion due to temperature change (PIT) or change in concentration of
the dispersed phase (EIP).
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Large droplets grow

| >

>

Small droplets shrink

Figure 4.5.: Ostwald ripening (adopted from [26])
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5. SPLITTING OF STABLE EMULSIONS

After producing a stable emulsion it is often intended to split it again. This chapter
describes mechanisms of emulsion splitting and technologies that make use of the different

mechanisms discussed in chapter 4.

5.1. CHEMICAL SPLITTING

Demulsification using chemical additives is known to be effective [48]. It is widely used for
w/o0 and o/w emulsion separation in general and in crude-oil treatment in specific [48,
49]. However, there are some major drawbacks using this technology. Firstly, an additional
separation step is necessary for recovery and recycle of the emulsion components, which
makes it difficult to choose a chemical easy to remove after demulsification with the
capability of neutralisation of emulsifiers [48, 50]. Secondly, the demulsifying agent must
have very low water solubility and additionally show a high volatility to make separation
easier. In many cases, butanol is therefore preferred over propanol due to the lower
solubility and over tetradecane or oleic acid due to its higher volatility, which makes
distillation possible as recovery step. [48] According to [51] the following steps have to be

considered to attain chemical demulsification in o/w emulsions:

sufficient amount of the chemical has to be provided

¢ intense mixing of the chemical with the emulsion has to be performed

¢ elevated temperatures help to enhance the splitting process

* enough residence time in the separation equipment has to be provided to enable
settling

5.2. ELECTRICAL SPLITTING

Since the knowledge in the literature is very different regarding the dispersion direction,
w/oand o/w emulsions are discussed separately in the chapters 5.2.2 and 5.2.3, respectively.
In chapter 5.2.1 a general theoretical background is presented without taking the dispersion
direction into account.
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5.2.1. THEORY OF ELECTRICAL SPLITTING

It has already been discovered in 1911 that emulsions coalesce faster if they are exposed
to an electric field compared to gravity [52]. The method found by Cottrell [52] has been
used in the petroleum industry to demulsify brine dispersed in crude oil [48]. According to
Draxler et al. [53] electrical splitting is used for splitting of emulsion liquid membranes in
industrial scale. The biggest advantage of electrical splitting is that it is a strictly physical
process, which allows recycling the phases without any additional separation step [48].
Additionally, it is advantageous regarding energy consumption compared to heating or
centrifugation [54-56].

Three effects can be distinguished in electric field splitting:
* Dipole-dipole interaction

¢ Electrophoresis
¢ Dielectrophoresis

Dipole-dipole interaction occurs between two polarized droplets. The electric field induces a
charge at the surface of the droplets which results in attraction forces between the droplets

(see figure 5.1). The overall charge of the droplet remains unchanged. [57]

+ -

Figure 5.1.: Schematic of the dipole-dipole interaction [57]

Electrophoresis arises from movement of droplets in the electric field. If a charged droplet
is formed through contact with an electrode, it is repulsed and attracted by the opposite
electrode. The polarity of this droplet can now be reversed like in figure 5.2. It is also
possible that one droplet hands over its charge to another one. However, the electrophoretic
force decreases exponentially with time due to low conductivity in the continuous phase.
Electrophoresis causes accidental movement of droplets in the emulsion which leads to

accidental collisions and therefore to coalescence. [57]
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Figure 5.2.: Schematic of the electrophoresis [57]

Dielectrophoresis only occurs in inhomogeneous electric fields. This phenomenon describes
the orientation of droplets towards the stronger field strength independent of the charge
of the droplets or the electrodes. A higher electric field increases the force acting on the
droplets and their velocity, which enhances collisions and coalescence. [57] Figure 5.3

shows the principle.

Figure 5.3.: Schematic of the dielectrophoresis [57]
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It has to be mentioned that the predominant mechanism in emulsion systems depends on
several parameters like electrode design and setup, emulsion properties as well as on the

type of electric field applied. [56]

5.2.2. WATER-IN-OIL EMULSIONS

The splitting of w/o emulsions in the electric field has been studied for more than 100 years
[52, 58]. Since a high electric AC field applied on a flowing emulsion leads to flocculation
and coalescence of the water droplets, the technology has become very important in
crude oil processing [52, 56, 58-60]. However, complete understanding and prediction
of coalescence of droplets in the electric field is still missing. The reason for this lack of
knowledge is the complexity of the electrostatic and hydrodynamic interactions and the
difficulty in defining the electric field strength acting on the droplets [56].

AC is preferably applied for splitting w/o emulsions; DC has been used to split this
emulsion type, too. Bare electrodes with 5 to 25 kV lead to demulsification of 60 to 70 %
[61]. In addition, pulsed DC field has been investigated [62, 63]. Mhatre et al. conclude in
their review that the application of AC or pulsed DC fields is favoured over constant DC
tields to achieve efficient separation [64].

According to Chen et al. [65] a typical field strength in o/w splitting is 100,000 V/m.
However, if the electric field strength is too high, drop breakage occurs and the emulsion is
stabilised. [66]

5.2.3. OIL-IN-WATER EMULSIONS

Especially in the metalworking industries oily wastewaters are generated. These effluents
often contain stable o/w emulsions, which originate in lubrication, surface cleaning or
corrosion prevention. [67] In general, there are three different types of forces known which
prevent demulsification of o/w emulsions. These are the electrical double layer force,
which acts between electrically charged oil droplets [14, 15], the steric force, resulting from
macromolecules adsorbed on the droplet surface [68, 69], and the hydration force acting
between hydrated oil surfaces, which is a short range force [70, 71].

According to [9, 60] and [67] splitting of o/w emulsions should be performed using
electrical splitting devices. The reasons are the simplicity of the apparatus and the process
itself. However, demulsification of o/w emulsions by electrical splitting has not been

intensively investigated for two main reasons. On the one hand, high electric field may
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5. SPLITTING OF STABLE EMULSIONS

cause electrolysis of the aqueous phase, which leads to a contamination of the chemical
products. On the other hand, the application of a low electric field for demulsification has
been regarded as a slow process driven by electrophoresis of the droplets. The reduction
of the surface charge due to electrolysis does cause corrosion of the electrodes, which
increases the concentration of metal ions. Metal ions act as demulsifier. [9, 56, 60]

In figure 5.4 the mechanism of electrical splitting is depicted. The surface ions migrate in an
electric field minimizing the difference in the electrostatic potential difference induced by
the external field. Since the potential energy barrier is decreased with decreasing surface
charge density, small droplets adjacent to this side of large droplets coalesce first. (right
hand side of the big droplet in figure 5.4 [72])

Eo —— > Application of external electric field

LIRL L Bs
O

Migration of
surfaceions

Coalescence Coalescence

Figure 5.4.: Mechanism of electrical demulsification acc. to [72]

Two options can be found in literature to demulsify o/w emulsions in the electric field.
On the one hand, the application of a uniform field is possible. On the other hand, a
non-uniform electrical field can be applied. Both lead to good separation at optimal
conditions. [9, 60, 72-75]

5.3. MECHANICAL SPLITTING

Regarding separation mechanical separation can be subdivided into filtration and sedi-
mentation. The former separation mechanism is based on the relative particle size, while
the latter uses mainly the relative particle density for separation. It has to be mentioned that
particle size plays also a role in sedimentation. [50] The major technologies of mechanical
splitting are discussed in the following chapters.
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5.3.1. FILTRATION

The filtration mechanism works entirely on droplet size and to some extent on the shape
of the droplets. The cutoff size is the characteristic measure of the filter medium. Since
a pressure difference is necessary across this barrier, there are two modes of operation
possible. In vacuum filters the suction is downstream of the filter while in pressure filters
pressure is applied on the emulsion upstream the filter. [50] Filtration can be divided into

the following categories [50, 76].

* macro filtration (particle/droplet size: 5 ym — 1 mm)
¢ micro filtration (particle/droplet size: 0.1 ym — 5 pm)
e ultra filtration (particle/droplet size: 0.01 — 0.1 pm)

* nano filtration (particle/droplet size: 0.001 — 0.01 um)

* reverse osmosis (particle/droplet size: < 0.003 pm)

The lower limit of ultrafiltration is measured in molecular weight terms (dalton). In
nanofiltration, the liquid stream is treated as solution without suspended matter. It is
assumed that the membranes are tight without holes inside. However, small molecules
are able to dissolve in it and diffuse through the membrane, which makes a high pressure

difference necessary. [50]

Another classification of filtration devices is based on the filtration mechanism itself. In
surface filtration, the barrier is thin compared to the diameter of the dispersed phase.
Therefore, the filtration takes place upstream of the filter medium. Particles, which are
smaller than the pore diameter, are able to pass the filter medium while larger particles are
hold back on the upstream surface. Secondly, filtration may be based on depth filtration
or depth straining. These mechanisms differ only in the effect how the droplet is trapped.
In depth filtration, the droplet is trapped in a bed of fibres by adsorption onto the pore
surface while in depth straining the droplet moves through the pore until it reaches a point
where the pore gets too small and the droplet is hold back. [50]

5.3.2. SEDIMENTATION

The density difference of the two liquids to be separated can be used either for gravitational
or centrifugal separation. The gravitational separation can be performed in basins with a
circular or rectangular shape or in vessels with internals. Since the principle is the same for

both types, they are discussed together. The application of centrifugal force on an emulsion
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is possible either mechanically driven (centrifugation) or inertially driven (hydrocyclones).
[50]

GRAVITATIONAL SEPARATION

Gravitational separation is a direct and low cost treatment of emulsions. However, bulky

equipment with correct proportions is necessary to provide proper separation. [50]

In simple gravity separators, the dispersed phase is separated from the continuous phase
and moves upward or downward according to the density difference. The principle is the
same in so-called lamella separators but due to shorter sedimentation distances because of
internals mounted in parallel a larger separation area is provided for sedimentation. The

internals can be designed as plates or tubes. [50]

Another way to enhance separation in gravitational separation devices is the installation
of coalescers. These use dense fibre beds or fibre mats for oil/water separation. The fibre
material has to be chosen depending on the dispersed phase. Inorganic fibre material
is used for dispersed water droplets, and lipophilic materials are chosen for solvents as
dispersed phase. If the material is chosen in the way described, the droplets are intersected
by the fibres and impinged on them. With time the film consisting of continuous phase
between the droplet and the fibre is thinned and finally ruptured, which leads to attachment
onto the fibre and to coalescence with other droplets. The growing droplets are broken
from the fibre when they reach a certain size due to gravity and drag force and therefore

separate from the emulsion. [50]

CENTRIFUGATION

All demulsification processes are enhanced and facilitated when using centrifuges, because
the droplets of the dispersed phase are forced towards one end of the equipment. There,
the interfacial membrane is ruptured, which leads to coalescence and therefore to phase
separation. [26] The rupturing is facilitated due to the higher acceleration force (5,000 —
8,000 times higher) compared to gravitational force. Centrifuges can easily be applied to
different separation requirements especially regarding the amount of emulsion to be split.
[50]
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HYDROCYCLONES

Hydrocyclones are dynamic separators used since the early 1980s [50, 77]. The operation
principle is the inertial force, which is caused by the inflow velocity of the emulsion. The
emulsion is forced to develop a vortex flow, which forces the high density liquid to the

barrel side. [50] The operating principle can be seen in figure 5.5.

Oily Water
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Figure 5.5.: Operation principle of a hydrocyclone [77]

FLoTtATION

Flotation is a mechanical splitting technology, which artificially enlarges the density
difference between the two phases with gas bubbles. As a prerequisite, the dispersed phase
has to be the non polar solvent phase since adhesion between the droplets and the gas
bubbles has to be big enough. In figure 5.6 the principle of flotation is depicted. The whole
process can be divided into three intermediate steps. The first one is the formation of the
gas bubbles, followed by the attachment of the droplets to the bubbles and finally the
movement towards the upper interface of the emulsion leaving behind a clear hydrophilic
liquid. [78] Flotation is used in the cleaning of effluents from the pulp and paper industry
containing fibres, of effluents containing varnishes and of oily effluents produced in the
food industry [79].
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Figure 5.6.: Flotation principle, adopted from [79]

The different flotation techniques are divided into three main groups regarding the

mechanism of bubble generation:

¢ Dissolved air flotation (DAF)
e Electroflotation
¢ Froth flotation

Dissolved air flotation (DAF) is the most commonly used flotation technique. In a separate
tank, saturation of water with gas is performed at elevated pressure. By varying the
pressure difference between this saturation tank and the separation tank, the number as
well as the size of the gas bubbles can be modified. With increasing pressure difference,
the bubble diameter is decreased. Depending on the pressure difference, a bubble size of
30 — 100 pm is obtained. [80, 81]

Electroflotation is also a widespread flotation separation technique. It is mostly used in the
separation of light colloidal systems. The gas bubbles are produced by electrolysis with
electrodes immersed in the liquid. At the cathode hydrogen is generated while oxygen
is produced at the anode. The number of bubbles is proportional to the voltage. The
advantage of this technique compared to other flotation techniques is that monodispersed

gas bubbles with a diameter of 50 ym can be produced. [79]

In froth flotation, the bubbles are generated by inserting the gas to the flotation equipment
at the bottom. With this technique, relatively large bubble diameters (app. 1 mm) are
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obtained. The advantage of froth flotation is that operating cost is low, and there are no

moving parts inside the system. [79]

5.4. THERMAL SPLITTING

Heating of emulsions is a widespread technique in w/o emulsions splitting [7]. There are
various reasons for this application. [7]

* Jower heat capacity of solvents compared to water reduces the huge amount of energy
necessary

* heating reduces the viscosity as well as the density of solvents faster than those of
water

¢ the solubility of surfactant is increased in the solvent as well as in the water phase,

weakening the interfacial film

Thermal treatment is also the primary technique when demulsification of microemulsions
is intended, because the amount of water dissolved in the solvent phase is decreased with

increasing temperature [48].

Two major techniques are applied in industry when thermal splitting is used for demulsifi-
cation, microwave irradiation and conventional heating. It has to be mentioned that the
former works much more efficient regarding separation time and energy consumption
compared to the latter [82-89]. Even without addition of chemical demulsifiers, microwave

irradiation shows a higher efficiency in breaking o/w emulsions [84].

However, there are some major drawbacks regarding thermal splitting without application
of other separation technologies. Most importantly thermal splitting is a very expensive

operation [7]. Additionally, the demulsification kinetics are slow in thermal splitting [48].
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6. CHEMICAL SYSTEM

The chemicals used are shown in table 6.1. For the experiments Shellsol-K (SSK) as solvent
phase and 4-dodecylbenzenesulfonic acid (4-DBSA) as surfactant have been used. To
evaluate the electrical field splitting a highly stable emulsion resulting from a process
intensification step has been investigated. To produce this emulsion acetic acid, methanol,
n-butanol, n-octanol, n-undecane and 4-DBSA have been used. Methyl acetate, n-butyl
acetate and n-octyl acetate are formed in the reaction and not added by hand. Isopropyl
alcohol was used as solubilizer in the chemical splitting. Acetone was used for cleaning
purposes only to remove impurities from the experimental equipment. Additionally,
deionized water was used for both experimental reasons as continuous phase and for

cleaning purposes.
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Table 6.1.: Chemicals used

8%

Chemical CAS-number ~ Molecular weight ~ Density Chemical characterization Source
in g/mol in g/cm3
4-dodecyl- /@/\A/\N\/\
benzenesulfonic acid 121-65-3 326.49 1.2 0;5 [90, 91]
(4-DBSA) OH
o
Acetic acid 64-19-7 60.05 1.05 " )J\CH [92, 93]
CH,
Isopropyl alcohol 67-63-0 60.10 0.78 PN [92, 93]
H,C”~ “OH
Methanol 67-56-1 32.04 0.79 H,C—OH [92, 93]
Q,
Methyl acetate 79-20-9 74.08 0.93 Mc, [92, 93]
H,c—0
n-butanol 71-36-3 74.12 0.81 H,e” " oH [92, 93]
0
-butyl acetat -86-4 116.1 . 92,93
n-butyl acetate 123-86 6.16 0.88 NN )LCHG [92, 93]
n-octanol 111-87-5 130.23 0.83 HET N0 [92, 93]
R e WS S Vel
n-octyl acetate 112-14-1 172.27 0.87 \I.J/C [92, 93]
n-undecane 1120-21-4 156.31 0.74 H,C H, [92, 93]
Mixture of hydrocarbons, C11-C14,
ShellSol-K (55K) 64742-47-8 174.00 0.792 n-alkanes, isoalkanes, cyclenes, <2 [94]

% aromatics
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7. SETUP - PREPARATION OF STABLE EMULSIONS

Before electric field splitting can be applied on a stable emulsion, the formation of such
emulsions has to be investigated. To observe the splitting progress the experiments were
analysed in an optical cell. Since the emulsion showed turbidity formation, also ultrasonic
scanning has been applied using an ultrasonic suspension analyzer, type SUSS-2008 from
Rhosonics Analytical B. V., Netherlands. The principles of the latter observation techniques

are explained in the following chapter.

7.1. ULTRASONIC SCANNER

The principle of the ultrasonic scanner can be seen in figure 7.1. The sound waves
generated by the ultrasonic scanner pass the emulsion. The direction of the sound waves is
perpendicular to that of the phase separation going from the transducer T to the receiver
R. On its way through the emulsion the wave is attenuated depending on the medium.
Ay is the amplitude directly after the transducer and A, is the amplitude received by the
receiver. Additionally, the speed of sound changes with changing solvent concentration.
This is used to determine the concentration of the solvent phase. Important for getting
accurate measurements is that the range of sound speed analysed is as narrow as possible.
It is possible to generate sound waves with a sound speed between 1000 and 2500 m/s.
The minimum and maximum speed of sound used for the system water/SSK are 1200 m/s
and 1600 m/s, respectively. [95]

7.2. EXPERIMENTAL PROCEDURE

For performing separation experiments one preparation step has to be done. Each phase has
to be saturated with the other one to avoid unwanted effects due to incomplete saturation
in the experiment itself. When the separation after the saturation process is finished the
two phases can be mixed again to perform the experiment. These two steps are explained

in the following chapters.
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Close-packed dispersion Coalesced disperse phase

4
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Figure 7.1.: Principle of the ultrasonic scanner [95]
7.2.1. PREPARATION OF SATURATED PHASES

Before saturation of the aqueous with the solvent phase and vice versa occurs, the two
phases have to be mixed intensely. The mixing is performed in a standardized mixing
cell shown in figure 7.2. It is also possible to observe the separation optically in this cell
(see chapter 7.2.2). Therefore, two rods with propellers mounted are used. These rods are
rotating into opposite directions to avoid unwanted circulation of the liquid after stopping
the mixing process. The agitation rate for the saturation process was 800 rpm for 1 minute.
After settling of the now saturated phases they are separated using a separation funnel

(see figure 7.3).

0|I‘ \
water \

separating funnel|

conical flask

o o o=

stand

Figure 7.2.: Mixing unit with scheme Figure 7.3.: Separation funnel [96]
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Figure 7.4.: Scheme of the optical cell equipment
7.2.2. OPTICAL CELL EVALUATION

For this observation, the mixing unit (see figure 7.2) was used as optical cell as well. A scale
has been attached to the mixer, which contained an overall volume of 600 ml. The two
phases were mixed for 1 minute at given rotational speed. After stopping the mixer, the
sedimentation and coalescence behaviour was recorded using a video camera (Panasonic
HDC-TM900). Additionally, the settling time was counted by a stop clock. A scheme of the

optical cell equipment is shown in figure 7.4.

7.2.3. ULTRASONIC SCANNING EXPERIMENTS

To operate the ultrasonic scanner (see figure 7.5) the software Rhosonics SUSS v1.11 has
been installed on a computer mounted to the scanner. The end position of the scanner has
to be added to adopt the scanned height to the height of the emulsion. Additionally, the
duration of the scanning interval and the number of calibration points had to be entered.
To operate the scanner properly the first scan was performed with deionized water only to
calibrate the scanner on the decanter used. After the calibration was finished, the emulsion
was prepared. For this reason, different amounts of SSK and water are added up to a total
volume of 600 ml. The phase ratio has been varied to see whether it affects the emulsion
stability. The mixture was then mixed for 1 minute at a distinct number of revolutions. The
number of revolutions has been varied to find an optimum value for maximum stability.
Additionally, experiments with and without surfactant have been performed. After that,

the generated emulsion was poured into the decanter and the scanning started. For this
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system, the range of evaluated speed of sound has been 1200 — 1600 m/s. The temperature

control system kept the temperature constant at 20 °C.

Linear guiding
shaft

Decanter

Temperature
controller

Figure 7.5.: Ultrasonic Scanner [97]
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8. SETUP - SPLITTING OF STABLE EMULSIONS

Having performed several experiments on emulsion stability and finding the best setting
this stable emulsion can be split again. For this reason, several different technologies are

investigated. The experimental procedure is described in the following chapters.

8.1. EXPERIMENTAL PROCEDURE

The initial procedure of all experiments is the same for the different splitting technologies
applied. Before the separation step the turbidity has to be formed. For this reason, an
amount of water (depending on the splitting technology) is mixed with 0.5 wt.% of solvent
phase, if not specified differently. The solvent phase consisted of the solvent SSK and 0.1
wt.% of the anionic surfactant 4-DBSA. The mixing is performed using an ULTRA-TURRAX
T25 from the company JANKE & KUNKEL IKA-Labortechnik.

To prove the concept of electrical splitting the splitting of a model emulsion created in an
intensification step of waste water treatment has also been investigated. This emulsion is
prepared in a different way.

The model effluent containing 60 g/1 acetic acid is cleaned by esterification of the carboxylic
acid with one of the alcohols, methanol, n-butanol and octanol. The used alcohol is added
in equimolar amount to the emulsion. The phase it is added to depends on the solubility
of the alcohol. Methanol and n-butanol are added to the water phase, while octanol is
added to the solvent phase. To enhance reaction kinetics 4-DBSA is used as catalyst. It
is dissolved in the solvent phase consisting of n-undecane. The concentration of 4-DBSA
was 20 wt.%. To achieve complete conversion the model effluent was heated to 60 °C and
stirred overnight to provide a large interface between the solvent and the water phase.
This was necessary for two reasons. First, the reaction takes place on the interface. If the
latter is increased, more catalyst is available and the reaction rate is enhanced. Second, the
products methyl-acetate, n-butyl acetate and octyl-acetate are hardly soluble in water and
therefore need to migrate to the solvent phase. To enhance this process the interface has to
be as large as possible, too. After the reaction is finished, the two phases are separated.
However, a very stable o/w emulsion has been produced due to the catalyst acting as
surfactant as well. The splitting behaviour of this emulsion in the electric field has then
been investigated qualitatively.

Further detail to the process intensification step for isolating carboxylic acid from aqueous
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effluents including theoretical background can be found in [10]. The equipment used is

also described there in deep detail.

8.2. THERMAL SPLITTING

For thermal splitting the emulsion is put into a beaker and heated with a heat plate under
continuous stirring until 60 °C are reached. This temperature is hold constant for a distinct

time (14,500 seconds) to see whether there is a splitting effect or not.

8.3. CHEMICAL SPLITTING

The chemical breaking of the emulsion has been performed using isopropyl alcohol. To find
the minimum amount of solubilizer the emulsion is added drop wise to a distinct amount
of isopropyl alcohol. This operation is finished when the emulsion is not solubilized any
more but grey stria occur inside the vessel. By using a stir bar an even distribution is

realised.

8.4. MECHANICAL SPLITTING

8.4.1. CENTRIFUGATION

To investigate the stability of the emulsion a conventional splitting technology has to be
applied. Therefore, the emulsion was put into a lab scale centrifuge and buoyancy force
was applied for 18 min until the phases were separated. The radius r of the centrifuge has
been 0.075 m and the centrifugation number has been set to 3000. The resulting number of
revolutions can be calculated from the definition of the centrifugation number, which is

the fraction of the buoyancy force F;, and the gravity force F|, (see equation 8.1).

z=— (8.1)

The buoyancy force can be written as
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Fy=r-wt=r-2rn-n)? , (8.2)

where r is the radius of the centrifuge, w is the circular velocity and n is the number of
revolutions in Hz. Inserting equation 8.2 into 8.1 leads to equation 8.3 for n, which has to

be set on the centrifuge.

g 1
n= 22— —100H= (8.3)

T 2

8.4.2. FLoTATION

The flotation experiments are divided into two parts. As a first approach, pressurized air
flotation was investigated. The equipment used can be seen in figure 8.1. A stopwatch for
measuring the separation time, a vessel with a frit and a pressurized air inlet at the bottom
was utilized for performing the experiment itself. To observe the separation progress a
source of light was placed behind the vessel to see the turbidity changes. To document
the separation progress a digital single-lens reflex camera (Nikon D90) was used. The
program DCamCapture was used for time lapse image capturing. The timer was set to 1 or

20 minutes for separation in the electric field or in the gravitational field, respectively.

Through the frit the pressurized air is led into the emulsion as monodispersed bubbles.
The bubbles generate foam containing separated solvent phase. With increasing separation

progress, the emulsion becomes more and more translucent.

The second approach dealt with the emulsion splitting in an electroflotation equipment.
An expanded metal plate and rod electrodes are used as electrodes. Additional parts of
the equipment depicted in figure 8.2 are a multimeter to observe the current between the
electrodes, a voltage source for power supply and again a light source behind the vessel to
observe the separation progress. A test setup has been constructed to arrange the electrode
parallel to the ground and in a distinct distance to the fixed rod electrodes. (see figure
8.3).

The experiment itself is performed as follows. At first, a picture of pure water and the
electrodes placed inside is taken as a reference for complete separation. After that, the
emulsion is prepared according to chapter 8.1 and filled inside the flotation cell. This
is followed by taking a second picture with the electrodes inside as a reference for no
separation. After this picture the separation experiment itself starts with applying the

predefined voltage and taking pictures automatically every minute (or every 20 minutes for
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Figure 8.2.: Laboratory equipment electroflotation
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Figure 8.3.: Scheme of the electrode setup

gravitational experiments, but in this case the electrodes are not placed inside the flotation
equipment). The electroflotation experiments end after 240 minutes. The gravitational

experiments take several days.

8.5. ELECTRICAL SPLITTING

8.5.1. DIRECT CURRENT

The emulsion splitting experiments in a direct current electric field were performed with
three different setups. First, a homogeneous electric field has been applied. For this reason,
two to four plates are arranged in parallel. The distance between the electrodes (1 — 10 cm)
as well as the applied voltage (1 — 14 V) have been varied to investigate the influence of
the electric field. In figure 8.4 three plates are mounted in a distance of 1 cm. This leads
to a homogeneous field, which is assumed to be stronger than it would be if only two
plates in a distance of 2 cm were used. Second, an inhomogeneous electric field has been
investigated. In this case, only the applied voltage has been varied from 1 to 3 V and the
electrode configuration remained the same. The reason for this small range is the large
electric field strength due to the inhomogeneous field and the small distance between the
electrodes. This configuration can be seen in figure 8.5. Third, the influence of inclined
electrodes has been investigated. For this reason, a new apparatus has been designed
long enough to carry three plates inclined by 45 degrees in a distance of 60 mm or four
plates in a distance of 20 mm (see figure 8.6). The angle can be chosen freely. The applied
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Figure 8.4.: Picture of the three plate arrange- Figure 8.5.: Plate rod configuration with four
ment; distance between electrodes: 1 plates and 3x4 rods; distance between
cm electrodes: 1 cm

Figure 8.6.: Scheme of the apparatus for investigating the electric field with inclined plates

electric field strength is calculated according to equation 8.4. The graphical background of
this equation is given in figure 8.7. The parameter d* indicates the distance between the
electrodes depending on the angle o, while d means the horizontal distance between the
electrodes. The first distance is used for correct electric field strength calculation. The latter
distance is used to describe the experiments, because this value is easier to measure and to
set on the equipment.

d* =d- cos(a) (8.4)

The experiments themselves are performed as follows without any difference concerning
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Figure 8.7.: Scheme of inclined plates and the electric field force applied between them

the electrode configuration. At first, a picture with pure water (and the electrodes placed
inside) is taken as a reference for complete separation. After that, the emulsion is prepared
according to chapter 8.1 and filled inside the electric field splitting cell. This is followed by
taking a second picture with the electrodes inside as a reference for no separation. After
this picture the separation experiment itself starts with applying the predefined voltage
and taking pictures automatically every minute (or every 20 minutes for gravitational

experiments, but in this case the electrodes are not placed inside the splitting equipment).

8.6. INTERPRETATION OF MONITORING RESULTS

To get the best results possible concerning the picture quality a light source is placed
behind the separation cell (flotation or electric field) and illuminates the emulsion from
the back side. The camera is placed directly in front of the separation cell. The optical
zoom of the camera is adjusted in such way that the emulsion area is as big as possible
but all important additional equipment can be seen on the picture. A schematic sketch
of the documentation setup is depicted in figure 8.8. The whole separation area with the

additional equipment can be seen in figure 8.9.

After performing the experiments, the pictures taken have to be analysed. For this reason,
a MATLAB® function was developed. The complete code can be seen in appendix A. In

this section only the features of the code are discussed.

The first setting is the analysis interval, which defines at what time intervals pictures are
analysed. This is used to get results with limited data points generated. Then, the weight
factor for the first point (zero separation at time zero) is defined by the user. By default
they are set to unity for all experimental data. This step is followed by the definition of the
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LED-panel Splitting cell Camera

Figure 8.8.: Scheme of the monitoring setup  Figure 8.9.: Whole separation area with addi-
tional equipment devices

basic name of the output files. By default it consists of the analysis interval and the weight

factor. Some other segments are added in the modelling and in the fitting part.

After defining the filename, the input is read. The input has to be written into a Microsoft
Excel® spreadsheet. The spreadsheet contains all information about the experiment like date
of performance, number of electrodes, system investigated, amount of solvent/aqueous
phase etc. The spreadsheet is depicted in figure 8.10. The spreadsheet has to contain
also information about which area of the picture has to be analysed. For this reason, the
corners of the separation cell have to be determined inside the reference picture as well
as inside one picture of the experiment. This input leads to cropped pictures, which are
analysed for their overall brightness. This means that the separation is observed for the
whole experimental equipment and not for individual segments. Therefore, the separation
progress shows a number dependency instead of a volume dependency. In other words:
One separated large drop changes the brightness of the emulsion less than many small
ones with the same volume. Therefore, the separation change is less for one large droplet

than for many small droplets.

The program stores an image containing the original pictures of the reference, the first and
the last picture of the experiment as well as the cut ones. This is done to easily see whether
the cutting was successful or the camera has been moved during the experiment (see figure
8.11). If the experiment has been carried out with inclined plates, the picture is rotated to

have the region of interest in an upright position.

After analysis of the brightness, the sigmoidal fit is applied to the data generated (for
details about the fit see chapter 9). This is done using the fit function of MATLAB®. How

this function works is described in appendix A in deeper detail.

After the fitting is finished, the resulting function is plotted together with the separation

data. This is depicted in figure 8.12 for an experiment with two plates in a distance of 10 cm
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Date 30.11.2016
Electrode configuration 2 plates
Anode left
electrode distance 10 cm
aqueous phase water
solvent phase SSK 0.1 gew% SSK
phase ratio 0,005
voltage 10V
experiment duration (approx.) 180 min
amount aq. phase 4975
amount sol. phase 25
Notes

photos to be deleted before exp. data (incl. reference) 1
photos to be deleted after exp. data (incl. reference) 0
interval between photos 1 min
time of first photgraph 0

Information concerning the reference picture
Number of reference picture 1

Cutting information

Top left

x-coordinate 1085
y-coordinate 1025
Bottom right

x-coordinate 1980
y-coordinate 1650

Information concerning the other pictures in the experiment
Cutting information

Top left

x-coordinate 1105
y-coordinate 965
Bottom right

x-coordinate 2000
y-coordinate 1590

Figure 8.10.: Microsoft Excel® spreadsheet of the input
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CS007

Figure 8.11.: Image containing the original reference, start and last picture of the experiment as well as the
cut pictures

and an applied voltage of 10 V, therefore 100 V/m. It is clearly visible that the fit describes
the experimental data very well.

Using the deadtime calculated with the sigmoidal fit the exponential model can be applied
(for details about the model see chapter 10). This is also done applying the fit function of
MATLAB® to the brightness data.

After the modelling is finished, the resulting function is plotted over the separation data
(see figure 9.3).

Now all pictures are stored with the corresponding file name and the fit and modelling

data are stored in a new spreadsheet (see figure 8.13).
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Figure 8.12.: Sigmoidal Fit and experimental data
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LS

time [min] separation [-]

-0,020
0,055
-0,002
0,003
0,042
0,142
0,161
0,138
0,138
0115
0,134
0,222
0,163
0,173
0,206
0,307
0,242
0,261
0312
0,325

model data [-] model datalow model data upj avg.brightness [-] brigtt ref. [-] deadtime [min] values confidence intervall lower boundary confidence intervall upper boundary goodness of fit message
,000 0604  0,93953613¢ 7 am 0,843731161 0,832372607 0,855203716 sse 0,18448302 Success, butfitting db hange in residuals less th !

0,013 0,018 0,020 0,578 bm 0,022574461 0,021603321 0,023533601 square 0,97841556
0,037 0,035 0,033 0,603 dfe

0,055 0,052 0,058 0,585 drop diameter  0,428842036 0,410507546 0447176645 pm adjrsquare  0,97823007
0,073 0,063 0,077 0,530 mse 0,0327502
0,030 0,085 0,035 0,603

0,107 0,101 0113 0,645

0,123 on? 0,130 0,653

0,133 0,132 0,147 0,643

0,155 0,147 0,163 0,668

017 0,162 0,173 0,634

0,186 0,176 0,135 0,641

0,200 0,130 0,210 0678

0215 0,204 0,225 0,654

0,223 0217 0,240 0,660

0,242 0,230 0,254 0671

0,256 0,243 0,268 0,713

0,263 0,256 0,282 0,686

0,282 0,268 0,235 0,634

0,254 0,280 0,308 0,715

0,307 0,292 0,321 0,720

0313 0,304 0,334 0,702

0,330 0,315 0,346 0,720

0,342 0,326 0,358 0,723

0,353 0,337 0,363 0,718

0,364 0,347 0,380 0,743

0,375 0,358 0,331 0,762

0,385 0,368 0,402 0,747

0,335 0,378 0,413 0,740

0,405 0,388 0,423 0,763

0415 0,337 0,433 0,778

Figure 8.13.: Microsoft Excel®

spreadsheet of the results of the modelling; the result file of the fit has a similar structure

(TolFun).
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9. SIGMOIDAL MODELLING APPROACH

In a first step, the beginning of the separation process has to be described. The necessity
to do so comes from the obvious delay time, which occurs without any regularity. This
can be seen in figures 9.1 and 9.2, where the results of two different experiments with two
electrodes mounted in a distance of 10 cm and an applied voltage of 10 V are shown. In the
tirst experiment, approximately 7 minutes of delay occur until the separation starts (red

line) whereas in the second one hardly any delay is visible.

For this reason, a fit equation (see equation 9.1) containing the start parameter A, was
set up and the parameters B;, Cs and D, have been fitted to the experimental data. The
physical meaning of these parameters can be calculated from the modelling of Bhumpong
[98], who analysed the sedimentation of droplets in the gravitational field. This is not
performed in this work since only the description of the inflow region is of interest using
the sigmoidal fitting approach.

By — A
ST = As + -, (91)
1+e Ds

In order to not consider the delay in the modelling the separation values before the
sigmoidal fit intersects with the abscissa are excluded. Figure 9.3 shows the experiment

shown in figure 9.1 without the start delay.
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Figure 9.1.: delay of separation (red line); experiment performed with 2 electrodes with a distance of 10 cm
and an applied voltage of 10 V (CS007)
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Figure 9.2.: No delay; experiment performed with two electrodes with a distance of 10 cm and an applied
voltage of 10 V (CS012)

60



9. SIGMOIDAL MODELLING APPROACH

1 T T T T T
09r +
+ #F
#...w-!-*_'__i'!_fi‘ik A
T +
it
+ i
- J
o
& |
©
Q.
[}
2] .
+ CS007| |
L —— Model
+ 1 I I I 1 1 1 1

0 20 40 60 80 100 120 140 160 180
time in min

Figure 9.3.: Delay is not taken into account; experiment performed with two electrodes with a distance of 10
cm and an applied voltage of 10 V (CS007 without delay time of 7 min)
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10. EXPONENTIAL MODELLING APPROACH

After the delay of the separation start is quantified and excluded the modelling itself can

be performed.

The exponential modelling approach can be derived from a balance for the splitting

equipment (see figure 10.1), which is set up in a general way as

FV-CE():FV-CE—T”-A—F% . (10.1)
In this equation Fy is the volume flow rate of the emulsion, cg represents the starting
concentration of the dispersed phase, the actual concentration of the emulsion is cg, "
represents the area related rate of turbidity drop, A is the electrode (capacitor) area, Ny is
the amount of dispersed phase and ¢ is the experimental time. Since the volume flow rate
Fy is 0 because the experiments were performed in batch mode all terms containing Fy can

be rejected. For the turbidity depletion rate »” and the amount of emulsion Ny we get

—7r"=w-c and (10.2)

with the particle migration rate w induced by the electric field and the concentration c,

respectively, and the volume V', equation 10.1 can be rearranged as according to

de
—w-c-A=V.— . 10.4
w- e pm ( )

Separation of variables and inserting the limits cgy, cg, 0 and ¢t for concentration at the

beginning and at time ¢ leads to

de _ —M/dt . (10.5)

CEO 0

Integration between limits leads to
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©

Electrodes
Emulsion

Clear solvent

B Rl

Clear aqueous phase

Balance area

Figure 10.1.: Balance for the splitting equipment

CE w - A
In—=——-—-1¢ 10.6
- v (10.6)

and rearranging equation 10.6 leads to

Cp = Cgo - 6_%% , (107)

which correlates the actual emulsion concentration cg with respect to the initial concentra-
tion cgp and the experimental time ¢. This equation has the same shape as the so-called
"Deutsch-equation,” which describes the separation of particles from gaseous carrier in the
electric field. [99] Inserting

A=b-h and (10.8)

V=b-h-d, (10.9)

where b, h and d are width, height and distance of the electrodes, respectively, equation
10.7 can be rewritten as
cp=cpo-e (10.10)

which means that the actual emulsion concentration only depends on the initial concentra-
tion cgy, the average rate of migration of the emulsion droplets w, the electrode distance d
and the time ¢.
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10. EXPONENTIAL MODELLING APPROACH

Figure 10.2.: Force balance for a droplet in the electric field

The separation efficiency Sr can now be developed.

Sr=1-E 1 _ %t (10.11)

CEo

The rate of migration w in the electric field can be derived from the force balance for the
single droplet in the electric field, also called Coulomb-force, F;. Due to the motion into
the direction of the field gradient the Stokes resistance force Fs, acts into the opposite

direction and reduces the resulting Newton force Fy. [100]

Fy =Fg — Fg (10.12)
with
dw
Fy=m- . (10.13)
FEl =dq- Ep and (1014)
Foy=3-m-n.-x-w(x) (10.15)

leads after rearranging to
dt
dw=(q-Ep—3-m-n.-x-w(x)) — . (10.16)
m

In this set of equations m is the mass of the droplet, ¢ represents the charge of the droplet
and is defined in equation 10.17, E'p is the precipitating electric field as defined in 10.18, 7.

is the dynamic viscosity of the continuous phase and z the droplet diameter. £ in equation
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10. EXPONENTIAL MODELLING APPROACH

10.17 is the charging field strength defined in 10.19, where U is the applied voltage in V

and d the distance between electrodes in m. [99, 100]

T\ 2

q=3-Ep- (5) (10.17)
2.1 )

EP = 7 with (1018)

I being the current applied per m of electrode and K being a constant describing the
mobility of the ions, which lies in the range of 20 m3/2kg=1/2.

E():

v 10.1
g (10.19)

The separation of variables and the integration are performed in the following way:

1. Separation of variables

dw dt
= — 10.20
qg-Ep—3-m-n.-x-w(x) m ( )
2. Multiplying with the constants 3 - 7 - 7. - @
d 3.7em,-
e 2T et T g (10.21)
Trnez — W(@) m
3. Integration from 0 to w(x) (left side) and from 0 to ¢ (right side)
In (G222 —w(@) 5.7
e _ 3t (10.22)
—1 m
4. Rearranging to get an expression for w(z)
. E R
_ATEP p(e) = e T (10.23)
3T N+
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10. EXPONENTIAL MODELLING APPROACH

q ° EP 73*7T'7]c'32'.t

w(z) —e m (10.24)

T3 Ne T
Since the droplet diameter z is very small the mass of the droplet m becomes very small
and may be neglected.

e ) (10.25)

Therefore, the second part of equation 10.24 vanishes, simplifying equation 10.24 to

q-Ep

w(x) (10.26)

:3'7r~nc~x

Inserting equation 10.17 for the charge of the droplet ¢, equation 10.26 can be rewritten
as

FEy- Ep-
w(x)ZO—Px

10.27
R (10.27)
Since I in equation 10.18 must be 0 in electric field splitting of o/w emulsions to avoid
Faradaic currents the precipitating field strength Ep is approaching the charging field
strength Fj, which leads to

2
E§-x

111(:)3):4.7T'77

(10.28)

This equation relates the rate of migration w with the (charging) electric field strength in
the splitting equipment Ej, and the droplet diameter x. The rate can be compared regarding
the electric field strength. It is obvious, that the distance between the electrodes does not
have an influence on it. Combining equation 10.11 with 10.28 makes the determination of

the droplet diameter for each experiment possible.

EO x
Sr=1- L 1 _ (10.29)
CEo

Since inaccuracies in experimental work will affect separation, an additional parameter
a considers deviations. The inaccuracies can be caused by backmixing due to Brownian

motion, mist on the glass, droplets sticking to the electrodes and many more.
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10. EXPONENTIAL MODELLING APPROACH

E2.z
Sr=a- (1 —e 4~7r9nc‘d't> (10.30)

Rearranging of equation 10.29 with respect to the droplet diameter x leads to equation
10.31, which enables the calculation of the droplet diameter with respect to the separation
rate Sr at time ¢ of an experiment with the electric field strength E;, applied with electrodes
in a distance d and the viscosity 7. of the continuous phase.

4-m7-n.-d

x=—In(l—Sr)- g
2.

(10.31)
Equation 10.31 finally gives access to the droplet diameter at distinct time. To determine
a representative mean droplet diameter for the whole experiment, equation 10.29 is
rearranged. All parameters in the exponent except ¢ are constant for one specific setting
(parameter b in equation 10.32), therefore an average drop diameter for the experiment can

be determined. The final rearrangement can be seen in equation 10.33.

E?.x
h=—29 ° 10.32
4-7-n.-d ( )
gt T n-d-b (10.33)

£

With the result of equation 10.33 the migration rate w can be determined using equation
10.28. However, this can only be done, if the unit conversion of the electric field strength
from V/m to kg, m and s is performed according to [101]. The correlation between these
units and between A and kg, m and s is shown in equation 10.34 and 10.35, respectively.

% =1.05-1072 [kg"*m "?s7'] (10.34)
A B0 VRomE g g . YEgm? 10.35
T Vi 2 T g (10.35)
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11. RESULTS - PREPARATION OF STABLE EMULSIONS

This chapter deals with the emulsion formation experiments. The influence of the agitation
rate (chapter 11.1), the hold-up (chapter 11.2) and the action of a surfactant (chapter 11.3)
are presented and discussed in the following chapters.

11.1. INFLUENCE OF THE AGITATION RATE

In general, the determination of the separation progress by speed of sound is much easier
than by optical measures. Therefore, only the agitation rate has been investigated using the
optical cell. The other observations have been carried out in the ultrasonic scanner. The
calibration of the ultrasonic scanner to connect the speed of sound with the actual hold-up

can be seen in the appendix D.

11.1.1. OPTICAL EVALUATION

The settling behaviour in the system SSK-water has been investigated applying agitation
rates from 300 to 1900 rpm. The amount of SSK was kept constant at 10 wt.%. Figure
11.1 shows the relation between the coalescence curve and the time. It was not possible
to observe the sedimentation curve optically since it was hidden by a turbidity formed
during mixing. For this reason not the final separation point was defined as end of the
experiment, but a distinct height has been chosen. It is obvious that due to higher shear
stress the droplet size decreases and therefore the coalescence time is increased until a
maximum is reached (1500 rpm). Due to the small droplet diameter, the sedimentation

rate is decreased. Therefore, it takes longer for them to reach the o/w interface.

Figure 11.2 shows the influence of the agitation rate on the time necessary for the coalescence
interface to reach the predefined height. It is obvious that there is a maximum at 1500 rpm.
After the maximum of coalescence time at 1500 rpm, the coalescence time decreases again.
This phenomenon has not been investigated in detail. It may be caused by dissolution of
tines combined with growth of coarse particles, similar to nucleation and particle growth
in homogeneous crystallisation. Colloidal particles size would not be detected by the
monitoring setup. As can be seen in figure 11.3 the decrease in coalescence time follows

linear behaviour with increasing agitation rate.
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Figure 11.1.: Influence of the agitation rate on the coalescence curve
1400 —— ———————1———7r—— 71— ———7—
oo | Shellsol K + Water, *
g, =0.12, T =20°C, ¢ °
H=10.2cm,h =89cm °
» 1000 |- 0 ¢ -
£
o) I R o 1
E 800 | o -
@ .
o I |
o )
Q600 - . .
@
o) : |
©
°
Q 400 | -
3 . -
200 L -
)
L ° J
°
0 [ ] | L | L 1 L | L | L | ! 1 L | L
400 600 800 1000 1200 1400 1600 1800

agitation rate in rpm

Figure 11.2.: Influence of the agitation rate on the coalescence time, optical evaluation
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Figure 11.3.: Linear decrease of the coalescence time for agitation rate between 1500 and 1900 rpm, optical
evaluation

11.1.2. ULTRASONIC SCANNER

The behaviour observed in the optical cell could be validated in the ultrasonic equipment.
30 wt.% SSK was dispersed in water and the separation behaviour was investigated for
6 agitation rates (900, 1100, 1300, 1500, 1700 and 1900 rpm). This means that a change in
hold-up (from 12 to 30 wt.%) did not change the behaviour of the emulsion. The different
shape of the results in figure 11.4 compared to figure 11.1 is due to the differences in
hold-up and in cross sectional area of the equipment. The amount of liquid has been 600
ml in all experiments. However, the diameters of the optical cell and the decanter of the
ultrasonic scanner differed in size (8.5 and 6 cm, respectively), which led to a different

overall height of the emulsion in the two vessels.
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Figure 11.4.: Influence of the agitation rate on the separation time, ultrasonic evaluation

11.2. INFLUENCE OF THE HOLD-UP

The hold-up has been varied from 0.06 to 0.35 (0.05 to 0.3 wt.%) to quantify the differences
in settling time. The agitation rate was kept constant at 1500 rpm. The result of this
investigation can be seen in figure 11.5. It is obvious that the settling time increases linearly
with increasing hold-up. The reason for this is that the number of droplets becomes larger.
This leads to the formation of a thick dense packed zone, because coalescence is the time
limiting step in this chemical system. Figure 11.6 shows that this zone is formed directly at
the o/w interface with a high amount of solvent phase. Separation cannot be finished until
this zone vanishes. The more droplets are inside the system the longer it takes to remove

them by coalescence.
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Figure 11.5.: Influence of the hold-up on the settling time
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Figure 11.6.: Result of mechanically mixing an emulsion with an hold-up of 0.35 with a rotational speed of
1500 rpm
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11.3. INFLUENCE OF THE SURFACTANT

It can be seen from the previous sections that the rotational speed of the agitator as well as
the hold-up of the dispersed phase have an influence on emulsion stability. However, there
is another effect to be considered. It is the type and the amount of surfactant. In this work
only the anionic surfactant 4-DBSA is investigated. To determine the influence of 4-DBSA
on emulsion stability 4 different proportions were added to the basic system SSK/water.
One was chosen to be below the cmc of 4-DBSA (2.45 - 10* mol/1 [102]) and three above
it. The concentrations in the organic phase with the corresponding concentration in the
aqueous phase (assuming that all 4-DBSA moves from the solvent to the aqueous phase)
can be seen in table 11.1.

Figure 11.7 shows the emulsion stability with respect to the surfactant concentration. It can
be seen that with a concentration lower than the cmc the emulsion is already quite stable.
However, some splitting takes place, since clear solvent phase forms with time (red areas
in the figure). Increasing the surfactant concentration above the cmc leads to a very stable
emulsion. It is visible that the emulsion does not change any more within the investigated
time span (100,000 seconds, which is approximately 28 hours).

Therefore, the concentration of 4-DBSA was chosen to be 0.1 wt.% with respect to the

solvent phase to stabilise the emulsions produced.

Table 11.1.: 4-DBSA concentrations in the solvent and the aqueous phase at a hold-up of 0.35

concentration in the concentration in the
solvent phase [wt.%] aqueous phase [mol/l]
0.04 1.34-10*
0.10 3.49 .10
1.00 3.38 .10
1.70 5.88 107
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Figure 11.7.: Influence of the surfactant concentration on the emulsion stability
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12. RESULTS - SPLITTING OF STABLE EMULSIONS

12.1. THERMAL SPLITTING

As described in the basic (see chapter 5.4) the splitting of emulsions can also be performed
by providing thermal energy on the emulsion. This has been done for comparison reasons,
whether conventional thermal splitting is an alternative splitting process or not.

In figure 12.1 the emulsion at the beginning of the thermal treatment is depicted. It is
opaque and milky. Figure 12.2 shows the emulsion at the end of the splitting experiment
(after 285 minutes). It can be seen that the emulsion became more translucent since the stir
bar is visible at the bottom of the beaker. However, the separation has not been satisfactory.
Additionally, the energy input is huge (46.5 kWh/m? emulsion) and a lot of emulsion is
evaporated (approximately 17 % in 4.75 h). Due to this two problems thermal emulsion
splitting cannot be regarded as an alternative to other splitting technologies and further
investigation is not performed. The complete calculation as well as the temperature plotted

over time are shown in appendix B.
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Figure 12.1.: Thermal splitting: Initial picture of Figure 12.2.: Thermal splitting: Picture of the fi-
the emulsion nal emulsion

12.2. CHEMICAL SPLITTING

An amount of 50 g isopropyl alcohol is put into a beaker. The emulsion consisting of 0.5
wt.% solvent phase in water is added dropwise. 0.1 wt.% of 4-DBSA are dissolved in the

solvent phase.

Comparing the figures 12.3 and 12.4 it is visible that there is a change in cloudiness. While
the mixture in figure 12.3 appears clear and transparent the two phase region is reached in
tigure 12.4 indicated by opaque stria at the bottom of the beaker after the addition of 76 ml
of emulsion. This leads directly to the result that 660 1 of isopropyl alcohol are necessary to
"split" 1 m? of emulsion. In fact, it is not a splitting procedure but a dissolution procedure.
It increases the TOC-value in the system by a factor of approximately 100 (660 1 compared
to 0.5 wt.%), which makes it even more expensive to recover the water phase. Therefore,
this kind of operation is not applicable in industrial emulsion splitting but is limited
to analytical purposes to analyse the aqueous and the solvent phase in a homogeneous

mixture.
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Figure 12.3.: Chemical splitting: Addition of 75 Figure 12.4.: Chemical splitting: Addition of 76
ml of emulsion to 50 ml of isopropyl ml of emulsion to 50 ml of isopropyl
alcohol alcohol

12.3. MECHANICAL SPLITTING

12.3.1. CENTRIFUGATION

As can be seen in figure 12.5 the application of centrifugal force leads to complete
separation of the emulsion. Additionally, it is also obvious, that it takes only 30 minutes at
a centrifugation number of 3000 until complete separation is realised. This is fast compared
to other separation technologies like electrical splitting (see chapter 12.4). However, the
high investment and operating costs (approximately 85,000 € and 2.75 kWh for a centrifuge
with a maximum throughput of 80 1/min, respectively [103]) oppose the application of

centrifugation.
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t=15min

Figure 12.5.: Result of centrifugation at a centrifugation number of 3000 (r=0.075m and 100 Hz)
12.3.2. FLOoTATION
PRESSURIZED AIR FLOTATION

The pressurized air flotation has been performed with an emulsion consisting of 2 wt.%
of solvent phase containing 0.1 wt.% 4-DBSA and SSK and deionized water as aqueous
phase. In pictures 12.6 and 12.7 the beginning and the end after 35 minutes of flotation are
depicted, respectively. Since there is hardly any difference in opaqueness, it is assumed
that the bubble size produced by the frit is too large to split this emulsion. No further

investigation of pressurized air flotation is performed.

ELECTROFLOTATION

The rod electrodes described in 8.4.2 serve as cathodes, while the expanded metal plate
is used as anode. 5 different voltages, 3, 6, 9, 12 and 14.7 V have been applied to see the
influence of the voltage on the separation efficiency. The result of all experiments is depicted
in figure 12.8. It is obvious that the highest voltage leads to the highest separation rate.
However, in the first 90 minutes the application of 12 or even 9 V lead to faster separation.
The problem might be in this case that due to stochastic differences in bubble formation
the emulsion brightness is increased faster at these lower voltages.

As can be seen in figure 12.9 the reproducibility is very good. This counteracts the theory of
stochastic bubble formation. Another possible reason for the strange separation behaviour

might be that there have been differences in electrode distance due to small differences in
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Figure 12.6.: Pressurized air flotation at t=0

separation

12. RESULTS - SPLITTING OF STABLE EMULSIONS

Figure 12.7.: Pressurized air flotation at t=35 min
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Figure 12.8.: Results of all electroflotation experiments
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Figure 12.9.: Results of the electroflotation experiments at 12 V

setup. This would lead to higher electric field strengths at lower voltages and therefore
to a higher bubble formation rate. A higher bubble formation rate would result in faster

separation.

The experiments, which are not shown in this chapter, are depicted in appendix C.

12.4. ELECTRICAL SPLITTING - DIRECT CURRENT

Electrical splitting of o/w emulsions can only be performed in a DC field. The reason
for this is that due to the higher electric conductivity of the aqueous phase compared
to the solvent phase this would lead to electrolysis and therefore to another splitting
principle (electro flotation, see chapter 12.3.2), which has not been the scope of this chapter.
The diagrams depicted in the following chapters do not show all data points used in
the modelling part in chapter 13. The reason for this is that the comparison of different
experiments becomes difficult with increasing number of data points (compare figures
12.10 and 12.13, where the same experiments are depicted). Therefore, only every fourth

data point is displayed in this section.
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Figure 12.10.: Comparison of five experiments with two electrodes in a distance of 10 cm and an applied
electric field strength of 100 V/m; all data points

12.4.1. REPRODUCIBILITY

The reproducibility of all setups is depicted in appendix E. In this chapter only two setups
are discussed. The first setup is the preferably used, with the two electrodes arranged in a
distance of 10 cm. In figure 12.11 three experiments with an applied electric field of 120
V/m are compared. It is obvious that the experimental data of these three experiments
overlap very well. They show the same deviation around a mean value, the same slope

and the same maximum separation after 3 hours.

The second setup is shown in figure 12.12. This example shows that reproducibility in
this case is difficult to reach. Especially the experiment with the electrodes arranged
in a distance of 10 cm and application of an electric field strength of 170 V/m and the
experiment with the electrodes in a distance of 5 cm and an electric field strength of 339
V/m show deviations in the replicas. The reason for this is that the inclination was not
adjustable to exactly 45 degrees but did deviate from the mean. This results in differences
in electrode distance. These differences lead to differences in electric field, because the

voltage is kept constant.

Since the general reproducibility is good, only one experiment per setting (number of
electrodes, electrode angle, electrode distance and applied electric field strength) is used
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Figure 12.11.: Comparison of three experiments with two electrodes in a distance of 10 cm and an applied
electric field strength of 120 V/m

for comparison. The comparison of all experiments of one setting is depicted in appendix
E.
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Figure 12.12.: Comparison of eight experiments with four different settings, where the two electrodes are
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12.4.2. COMPARISON OF DIFFERENT SETUPS

Figure 12.13 shows the comparison of three experiments in the standard cell and two
experiments in the adopted cell, where inclined plates can be inserted. All experiments
were performed with electrodes arranged in a distance of 10 cm and an electric field
strength of 100 V/m. It can be seen that all experiments fit well together in slope at the
beginning, the change in slope at 60 minutes and the final separation after 180 minutes.
This confirms that the two setups are comparable despite the fact that the adopted cell

contains approximately double the amount of emulsion.
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Figure 12.13.: Comparison of five experiments with two electrodes in a distance of 10 cm and an applied
electric field strength of 100 V/m, where experiments 4 and 5 have been performed in a
different vessel

12.4.3. RESULTS OF EXPERIMENTS WITH TWO PLATE ELECTRODES

In this chapter the results of the experiments carried out with two plate electrodes are
discussed. The influence of the electrode distance at the same electric field strength is
described. The same holds for the influence of the electric field strength at the same
electrode distance. Additionally, the influence of the inclined plates is considered in these
chapters. Furthermore, the arrangement of the inclined plates regarding whether the anode
or the cathode is the upper electrode is investigated. Finally, the performance of the vertical

arrangement of the plates is compared with the arrangement of the inclined plates.

INFLUENCE OF THE ELECTRODE DISTANCE AT A FIXED ELECTRIC FIELD STRENGTH

As can be seen in figure 12.14 there is hardly any difference identifiable in separation
when comparing three experiments performed at an electric field strength of 100 V/m and
electrode distances of 5, 10 and 15 cm. All experiments show the same slope, curvature
and separation endpoint. This indicates that the electrode distance does not affect the
separation rate and quality. The same holds for an electric field strength of 50 V/m and

distances of 6, 12 and 24 cm (see figure 12.15). However, there is some different behaviour
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Figure 12.14.: Comparison of three experiments performed at 100 V/m and electrode distances of 5, 10 and
15 cm

observable at an electrode distance of 6 cm. In this experiment, the separation seems to be
enhanced by the smaller distance. The slope is larger and the separation is finished much
earlier than compared to an electrode distance of 12 and 24 cm.

INFLUENCE OF THE ELECTRIC FIELD STRENGTH AT A FIXED ELECTRODE DISTANCE

Figure 12.16 shows the influence of the electric field strength at a fixed electrode distance.
It can be seen, that the separation increases with increasing electric field. Between 80 V/m
and 100 V/m a step in splitting rate is visible. The differences in separation between 40 and
80 V/m and between 100 and 120 V/m is much smaller. The same holds for an electrode
distance of 10 cm, where the same electric field strengths are compared (figure 12.17). The
difference in separation between 80 V/m and 100 V/m compared to 40 and 80 V/m or
100 and 120 V/m is also much bigger in this case. However, the difference in separation
between 40 and 80 V/m is bigger applying an electrode distance of 10 cm than compared to
an electrode distance of 5 cm. This difference might result from experimental deviation.
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Figure 12.16.: Comparison of four experiments performed at 40, 80, 100 and 120 V/m and a fixed electrode
distance of 5 cm
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Figure 12.17.: Comparison of four experiments performed at 40, 80, 100 and 120 V/m and a fixed electrode
distance of 10 cm

COMPARISON OF THE ARRANGEMENT OF INCLINED PLATE ELECTRODES

Since the reproducibility of experiments with inclined plates has not been very satisfactory,
only qualitative findings are presented in this section. Using two inclined plates, it is
advantageous to operate the upper electrode as the anode. In figure 12.18 all experiments
with this electrode configuration perform better than the configuration placing the cathode
above the anode. The abbreviation AnCa describes in a general way that the anode is the
left electrode. Since the electrodes are inclined counter-clockwise, the anode becomes the

lower electrode in this case. The inclination can be figured out best when comparing 12.19a
and 12.19b.

COMPARISON OF THE SEPARATION USING VERTICAL PLATES AND INCLINED PLATE ELECTRODES

In figure 12.20 a comparison of two experiments with vertical and inclined plates is depicted.
The other settings concerning electrode distance and electric field strength are nearly the
same, which allows a comparison. As can be seen the inclined configuration with the anode
as lower electrode performs better and additionally leads to a higher separation at the end
of the experiment.
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Figure 12.20.: Comparison of inclined (AnCa electrode configuration) with vertical plates at an electrode
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12.4.4. RESULTS OF EXPERIMENTS WITH THREE PLATE ELECTRODES

In this chapter the results of the experiments carried out with three plate electrodes are
discussed. Firstly, the influence of the electrode arrangement is investigated, since it is
possible to use two anodes or two cathodes. Secondly, the results of experiments with
different electrode distances at the same electric field strength are described. Thirdly, the
influence of the electric field strength at the same electrode distance is discussed. Fourthly,
the arrangement of the inclined plates regarding whether the anode or the cathode is
the upper electrode is investigated and finally, the vertical arrangement of the plates is

compared to the separation using inclined plates.

INFLUENCE OF THE ELECTRODE ARRANGEMENT

As can be seen in figure 12.21 the difference in performance regarding the separation is
very small. However, the results indicate that the configuration CaAnCa performs better
compared to the AnCaAn configuration. The reason for this could be the effect electrode
edges have on field strength. If the anode is mounted between two cathodes, this effect

might lead to better separation.
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Figure 12.21.: Comparison of three experiments with an AnCaAn electrode configuration with three experi-
ments at the same settings with a CaAnCa electrode configuration at a constant electric field
strength of 50 V/m

The results at a constant electric field strength of 100 V/m, depicted in figure 12.22 show
different behaviour. On the one hand, the configuration AnCaAn performs as good as the
CaAnCa configuration and leads to the same separation after 180 minutes at 5 and 12 cm.
On the other hand, applying an electrode distance of 4 or 8 cm, the CaAnCa configuration
shows better separation after 180 minutes.

INFLUENCE OF THE ELECTRODE DISTANCE AT A FIXED ELECTRIC FIELD STRENGTH

As in chapter 12.4.3 the electrode distance with the same applied electric field strength
affects neither the separation efficiency nor the separation speed. This can be seen in
tigure 12.21 and figure 12.22, where constant electric field strengths of 50 and 100 V/m are
applied, respectively. In the latter case, a difference in separation can be seen. However, a
tendency is not observable since the fastest separation is shown when applying an electrode
distance of 8 cm. The second fastest separation can be observed mounting the electrodes in
a distance of 4 cm, followed by 12 cm and finally 5 cm. It is assumed that this ranking is of

coincidental nature, since the differences are not very large.
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Figure 12.22.: Comparison of four experiments with an AnCaAn electrode configuration with four experi-
ments at the same settings with an CaAnCa electrode configuration at a constant electric field
strength of 100 V/m

INFLUENCE OF THE ELECTRIC FIELD STRENGTH AT A FIXED ELECTRODE DISTANCE

The influence of the electric field shows similar behaviour for two and three electrodes. As
in chapter 12.4.3, the separation speed and separation maximum increase when applying
an electric field strength of 50, 100, or 200 V/m on electrodes arranged in a distance of 4
cm (figure 12.23). In contrast to the installation of two electrodes, with a gap between 80
and 100 V/m, no gap is visible between 50 and 100 V/m installing three electrodes. The
same observation can be made for the results of the experiments, where three electrodes

are arranged in a distance of 8 cm (figure 12.24).

COMPARISON OF THE ARRANGEMENT OF INCLINED PLATE ELECTRODES

The behaviour observed in chapter 12.4.3, where two electrodes inclined by 45° are
mounted, can not be seen in figure 12.25, where three electrodes are inclined. In this case,
the CaAnCa configuration is faster compared to the AnCaAn configuration, no matter,
which combination of electrode distance and electric field strength is applied. However,
the difference is not as large as when arranging two inclined electrodes in the AnCa or

CaAn configuration, but is comparable to the results of three vertical plates. In this case
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Figure 12.23.: Comparison of three experiments with an AnCaAn electrode configuration with three exper-
iments at the same settings with a CaAnCa electrode configuration at a constant electrode
distance of 4 cm
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Figure 12.24.: Comparison of three experiments with an AnCaAn electrode configuration with three exper-
iments at the same settings with a CaAnCa electrode configuration at a constant electrode
distance of 8§ cm
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Figure 12.25.: Comparison of four experiments with an AnCaAn electrode configuration with four experi-
ments at the same settings with a CaAnCa electrode configuration and an electrode inclination
of 45°

also the CaAnCa configuration is the better one. The reason might be the same. The effects

at the edges of the electrodes, especially of the anode, might lead to better separation.

COMPARISON OF THE SEPARATION USING VERTICAL PLATES AND INCLINED PLATE ELECTRODES

The comparison of the results using three inclined or three vertical plates shows that like
in chapter 12.4.3 the inclination accelerates the separation. This can be seen in figure 12.26.
The application of three inclined plates leads to much faster emulsion splitting, which is
visible looking at the big slope of the separation curve. The splitting process is finished
after 90 minutes. Additionally, the separation value reached at the end of the experiment is

0.2 higher compared to the result obtained using three vertical plates.
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Figure 12.26.: Comparison of inclined with not inclined plates at an electrode distance of 10 cm and an
electric field strength of 85 and 100 V/m, respectively; both CaAnCa electrode configuration

12.4.5. RESULTS OF EXPERIMENTS WITH FOUR PLATE ELECTRODES

As can be seen in figure 12.27 the splitting of the emulsion also works with four plate
electrodes. However, there is an intersection between the results of an electric field strength
of 300 V/m applied on electrodes in a distance of 1 cm and 100 V/m applied on electrodes
in a distance of 3 cm. Possibly, there is an interaction of the droplets with the electrodes
arranged in a distance of 1 cm to each other. Another option is that electrolysis occurs at this
high operation voltage. Looking at figure 12.28, which shows the experiment at an electric
field strength of 300 V/m at the end of the observation, obviously electrolysis occurred.
The same holds for an electric field strength of 200 V/m. The end of this experiment is
depicted in figure 12.29. However, the application of four plate electrodes works very well
and shows a high splitting rate and a high separation at the end of the splitting process.
When applying an electric field strength of 200 V/m the splitting process is finished after
90 minutes, while it takes 130 minutes when only 100 V/m are applied. The application of
300 V/m on electrodes mounted in a distance of 1 cm leads to an earlier end of separation.
However, this end is at a lower level compared to the experiment with an applied electric
tield strength of 200 V/m. Additionally, the separation decreases again, which is also an
indication for electrolysis, because raising bubbles could pull already separated droplets

into the emulsion again.
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Figure 12.27.: Comparison of three experiments with four plate electrodes at an electric field strength of 100,
200 and 300 V/m

Figure 12.28.: Electric splitting experiment using Figure 12.29.: Electric splitting experiment using
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12.4.6. RESULTS OF EXPERIMENTS WITH FOUR PLATE ELECTRODES AND 3 TIMES

4 ROD ELECTRODES

In figure 12.30 three experiments, which have been performed using four plate electrodes
and 3x4 rod electrodes, are depicted. The difference between them is the connection to
the power supply and the applied voltage. It can be seen that the rod electrodes used as
anodes deliver faster separation compared to the experiment, where the plate electrodes
act as anodes. The reason for this behaviour might be the addition of electrophoresis of the
anionic surfactant on the droplet surface and dielectrophoresis due to the inhomogeneous
electric field, which is not the case, if the plate electrodes are used as anodes. Additionally,

it is obvious that higher electric field strength leads to faster separation.
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Figure 12.30.: Comparison of three experiments with four plate electrodes and three times four rod electrodes;
two experiments, where the rods are connected as anode and one, where the plate electrodes
are used as cathode
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12.4.7. COMPARISON OF THE DIFFERENT ELECTRODE ARRANGEMENTS

Figure 12.31 shows the results of six different electrode setups at approximately the same
electric field strength. It can be seen, that the setup with three electrodes in CaAnCa
configuration inclined by 45° works best (141 V/m), followed by the setup with two
inclined plates in AnCa configuration (85 V/m). These two show very similar separation
speed and final separation. Both finish separation after 90 minutes at a separation of
approximately 0.95. After 180 minutes, the setup containing three vertical electrodes in
CaAnCa configuration also reaches this separation. However, the other setups, namely the
application of two and four vertical plates and the application of four plate and 3x4 rod
electrodes, which serve as the anode, with an electric field strength of 100, 100 and 133.3
V/m, respectively, do not reach this separation within the experimental time. These three
experiments show similar speed and final separation.
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Figure 12.31.: Comparison of six different setups
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12. RESULTS - SPLITTING OF STABLE EMULSIONS

12.4.8. ELECTRICAL SPLITTING OF A MULTI COMPONENT SYSTEM USING FOUR

PLATE ELECTRODES

In this section the splitting experiments with the model effluent explained in 8.1 are
discussed based on the optical comparison of the experiments. Four plate electrodes have
been mounted and an electric field strength of 50 V/m was applied. Higher electric field
strengths were not possible due to electrolysis. Due to the higher amount of surfactant
electrolysis occurred at lower electric field strengths compared to the experiments explained
before. The reason for this is the higher ion concentration in the emulsion, if more anionic
surfactant is used. As can be seen in figure 12.32 the emulsion produced with methanol
was very stable, even in the electric field. The height difference of the emulsion between
the figures 12.32a and 12.32b results from air release, which has been inserted due to the
intense mixing before the separation experiment. With increasing time a dense packed
layer was formed, which was stable even after 21 hours (see figure 12.32h). Only a small
layer of solvent phase formed after 9 hours (see figure 12.32d), which slightly increased. It
is obvious that this emulsion cannot be split with the applied electric field.

A different result can be observed discussing the pictures in figure 12.33, where the
emulsion splitting experiment with butanol used as alcohol for the esterification is shown.
The splitting process is finished after 12 hours and clear aqueous and solvent phase can be

formed.

When using octanol, which is virtually insoluble in water, for the reaction, a similar emulsion
was formed as when using the completely soluble alcohol methanol. Again a dense packed
zone was formed, as can be seen in figure 12.34. The progress in the experiment shows that
some sedimentation occurred with increasing time. This sedimentation can be seen as the
bottom of the vessel got more translucent. The bright zone increased with time. However,

no separation occurred, since the emulsion remained cloudy even after 21 hours.
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(b) 3 hours (d) 9 hours

(e) 12 hours (f) 15 hours (g) 18 hours (h) 21 hours

Figure 12.32.: Separation progress when applying an electric field strength of 50 V/m on an emulsion resulting from the esterification process of acetic acid
with methanol
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(e) 12 hours (f) 15 hours (g) 18 hours (h) 21 hours

Figure 12.33.: Separation progress when applying an electric field strength of 50 V/m on an emulsion resulting from the esterification process of acetic acid
with butanol
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(a) Initial picture

(e) 12 hours (f) 15 hours (g) 18 hours (h) 21 hours

Figure 12.34.: Separation progress when applying an electric field strength of 50 V/m on an emulsion resulting from the esterification process of acetic acid
with octanol
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13. RESULTS - MODELLING OF THE ELECTRIC FIELD

SPLITTING PROGRESS

In this chapter the results of modelling are compared with the separation data of the

corresponding experiments.

Figures 13.1 and 13.2 show the conformance between the model and the experimental data
for different settings. One can conclude that the inaccuracy is very small. This goes along
with the 72 of the models, which is always greater than 0.96 (for more information, see
chapter F in the appendix). In figure 13.3 5 experiments using two vertical plates arranged
in a distance of 10 cm with an applied electric field strength of 100 V/m are compared. It is
obvious that the model curves are all very similar and, considering their inaccuracies, the

same separation degree is obtained after 180 minutes.

With the model described in chapter 10, the droplet diameter of the smallest droplet
removable by a distinct setup can be calculated (equation 10.33). The connection between
the electric field strength at a fixed electrode distance of 10 cm and the calculated droplet
diameter is depicted in figures 13.4. In figure 13.5 the connection between the electrode
distance at a fixed electric field strength of 100 V/m and the calculated droplet diameter is
shown. Additionally, the values of the calculated droplet diameters and the corresponding
electric field strengths or electrode distances are summarized in tables 13.1 and 13.2,
respectively. The figures and the tables indicate that there is a systematic relation between
these parameters. A low applied electric field strength does address large droplet diameters.
The same holds for large electrode distances. The reason for this behaviour can be found
in equation 10.28. For readability reasons this equation is reprinted in equation 13.1. It
is obvious that for large values of the electric field strengths £ the rate of migration w
becomes large, too. The larger w, the smaller the droplets, which can be removed within
the same time span. With a small rate of migration, only larger droplets can be removed in
a distinct time span, which leads to slow separation. This effect is depicted in 13.6. There,
droplets of three dropsizes move in the electric field. Due to their different size, the rate
of migration differs. It is obvious, that larger drops reach the electrodes faster than the
smaller drops within the same time span at the same electric field strength. With increasing
electric field strength, the rate of migration increases and does address smaller droplets to
be removed within the same time span. This leads to a brighter picture and therefore to a

higher separation value.
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13. REesuLrs - MODELLING OF THE ELECTRIC FIELD SPLITTING PROGRESS

A AnCa0°100V/m 10 cm
AnCa 0° Model

A CaAn 45°85V/m 10 cm
CaAn 45° Model

AnCaAnCa 0° 100 V/m 3 cm
AnCaAnCa 0° Model

---- Boundaries of the Model

separation

00 . L . 1 . I . 1 . I
)

0 30 60 90 120 150 180
time in minutes

Figure 13.1.: Comparison of the model with experiments using two electrodes with an inclination of 0 and
45° as well as an experiment with four electrodes used

The correlation between the electrode distance and the observed droplet diameter, shown in
tigure 13.5, can be understood when discussing figure 13.7. There, uniform droplets move
due to the applied electric field. Until they reach a surface (an electrode) the brightness
and therefore the separation does not change. If, at a distinct time, a droplet reaches
the electrode, the separation value increases (left marked droplet). The separation of
droplets of the same diameter can be enhanced when reducing the electrode distance
(right marked droplet).! Additionally, as described above, a larger droplet diameter leads
to faster separation at a distinct electric field strength. Smaller droplets can be efficiently

separated when using smaller electrode distances, which can be seen in figure 13.5.

2
Eo‘fL‘

w(x)

1The reduction in distance is visualised with a third electrode placed in the middle of the equipment.
In fact, the direction of migration would change on one side of this third electrode due to the change in
polarisation. For simplification reasons, this is not shown in the figure.
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1.0 — T T T T T T T A AnCaAn 0° 100 V/m 5 cm
AnCaAn 0° Model

A AnCaAn 45° 141 V/m 5 cm
AnCaAn 45° Model

4P 3x4R (An) 133 V/m 1.5 cm
4P 3x4R (An) Model

---- Boundaries of the Model

separation

1 . 1 . 1 . 1 . 1 .
30 60 90 120 150 180

time in minutes

Figure 13.2.: Comparison of the model with experiments using three electrodes with an inclination of 0 and
45° as well as an experiment with four plate electrodes and 3x4 rod electrodes (An) used

1,0 — T T T T T T T T A AnCa10° 100 V/m 10 cm
AnCa1 0° Model
A AnCa20°100V/m 10 cm
AnCa2 0° Model
AnCa3 0° 100 V/m 10 cm
AnCa3 0° Model
A AnCa4 0°100 V/m 10 cm
AnCa4 0° Model
AnCa5 0° 100 V/m 10 cm
AnCa5 0° Model
---- Boundaries of the Model

separation

1 . 1 . 1 . 1 .
60 90 120 150 180

time in minutes

Figure 13.3.: Reproducibility of the model applied to five experiments with two plate electrodes in a distance
of 10 cm and an electric field strength of 100 V/m
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Table 13.1.: Influence of the electric field strength on the droplet diameter at a constant electrode distance of

10 cm

Electric Droplet
field diameter
strength

V/m um
40 21
60 1.3
80 0.6
100 0.5
120 0.4

Table 13.2.: Influence of the electrode distance on the droplet diameter at a constant electric field strength of

100 V/m
Electrode Droplet
distance diameter
cm um
5 0.2
10 0.5
15 0.6
2,5 T T T T T T 1,0 T T T
*
20 | 4 08 J
IS €
o o
E 15 | - % 06 | * B
Q [0}
T ¥ T
£ € ¥
S ®©
210} 4 Zoat i
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Q. Q.
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o ©
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electric fiel strength in V/m

electrode distance in cm

Figure 13.4.: Correlation between the droplet dia- Figure 13.5.: Correlation between the droplet dia-

meter and the electric field strength at a meter and the electrode distance at a
constant distance of 10 cm, error bars in constant electric field strength of 100
black V/m, error bars in black
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Figure 13.6.: Visualisation of the rate of migration Figure 13.7.: Difference in separation for differ-
for different drop diameters at the same ent electrode distance/number of elec-
electric field intensity trodes; marked droplets separate
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14. SUMMARY

The scope of this work was to investigate the separation behaviour of emulsions with a
very low amount of solvent phase dispersed in the aqueous carrier phase in the electric
field. The equipment was to be optimized regarding number, shape and inclination of the
electrodes. For comparison other emulsion splitting techniques had to be investigated, too.
A model based on physical data of the system was developed.

In a first step, the preparation of stable emulsions classified as turbidity was investigated.
Agitation rate as well as hold-up were varied. The variation of the agitation rate showed a
maximum separation time at approximately 1500 rpm, while the settling time increased
with increasing hold-up of the solvent phase. The admixture of a surfactant stabilised the

emulsion.

After preparing stable emulsions, the splitting process was investigated. The focus was laid
on the splitting under electric field force. For comparison reasons also thermal, chemical

and mechanical splitting were investigated.

Thermal splitting did not show good separation. The energy input was huge (46.5 kWh/m?3
emulsion) and the emulsion did evaporate during the experiment (approximately 17 % in
4.75 h).

Chemical dissolution of the insoluble solvent phase using isopropyl alcohol did break
turbidity. However, 660 1 of isopropyl alcohol were necessary to dissolve the solvent phase
per m? of emulsion. The admixture of isopropyl alcohol increased the TOC-value by a
factor of 100. Therefore, this kind of turbidity control is not applicable in industrial scale. It
is limited to analytical applications to prepare emulsions for titration purposes.

Two techniques of the mechanical splitting have been investigated. On the one hand, centri-
fugation was tested. This technique showed fast separation (30 minutes at a centrifugation
number of 3000). However, the high investment and operating cost oppose the application
of centrifugation. On the other hand, two techniques of flotation were investigated. While
pressurized air flotation could not be used to control turbidity, electroflotation showed fast

separation.

Emulsion splitting under electric field force was investigated in deeper detail. Firstly,
experiments with a two plate electrode setup were investigated for the effect of the
electrode distance, the electric field strength and the inclination of the electrodes on
turbidity control. The results show that there was hardly any difference in separation, when

the electrode distance was varied at constant electric field strength. The higher the electric
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tield strength at given electrode distance, the faster the progress of separation was. With
two inclined plate electrodes, experiments did show that the upper electrode should be
used as cathode, giving a clear indication for the particle surface charge. The comparison of
the inclined with the vertical electrode arrangement showed that the inclined arrangement
is favorable over the vertical arrangement of electrodes.

Experiments regarding the optimal arrangement of three plate electrodes were then
performed. The results indicate that the configuration CaAnCa (cathode — anode — cathode)
performed better compared to the AnCaAn (anode — cathode — cathode) configuration.
Comparable to the experiments with two electrodes, the electrode distance did not have
an influence on the separation. The influence of the electric field strength correlated with
the separation in the same way for two and three electrode setups. The same held for the
inclined arrangement. Again, the inclined setup led to faster separation compared to the
vertical arrangement of the electrodes. The comparison of the inclined setups showed,
that the CaAnCa configuration did control turbidity faster compared to the AnCaAn
configuration. The combination of electrode distance and electric field strength did not
have an influence on this finding.

Then, the performance of a four vertical plate electrode setup was investigated. In this
setup high electric field strength was applied, which led to electrolysis above 200 V/m.
However, the application of four plate electrodes worked very well and showed a high
splitting rate and a high degree of phase separation at the end of the splitting process.
For comparison reasons the effect of inhomogeneous electric field with four plate electrodes
and 3x4 rod electrodes was investigated. In this setup, faster separation was observed for
rod electrodes as anodes. The increase of electric field strength led to an improvement of
phase separation.

After the experiments have been performed, the different electrode arrangements were
compared at approximately the same electric field strength. The setup with three electrodes
arranged in CaAnCa configuration inclined by 45° showed the best performance of all
setups. The application of two inclined plates in AnCa configuration showed comparable
results.

The behaviour of the emulsions produced from treating a model effluent under the
influence of the electric field was investigated. For that purpose acetic acid in the effluent
was esterified with different alcohols. An electrode setup constisting of four vertically
arranged plate electrodes was used for these experiments. When methanol was used as
alcohol for the esterification process, the splitting was not possible while the usage of
butanol led to complete separation after 12 hours. When using octanol, an emulsion similar

to that when using the completely soluble alcohol methanol was formed.
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14. SUMMARY

The model developed in this project was derived from a balance for the splitting equipment.
It showed good accordance with the experimental data and allowed to determine the
smallest droplet removable by a distinct setup and specified operation conditions. Low
electric field strength led to removal of large droplets. The same was valid for large electrode
distances. For high values of the electric field intensity E| the rate of migration w became
large, too. Therefore, the diameter of the smallest removable diameter became smaller with
increasing electric field strength. Large distance between electrodes does address migration
of large droplets with a limited effect on turbidity control since turbidity correlates with
the number of species.

The electric field direct current splitting of oil in water emulsions proved to be an effective
splitting technology for very low solvent contamination of aqueous carriers. The simple
setup (no turning equipment), risk (no formation of explosive gases) and the presumably
low energy demand (only electric energy for rectifier) outweighed the disadvantage of the
relatively long separation time. The model developed allows the prediction of either the
electric field strength to be applied for droplets of given diameter to be removed, or it may

recommend an electrode distance or forecast the time needed for separation.
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ABBREVIATIONS

(GENERAL ABBREVIATIONS

4-DBSA
AnCa
AnCaAn

AnCaAnCa

CaAn
CaAnCa

cme
DLVO-theory

EIP
HLB
IUPAC
o/w
PIT
SSK
TOC
w/o

4-dodecylbenzenesulfonic acid
electrode configuration anode left, cathode right

electrode configuration anode left, cathode middle,
anode right

electrode configuration anode first, cathode second,
anode third, cathode last (from left to right)

electrode configuration cathode left, anode right

electrode configuration cathode left, anode middle,
cathode right

critical micelle concentration

theory named after the developers Derjaguin, Landau,
Verwey and Overbeek

Emulsion Inversion Point

Hydrophilic-Lipophilic Balance

International Union of Pure and Applied Chemistry
oil in water

Phase Inversion Temperature

ShellSol-K

Total Organic Carbon

water in oil
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ABBREVIATIONS

GREEK SYMBOLS

angle of the electrodes
interfacial tension
Laplace pressure

density difference of the continuous and the dispersed
phase

relative permittivity

shear viscosity

oil/water contact angle

Debye length

density

interfacial tension

hold-up of dispersed phase at the top of the emulsion

hold-up of dispersed phase at a distance h from the
top of the emulsion

circular velocity
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ABBREVIATIONS

SYMBOLS AND INDICES

T

Q S we P EEeN—O

3

»

S oDoe

ISH
3

initial state

continuous phase

dispersed phase

electrode area

Hamaker coefficient

parameter of the sigmoidal fit

amplitude

modelling parameter considering deviations
parameter of the sigmoidal fit

width of the electrodes, combination of constants in
the modelling

parameter of the sigmoidal fit
concentration, critical value

average pore size of the membrane
particle size

parameter of the sigmoidal fit

horizontal distance between the electrodes

distance between the electrodes depending on the
angle o

charging field strength

precipitating electric field

dispersed phase

bouyancy force

Coulomb-force

friction force

gravitational force

Newton force

Stokes resistance force

volume flow rate

gravitational constant

hydrophilic part

distance of flat infinite surfaces, distance from the top
of the emulsion, height of the electrodes
current applied per meter of electrode
constant describing the mobility of ions
linear correlation coefficient

Boltzmann constant

lipophilic part
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ABBREVIATIONS

B3I =

S

molar mass

mass of the droplet

membrane

molar amount of the dispersed phase

number of lipophilic groups in the molecule, number

of revolutions

oil - water

critical pressure

charge of the droplet

receiver

principal radius 1 of curvature
principal radius 2 of curvature

radius of the dispersed droplet, radius of the
centrifuge

area related rate of turbidity drop

solubility

separation rate

absolute temperature, transducer

experimental time

applied voltage

volume, van der Waals potential

creaming or sedimentation velocity acc. to Stokes
particle migration rate induced by the electric field
droplet diameter

charge number, centrifugation number
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APPENDIX A. MATLAB CODE

The MATLAB®code itself consists of four parts. These are explained shortly in the following
chapters and in deeper detail in the code itself.

Additionally, a Microsoft Excel file has been set up containing all the data of the experiment.
After evaluation of the program code all important data are stored in separated spreadsheets.
The input sheet is shown in figure A.1. The program PictureAnalysisAndFit reads the
necessary information from this spreadsheet and processes the evaluation of the brightness
as well as the fitting and modelling. How to determine each parameter can be read in the
documentation of the program in chapter A.
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AprpPENDIX A. MaTLAB CODE

Date

Electrode configuration
Anode

electrode distance
aqueous phase
solvent phase

phase ratio

voltage

experiment duration (approx.)
amount aq. phase
amount sol. phase
Notes

photos to be deleted before exp. data (incl. reference)
photos to be deleted after exp. data (incl. reference)

interval between photos
time of first photgraph

30.11.2016
2 plates
left

10 cm
water
SSK 0.1 gew% SSK
0,005

10V

180 min
4975
25

Information concerning the reference picture

Number of reference picture

Cutting information
Top left
x-coordinate
y-coordinate

Bottom right
x-coordinate
y-coordinate

1085
1025

1980
1650

Information concerning the other pictures in the experiment

Cutting information
Top left
x-coordinate
y-coordinate

Bottom right
x-coordinate
y-coordinate

1105
965

2000
1590

Figure A.1.: Microsoft Exce1® spreadsheet of the input
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AprpPENDIX A. MaTLAB CODE

FPA

%
%
%
%
%
%
%

Main File for analysing picture sequences in multiple folders.
To analyse the pictures an Excel file with input information is
needed. The required information can be seen in the
documentation of the program PictureAnalysisAndFit, which is
necessary for the complete analysis. The programs FA and
FolderAnalysis are needed for easier analysis of the data

generated.

function FPA % FolderPictureAnalysis

close all; clc;

tic; % Starts the stopwatch

%% Input

%
%
%

Determining the interval between the pictures to be analysed.
1 = every picture is analysed

2 = every second picture is analysed

AnalysisInterval = 1; % [1, 2, 5, 10];

angle = 0; % rotates the image; negative values for clockwise

%
%

Defining the weight factor for the first point.

(zero separation)

weightZero = 1; % 1 means same weight as the other points

%
%
%

Option: Display all .png files related to the current analysis
show = ® --> Figures are not displayed

show = 1 --> Figures are displayed

show = 1;

% Defining the extension of the excel sheet and the figures to

% distinguish between different settings:
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for AIvar = 1l:length(AnalysisInterval) % control variable, if
% more than one analysis interval is defined.
for wOvar = 1l:length(weightZero) % control variable, if more

% than one weight factor for the startpoint is defined.

% Define a part of the name of the Excel-Spreadsheet:
extension = strcat('AI_',num2str(AnalysisInterval (AIvar)),'_w0O_",

num2str (weightZero(wOvar)));

%% Reading of the folders to be analysed
% Finds the number of folders inside the current folder

% Get a list of all subfolders in the current directory

allSubFolders = genpath(cd);

% Parse into a cell array.

remain = allSubFolders;
listOfFolderNames = {};
while true
[singleSubFolder, remain] = strtok(remain, ';');
if isempty(singleSubFolder)
break;
end
listOfFolderNames = [listOfFolderNames singleSubFolder];

end

numberOfFolders = length(listOfFolderNames);

startFolder = 2; % starts at number 2 because 1 is the current
% directory

endFolder = numberOfFolders; % Defines the last folder to be

% analysed. "numberOfFolders" is the number of the last folder
% in the directory. Other numbers smaller than this one are

% possible too.
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%% Analysis of all folders in the current directory using the

% program "PictureAnalysisAndFit"

for i=startFolder:endFolder

actualFolder = listOfFolderNames{i};

pathParts = strsplit(actualFolder,'\');

fprintf('\n\nAnalysis of experiment %s\n', pathParts{end})

resultsPAAF = PictureAnalysisAndFit(actualFolder,
AnalysisInterval (AIvar), weightZero(wOvar), extension,
angle);

cd(listOfFolderNames{1});

%% Summarizing all data with FA

FA(AnalysisInterval (AIvar),extension,startFolder,endFolder, show)
end

end

endtimesek toc

endtimemin = endtimesek/60
endtimeh = endtimesek/3600

clear all

PictTurReANALYSISANDFIT

In table A.1 all data of the fitting algorithm are listed. Additionally, a short explanation is
given. Table A.2 shows the parameters of the model application different from the fitting

parameters.

It can be seen that the method "non linear least squares" is applied using the trust-region
algorithm. In general, least squares is the problem of finding a local minimizer to a function.

This function is a sum of squares. [104]

Using the trust-region algorithm the fit is tested whether it is possible to improve it or not.

This is done by approximating the non linear least squares function in the neighbourhood of
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the current solution. This neighbourhood is the trust region. Then, a trial step is computed.

The current solution point is updated by addition of the trial step if the trial step leads to

an improved solution. If this is not the case the trust region is shrunk and the trial step is
repeated. [104]

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

This program analyses the pictures in the Folder "actualFolder"
and determines the brightness of each of them. For this reason,
all pictures are cropped to the area of interest, which is
defined beforehand. The corners of this area are written to

the input excel file.

To find out the corners, any picture has to be read (not the
initial one, because camera or emulsion position might

have changed) with

| pic2 = imread('NAME_OF_THE_PICTURE. jpg') |

| imshow(pic2) % opens the picture |

Using the data cursor in the figure the top left and the
bottom right point of the area of interest can be defined. The
same procedure has to be performed to find the corners of the

reference picture.

Excluding pictures from the separation calculation might be
necessary due to the following reasons:

The reference picture

Pictures of surrounding equipment

Close ups of the clear emulsion

CAVE: The reference picture is not part of the separation
progress itself. However, it is necessary for the calculation
of the separation, since it defines the endpoint of complete
separation (clear liquid). Therefore it is mandatory to take

one and to define its number in the set of pictures.

It is possible to set a time interval between the

pictures, if for example a longer experiment is performed and
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% pictures are taken every fifth minute.

% The starttime for the first picture is also set in case of

% starting the experiment and forgetting to start the camera.

% Then, the separation is calculated with respect to the first

% picture (separation = 0) and a reference picture complete

% separation (separation = 1).

% Afterwards, the separation is fitted using a sigmoidal fitting
% approach to determine the initial dead time. For the following
% modelling step the dead time is substracted from the separation
% data, i.e. the data are shifted to the left. This is only done
% for dead times greater than 1. If the dead time is equal to or
% lower than 0, substraction is not performed. The applied model
% results form a force balance around the droplets and is

% reduced to an exponential model with two parameters.

% The data of the sigmoidal fit as well as of the modelling are

% saved to the excel sheet with the input information.

function [result_sig] = PictureAnalysisAndFit(actualFolder,

AnalyisInterval ,weightZero,extension,angle)

%% Reading the folder analysed and all .jpg files in this folder
cd(actualFolder)

CurrentDirectory = actualFolder;

[up, folder, ~] = fileparts(CurrentDirectory);

Expname = folder; % Name of the analysed experiment/folder

% Check whether the Excel file exists

filecheck = exist(strcat(Expname,'.xlsx'), 'file');
if filecheck~=2

fprintf('Warning: File does not exist: %s \n\nContinuing with
next experiment. \n', strcat(Expname,'.xlsx'));
result_sig = [];
return
end

%% Necessary input, which is read from the input excel sheet.
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etac = 1; % mPas

input = xlsread(Expname, 'Tabellel', 'b14:b39");
E1Dist = xlsread(Expname, 'Tabellel','b4"'); % [cm]
Voltage = xlsread(Expname, 'Tabellel','b8'); % [V]

E® = Voltage*100/(ElDist*cos(angle*pi/180)); % [V/m]
cl = input(l);
c2 = input(2);

interval = input(3); % [min]

starttime = input(4); % [min]

% Check if the input is valid, i.e. if the cutting information is

% correct.

InputWarning = 0;

if cl1<0® || c2<0 || interval<=0
fprintf (2, One input parameter is smaller than 0! Check
the excel sheet of %s \n Going to the next experiment
\n', folder);
InputWarning = 1;
result_sig = [];
return
elseif isnan(cl)==1 || isnan(c2)==1 || isnan(interval)==1 ||

isnan(starttime)==

fprintf(2,"' One input parameter is not a number! Check
the excel sheet of %s \n Going to the next experiment
\n', folder);

InputWarning = 1;

result_sig = [];

return

end

%% Input for average brightness calculation of all pictures

% Top left
x1 = input(21); yl1 = input(22);
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% Bottom right
x2 = input (25); y2 = input(26);

% Input for average brightness calculation of reference picture

ref = input(7); % defines the position of the reference picture

% in "allpics"”

% Top left

xrefl = input(l1l); yrefl = input(12);
% Bottom right
xref2 = input(1l5); yref2 = input(16);

% Check if the input for cutting the images is valid

CropWarning = 0;
if ref<=0 || x1<0 || y1<0® || x2<0® || y2<0® || xrefl<® || yrefl<®
|| xref2<0® || yref2<0
fprintf (2, One input parameter for cutting the picture
is smaller than 0! Check the excel sheet of %s \n

Going to the next experiment \n', folder);

CropWarning = 1;
result_sig = [];
return
elseif isnan(ref)==1 || isnan(xl1l)==1 || isnan(yl)==1 || isnan(x2)
==1 || disnan(y2)==1 || isnan(xrefl)==1 || isnan(yrefl)==1 ||
isnan(xref2)==1 || isnan(yref2)==
fprintf (2, One input parameter for cutting the picture
is not a number! Check the excel sheet of %s \n Going

to the next experiment \n', folder);

CropWarning = 1;
result_sig = [];
return

end
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fprintf('End of input \n\n')

O o _________
O el
% —mmmmmmmmmmm e END OF INPUT ---------mmmmmmmmmmmm
% o ______
..

%% Reading the pictures

jpegFiles = dir('*.jpg');
numfiles = length(jpegFiles);
allpics = cell(l, numfiles);

% All pictures are stored to allpics
for k = l:numfiles
allpics{k} = imread(jpegFiles(k) .name,angle);
end
fprintf('Reading of all foto data finished \n\n')

%% Start of calculation
%% Calculation of the average brightness for all pictures

% All pictures are cropped to the area defined above

crpics = {1,length(numfiles-c2)};

cravg = length(numfiles-c2);

% Cut pictures to the emulsion range and calculate the average

% brightness of all pictures of the experiment.

for i=1:(numfiles-cl-c2)/AnalyisInterval
crpics{l,i}=imcrop(allpics{l,i+(i-1)*(AnalyisInterval-1)+cl
}, [x1 y1 x2-x1 y2-y11);
cravg(i)= mean(reshape(crpics{1,i},[]1,1))/255;
end

%% Calculation of average brightness of reference picture
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crref=imcrop(allpics{l,ref}, [xrefl yrefl xref2-xrefl yref2-yrefl

D;

% Calculate the average brightness of the initial picture

avgref= mean(reshape(crref,[],1))/255;

% Calculate the relative brightness (i.e. separation progress)

div=(cravg-cravg(1l))./Cavgref-cravg(1));

% x-axis for the plot

time = (linspace (starttime,length(div)+starttime-1,

length(div)).') .*interval*AnalyisInterval;

% Transposes div to make it usable as y-axis

L}

separation = div.';

fprintf('End of analyis\n\n')

%% Plot all important pictures

figure

subplot(2,3,1),imshow(allpics{1,1});
subplot(2,3,2),imshow(allpics{l,cl+1});title(Expname);
subplot(2,3,3),imshow(allpics{l,numfiles-c2- (AnalyisInterval

-

subplot(2,3,4) ,imshow(crref);
subplot(2,3,5),imshow(crpics{1,cl+1});
subplot(2,3,6),imshow(crpics{l,length(cravg)});

print(strcat('cutfigure',extension,Expname),'-dpng')

clear allpics % releases the RAM again
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%% Fitting the result

fprintf('Fitting the sigmoidal fit for determination of dead time
\n\n')

weightFactors_Sig = ones(length(separation),l);

weightFactors_Sig(l) = weightZero;

boundariesLow_Sig = [-inf,-inf,-inf,-inf];

boundariesHigh_Sig = [inf,inf,inf,inf];

close all

% Sigmoidal fit incl. random start parameter (as)

SigFitName = 'Sig_SP_";

[f1, gofl, outputl] = fit(time, separation, 'as+(bs-as)/(l+exp(-(
x-cs)/ds))', 'StartPoint', [-5, 1, -20, 15], 'MaxIter',
1000000, 'MaxFunEvals', 1000000, 'Weight', weightFactors_Sig,
Lower', boundariesLow_Sig, 'Upper', boundariesHigh_Sig);

as = [fl.as];

bs = [fl.bs];

cs = [fl.cs];

ds = [fl.ds];

fprintf('End of fitting the sigmoidal fit for determination of
dead time \n\n')

%% Plot the fit

plot(time, separation,'+','LineWidth',1.5); hold on
plot(£f1, 'k")

legend (Expname, 'fit','location', 'SouthEast');

hold off

xlabel('time in min');

ylabel ('separation')

axis([0,inf,0,1]);

% Save the figure of the fit
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print(strcat('figure_',SigFitName,extension, Expname),'-dpng')

%% Prepare the fit data for saving

abcd_sig = (coeffnames(£f1l));

coeffl = [as; bs; cs; ds];

result_fit_sig = [coeffl, confint(fl).'];

result_gof_sig = [gofl.sse; gofl.rsquare; gofl.dfe; gofl.
adjrsquare; gofl.rmse];

description_gof_sig = fields(gofl);

outputm_sig = {outputl.message};

fitdata_sig = result_fit_sig(l,:)+(result_fit_sig(2,:)-
result_fit_sig(l,:))./(l+exp(-(time-result_fit_sig(3,:))./
result_fit_sig(4,:)));

%% Applying the model

fprintf('Applying the model\n\n")

% Determining the time where the sigmoidal fit intersects with

% the x-axis (dead time)

syms tfit
tdead = double(round(solve(as+(bs-as)/(l+exp(-(tfit-cs)/ds))==0,
tfit)));
if tdead<®
tdead=0;

end

% Excluding the delay in separation start

time_red = time - tdead;

modvar = 0;

for tvar=1:length(time)
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if tvar<=length(time) && time_red(tvar) >=0

modvar=modvar+1;

time_mod (modvar) = time_red(tvar);
separation_mod (modvar) = separation(tvar);
cravg_mod (modvar) = cravg(tvar);

tvar=tvar+l1;
else

tvar=tvar+1;
end

end

time_mod=time_mod"';

separation_mod = separation_mod';

close all

% Modelling acc. to Chemical Reaction Engineering incl.

% startparameter

ModelName = 'CRE_SP_"';

weightFactors_Mod = ones(length(separation_mod),b1);
weightFactors_Mod(l) = weightZero;
boundariesLow_Mod = [-inf,-inf];

boundariesHigh_Mod = [inf,inf];

[f2, gof2, output2] = fit(time_mod, separation_mod, 'am*(l-exp(-
bm*x))', 'StartPoint', [1, 0], 'MaxIter',6 1000000, MaxFunEvals

', 1000000, 'Weight', weightFactors_Mod, 'Lower',

boundariesLow_Mod, 'Upper', boundariesHigh_Mod);

am = [f2.am];
bm = [£f2.bm];

random

fprintf('End of fitting the model to the adopted experimental

data \n\n')
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%% Plot the model

plot (time_mod, separation_mod,'+','LineWidth',1.5); hold on
plot(£f2, 'r')

legend (Expname, 'lModel', 'location', 'SouthEast');

hold off

xlabel('time in min');

ylabel ('separation')

axis([0,inf,0,1]);
print(strcat('figure_',ModelName,extension, Expname),'-dpng')

%% Prepare the modelling data for saving

abcd_mod = (coeffnames(£f2));

coeff2 = [am; bm];

result_fit_mod = [coeff2, confint(f2).'];

result_gof_mod = [gof2.sse; gof2.rsquare; gof2.dfe; gof2.
adjrsquare; gof2.rmse];

description_gof_mod = fields(gof2);

outputm_mod = {output2.message};

fitdata_mod = result_fit_mod(l,:).*(l-exp(-result_fit_mod(2,:).*

time_mod));

%% Calculate the droplet diameter

DropDiameter = ((1044)/(6*1.0542))*result_fit_mod(2,:)*4*pi*etac™
El1Dist/E0A2; % [micro meter]

%% Saving the important results to a .mat file and an Excel sheet

fprintf('Begin of saving \n\n')

result_sig = [time, separation, fitdata_sig, cravg.'];

save(strcat('results_',SigFitName, Expname,extension), 'result_sig'
)

result_mod = [time_mod, separation_mod, fitdata_mod, cravg_mod
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G
save(strcat('results_"',ModelName ,Expname,extension), 'result_mod"')

ending = '.xlsx';
tabledesc_fit = {'time [min]', 'separation [-]', 'fit data [-]"',
'fit data lower boundary[-]', 'fit data higher boundary[-]', '
avg.brightness [-]', 'brigthness ref. [-]', ' ', ' ', 'values
parameter', 'confidence intervall lower boundary', 'confidence
intervall upper boundary',' ', ' ', 'goodness of fit', '

message'};
warning off MATLAB:xlswrite:AddSheet;

% Data of sigmoidal fit is saved

xlswrite(strcat (Expname,ending),tabledesc_fit,strcat(SigFitName,
Expname,extension));

xlswrite(strcat (Expname,ending) ,result_sig,strcat(SigFitName,
Expname,extension), 'A2');

xlswrite(strcat (Expname,ending),avgref,strcat(SigFitName,b Expname,
extension), 'G2');

xlswrite(strcat (Expname,ending),abcd_sig,strcat(SigFitName,
Expname,extension), 'I2');

xlswrite(strcat (Expname,ending) ,result_fit_sig,strcat(SigFitName,
Expname,extension), 'J2');

xlswrite(strcat (Expname, ending),description_gof_sig,strcat(
SigFitName ,Expname, extension), 'N2');

xlswrite(strcat (Expname,ending) ,result_gof_sig,strcat(SigFitName,
Expname,extension), '02');

xlswrite(strcat(Expname,ending) ,outputm_sig,strcat(SigFitName,
Expname,extension), 'P2');

tabledesc_cre = {'time [min]', 'separation [-]', 'model data [-]'

, 'model data lower boundary [-]', 'model data upper boundary

[-1', 'avg.brightness [-]', 'brigthness ref. [-]', 'deadtime [

min]"', , 'values parameter ', 'confidence intervall lower

boundary', 'confidence intervall upper boundary',' , ,
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goodness of fit', 'message'};

% Data of modelling is saved

xlswrite(strcat (Expname,ending),tabledesc_cre,strcat(ModelName,
Expname,extension)) ;

xlswrite(strcat (Expname,ending),result_mod,strcat(ModelName,
Expname,extension), 'A2');

xlswrite(strcat (Expname,ending),avgref,strcat(ModelName ,Expname,
extension), 'G2');

xlswrite(strcat (Expname,ending),tdead,strcat(ModelName , Expname,
extension), 'H2');

xlswrite(strcat(Expname,ending),abcd_mod,strcat(ModelName , Expname
,extension), 'I2');

xlswrite(strcat (Expname, ending),{ 'drop diameter'},strcat(
ModelName , Expname,extension), 'I5');

xlswrite(strcat(Expname,ending) ,DropDiameter,strcat (ModelName,
Expname,extension), 'J5');

xlswrite(strcat (Expname,ending),{ 'micrometer'},strcat(ModelName,
Expname,extension), 'M5');

xlswrite(strcat(Expname,ending) ,result_fit_mod,strcat(ModelName,
Expname,extension), 'J2');

xlswrite(strcat (Expname,ending),description_gof_mod,strcat(
ModelName , Expname,extension), 'N2');

xlswrite(strcat (Expname,ending),result_gof_mod,strcat (ModelName,
Expname,extension), '02');

xlswrite(strcat (Expname,ending),outputm_mod, strcat(ModelName,

Expname,extension), 'P2');
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Table A.1.: Fit options in MATLAB®[105]

Option Value Explanation
Normalize "Off’ Option to center and scale the
data
Exclude [ ] Points to exclude from fit
Weights [1xlength(separation) Weight factors for the fit
double|=ones
Method Non Linear Least Squares see text
Robust "Off’ Robust linear least-squares fitting
method
Start Point [-51-2015] Initial values for coefficients
Lower [-Inf -Inf -Inf -Inf] Lower boundaries for the
coefficients to be fitted
Upper [Inf Inf Inf Inf] Upper boundaries for the
coefficients to be fitted
Algorithm "Trust-Region’ Algorithm to use for the fitting
procedure

DiffMinChange 1e-08 Minimum change in coefficients
for finite difference gradients

DiffMaxChange 0.1 Maximum change in coefficients
for finite difference gradients

Display "Notify” displays output only if the fit

does not converge
MaxFunEvals 1000000 Maximum number of evaluations
of model allowed
MaxIter 1000000 Maximum number of iterations
allowed for fit
TolFun 1.0000e-06 Termination tolerance on model
value
TolX 1.0000e-06 Termination tolerance on

coefficient values

Table A.2.: Options of the model parameter finding procedure different from the fitting options [105]

Option Value Explanation
Start Point [10] Initial values for coefficients
Lower [-Inf -Inf] Lower boundaries for the

coefficients to be fitted

Upper [Inf Inf] Upper boundaries for the
coefficients to be fitted
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FA

% Main file for folder analyis (FA) and summarizing the data

% generated from picture analysis. An excel sheet with 4

% spreadsheet filled with data is produced. The first one

% contains the separation data of all experiments. Into the

% second spreadsheet the modelling data including the lower and
% the upper boundary of the model is stored. The third one

% provides the model parameters, the respective confidence

% intervals including the relative deviation from the parameter
% and the rsquare as a measure of model quality. Additionally

% all messages of the fit are stored in this spreadsheet. The

% last spreadsheet contains information about the input data of

% all experiments written to the input spreadsheet.

function [StorePng]=FA(AnalysisInterval,extension,startFolder,
endFolder , show)
close all;

% Defining the name of the output Excel-Sheet
ExcelName =strcat('CRE_ExperimentalData_comb',extension,'.xlsx"');
%% Folder analysis
% Finds the number of folders inside the current folder
% Get a list of all subfolders in the current directory
allSubFolders = genpath(cd);
% Parse into a cell array.
remain = allSubFolders;
listOfFolderNames = {};
while true
[singleSubFolder, remain] = strtok(remain, ';');

if isempty(singleSubFolder)

break;
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end
listOfFolderNames = [listOfFolderNames singleSubFolder];

end

% Define the time vector and give starting values for parameters.

time = (linspace(0,2000,2000/1+1)."').*AnalysisInterval;
k=1;
allSeparationData = zeros(450/AnalysisInterval,200);

% Start the actual analysis.

for i=startFolder:endFolder
actualFolder = listOfFolderNames{i};
pathParts = strsplit(actualFolder,'\"');
fprintf('\n\nAnalysis of folder %s\n', pathParts{end})
[StorePng, inputData, separationData, fitData, fitDatalB,
fitDataHB, fitParameters, rsquare, message, boundaries] =

Folderanalysis(actualFolder,AnalysisInterval,extension);

% Check, whether there is anything to store. If this is not the

% case, nothing is done and the next folder is analysed.

if size(StorePng)==

else

%% Show all stored result pictures of the folder analysed

% before. This is done for every folder.

if show==
figure;
imshow(StorePng{1});
figure;
imshow(StorePng{2});
else

end
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%% Store the fit data as well as the lower boundary and the
% higher boundary data.

for j=1:1length(separationData)
allSeparationData(j,k) = separationData(j);
allFitData(j,k) = fitData(j);
allFitDataLB(j,k)= fitDatalLB(j);
allFitDataHB(j,k)= fitDataHB(j);

end

%% Store the fit parameters as well as some additional

% information.

for j=1:length(fitParameters)
allFitParameters(k,j) = fitParameters(j);

end

allFitParameters(k,3) = rsquare;
allMessages{k,:} = message;
ExpName{l,k} = pathParts{end};
allBoundaries(k,:) = boundaries;
allInputData(:,k) = inputData;

if k>1
ExpNameModel {1,k+2*k-2} = pathParts{end};
else
end
k=k+1;

end
% Set the current directory back to the one where the programs
% are to go to save all data into the same file and proceed to

% the next experiment.

cd(listOfFolderNames{1});

end
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% Prepare data for saving to excel.

ExpNameModel {1,1} = ExpName{l};

colvar=1;

for expvar = 1l:length(allFitParameters)
for rowvar = 1: length(allFitData)
ModelData(rowvar,colvar) = allFitData(rowvar,expvar);

allFitDatalLB(rowvar, expvar) ;

ModelData(rowvar,colvar+1)

ModelData(rowvar,colvar+2) allFitDataHB(rowvar, expvar) ;

end
colvar= colvar + 3;

end

for i=1l:length(allFitParameters)
relDeva(i) = sqrt(((allFitParameters(i,l)-allBoundaries(i,1))
./allFitParameters(i,1)).22).%*100;
relDevb (i) = sqrt(((allFitParameters(i,2)-allBoundaries(i,2))
./allFitParameters(i,2)).42).*100;
end

% Define the headings of the spreadsheets

timename = {'time in min'};

HeadingFitPar = {'Name of the experiment', 'a', 'b', 'rsquare', '
confidence a lower', 'confidence b lower', 'confidence a
higher', 'confidence b higher', 'relative deviation of
confidence intervall of parameter a in %', 'relative deviation

of confidence intervall of parameter b in %', , ,

Message'};

HeadingInputData = {'Name of the experiment', 'Date', 'Electrode
configuration', 'Anode', 'Electrode distance', 'Aqueous phase'
, 'Solvent phase', 'Phase ratio', 'Voltage', 'Experiment
duration (approx.)', 'Amount aq. phase', 'Amount sol. phase',
'Notes'};

SubheadingModel = {'Separation Data Model', 'LowerBoundary',
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% Spread the Subheading of the model is repeated for all models.

colvar=1;

while colvar<length(allFitParameters)*3
SubHeadingAllModels (colvar)=SubheadingModel (1) ;

colvar=colvar+1;

SubHeadingAllModels (colvar)=SubheadingModel (2);

colvar=colvar+1;

SubHeadingAllModels (colvar)=SubheadingModel (3);

colvar=colvar+1;

end

%% Writing the results into the excel sheet named before

% (Excelname).

% Separation data

warning off MATLAB:xlswrite:AddSheet;

xlswrite (ExcelName
xlswrite(ExcelName
xlswrite (ExcelName

xlswrite(ExcelName

% Modelling data

xlswrite(ExcelName
xlswrite (ExcelName
xlswrite (ExcelName
xlswrite(ExcelName

xlswrite(ExcelName

% Model parameters

x1lswrite(ExcelName

xlswrite(ExcelName

ExpName, 'Separation Data', 'Bl');
allSeparationData, 'Separation Data', 'B4');
time, 'Separation Data', 'A4');

timename, 'Separation Data', 'Al');
ExpNameModel , 'Modelling Data', 'Bl1');
SubHeadingAllModels, 'Modelling Data', 'B3');
ModelData, 'Modelling Data', 'B4');

time, 'Modelling Data', 'A4');

timename, 'Modelling Data', 'Al');
ExpName ', "Model Parameters', 'A2');

HeadingFitPar, 'Model Parameters',

153

"Al');



AprPENDIX A. MATLAB CODE

Xxlswrite(ExcelName, allFitParameters, 'Model Parameters', 'B2');
xlswrite(ExcelName, allBoundaries, 'Model Parameters', 'E2');
xlswrite(ExcelName, relDeva.', 'Model Parameters', 'I2');
xlswrite(ExcelName, relDevb.', 'Model Parameters', 'J2');
x1lswrite(ExcelName, allMessages, 'Model Parameters', 'M2');

% Overview about the input data

xlswrite(ExcelName, HeadingInputData, 'Overview Input Data','Al');

xlswrite(ExcelName, ExpName.',K6 'Overview Input Data', 'A2');
xlswrite(ExcelName, allInputData.', 'Overview Input Data', 'B2');
disp('----------"-"-"--------—- FA FINISH -------------—-——-————- D)

FOLDERANALYSIS

% This function reads the .png files in the actual Folder
% (actualFolder) and stores it to a specified folder
% (storeFolder). Additionally all input and result data including

% the model parameters are read from the excel file.

function [allpng, inputData, separationData, fitData, fitDatalB,
fitDataHB, fitParameters, rsquare, message, boundaries] =

Folderanalysis(actualFolder,AnalysisInterval,extension)

cd(actualFolder)
CurrentDirectory = actualFolder;
[up, folder, ~] = fileparts(CurrentDirectory);

Expname = folder; % Name of the analysed experiment/folder

% The first part is a check, whether the result .png file exists.
% This is done to avoid error messages due to empty result

% matrices. filecheck~=2 means, that it is not true that there is
% a .png file with the name searched for. If so, the result

% matrices are built as empty vectors and a warning is displayed.

filecheck = exist(strcat('figure_CRE_SP_',extension, Expname,
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.png'), 'file');
if filecheck~=2

fprintf('Warning: File does not exist: %s \n\nContinuing with
next experiment. \n', strcat('figure_CRE_SP_',extension,
Expname, '.png'));

allpng = [];

inputData =[];

separationData =[];

fitData =[];

fitDatalB =[];

fitDataHB =[];

fitParameters = [];
rsquare = [];
message = [];
boundaries = [];
return

end

%% Reading the .png files of interest, i.e. those with a

% specified name

pngFitFiles = dir(strcat('figure_CRE_SP_',extension, Expname,
"F.png'));
pngCutFiles = dir(strcat('cutfigure',extension,Expname,

*.png'));
numfiles = length(pngFitFiles);
allpng = cell(2, numfiles);

% All .png files of interest are stored into allpng
for k = l:numfiles
allpng{l,k} = imread(pngCutFiles (k) .name);
allpng{2,k} = imread(pngFitFiles (k) .name);

end

%% Reading the result excel file and saving the data to

% several variables for further processing.
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[~,~,allthingsexp] = xlsread(strcat(Expname,'.xlsx'),

strcat('CRE_SP_"',Expname,extension));

ExcelComplete = xlsread(strcat(Expname,'.xlsx"'),
strcat('CRE_SP_',Expname,extension));
fitParameters = xlsread(strcat(Expname,'.xlsx'),

strcat('CRE_SP_"',Expname,extension), 'J2:13");

rsquare = xlsread(strcat (Expname,'.xlsx'), strcat('CRE_SP_",
Expname,extension), '03"');

lowerBoundaries = xlsread(strcat(Expname,'.xlsx"'),
strcat('CRE_SP_"',Expname,extension), 'K2:K3");

upperBoundaries = xlsread(strcat(Expname,'.xlsx'),

strcat('CRE_SP_"',Expname,extension), 'L2:L3");

separationData = ExcelComplete(:,2);
fitData = ExcelComplete(:,3);
fitDatalLB ExcelComplete(:,4);
fitDataHB = ExcelComplete(:,5);
message = allthingsexp{2,16};

boundaries = [lowerBoundaries',6upperBoundaries'];

%% Reading the input spreadsheet and saving the data to
% inputData for further processing.

[~,~,allInput] = xlsread(strcat(Expname,'.xlsx'), ' 'Tabellel');

for i= 1:12
inputData{i, 1} = allInput{i,2};

end
fprintf('Reading and saving of all .png files finished \n\n')

© 2017 The MathWorks, Inc. MATLAB and Simulink are registered trademarks of The
MathWorks, Inc. See mathworks.com/trademarks for a list of additional trademarks. Other
product or brand names may be trademarks or registered trademarks of their respective
holders.
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APPENDIX B. THERMAL SPLITTING

In this chapter the temperature over time of the thermal splitting experiment (figure B.1 as
well as the calculation for the power demand are shown.

60 |-

40 |-

temperature in °C

20 |-

0 L | 1 1 L 1 1 | 1 1 1
0 50 100 150 200 250

time in minutes

Figure B.1.: Temperature over time of the thermal splitting experiment (RMA006)

The assumptions to calculate the power demand are summarized in table B.1. Equation
B.1 is used to perform this calculation. The numbers are put inside in equation B.2. 46.52
kWh are necessary to heat 1 m? of emulsion from 20 to 60 °C. Heat losses or cooling power
necessary to avoid evaporation are not included.

Table B.1.: Assumptions made for thermal splitting power calculation

Assumption Unit Value [93] Notes
Volume m?3 1 pure water

p kJ]/kg K 4.187 pure water
AT K 40 from 20 to 60 °C
Density p kg/m?3 1000 pure water
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Q=m-c, - AT =V -p-c, - AT (B.1)

(Q =1-1000-4.187 - 40 = 167480k.J = 46.52kW h (B.2)
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APPENDIX C. FLOTATION

In this chapter the reproducibility of the electro flotation experiments is shown.
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Figure C.1.: Reproducibility of the electro flotation experiment performed at 3 V
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Figure C.2.: Reproducibility of the electro flotation experiment performed at 6 V
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Figure C.3.: Reproducibility of the electro flotation experiment performed at 9 V
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Figure C.4.: Reproducibility of the electro flotation experiment performed at 14.7 V
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APPENDIX D. CALIBRATION OF THE ULTRASONIC

SCANNER

For calibrating the ultrasonic scanner different mixtures of SSK and water have been
produced and analysed in the equipment. Additionally, pure water is analysed in the

ultrasonic scanner to get the end point of the calibration. The result is depicted in figure
D.1.

In table D.1 the values of the calibration are compiled.
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Figure D.1.: Calibration of the ultrasonic scanner

Table D.1.: Data of the ultrasonic scanner calibration

Oil-in-mixture ~ Speed of sound

wt. % m/s

0 1472
0.05 1461
0.1 1451
0.15 1441
0.2 1430
0.25 1423
0.3 1415
1.0 1311
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APPENDIX E. REPRODUCIBILITY OF THE ELECTRIC

FIELD EXPERIMENTS

In this chapter the reproducibility of the electric field splitting experiments is shown for
each setting. The names of the experiments and the respective settings including electrode

distance, voltage, electric field strength, angle, electrode arrangement and mass weighed
in are shown in tables E.1 to E.9.
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Table E.1.: Experimental settings of the experiments using 2 plate electrodes

Name Electrode Voltage  Electric field  Angle Electrode Weight Weight
distance strength arrangement H,0O solvent
in cm inV in V/m ing ing
CS020 5 2 40 0 AlK 497.50 2.50
CS021 5 2 40 0 AlK 497 .48 2.48
CS024 5 2 40 0 A|K 497.50 2.52
CS015 10 4 40 0 AlK 497.50 2.50
CS017 10 4 40 0 A|K 497.52 2.52
CS018 10 4 40 0 AlK 497.50 2.50
HWO020_1 6 3 50 0 A|K 1243.77 6.28
HWO020_2 6 3 50 0 A|K 1243.81 6.26
HW021_1 12 6 50 0 A|K 1243.69 6.29
HWO021_2 12 6 50 0 AlK 1243.72 6.21
HW022_1 24 12 50 0 AlK 1243.76 6.24
HWO022_2 24 12 50 0 A|K 1243.78 6.29
RMAO030 10 6 60 0 AlK 497.76 2.50
RMA031 10 6 60 0 AlK 497.72 2.50
CS019 5 4 80 0 AlK 497.50 2.50
CS022 5 4 80 0 AlK 497.52 2.50
CS023 5 4 80 0 AlK 497 .49 2.50
CS013 10 8 80 0 AIK 497.50 2.50
CS014 10 8 80 0 AlK 497.50 2.50
CS016 10 8 80 0 AlK 497.50 2.50
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Table E.1.: Experimental settings of the experiments using 2 plate electrodes (continued)

991

Name Electrode Voltage  Electric field ~ Angle Electrode Weight Weight
distance strength arrangement H,0O solvent
in cm inV in V/m ing ing
CS009 5 5 100 0 AIK 497.50 2.50
CS010 5 5 100 0 AlK 497.50 2.50
CS011 5 5 100 0 A|K 497.50 2.50
HWO023_1 5 5 100 0 A|K 1243.80 6.27
HWO023_2 5 5 100 0 A|K 1243.81 6.22
CS007 10 10 100 0 A|K 497.50 2.50
CS008 10 10 100 0 AlK 497.50 2.50
CS012 10 10 100 0 A|K 497.50 2.50
HWO024_1 10 10 100 0 A|K 1243.79 6.27
HW024_2 10 10 100 0 A|K 1243.71 6.26
HW025_1 15 15 100 0 AlK 1243.74 6.29
HW025_2 15 15 100 0 A|K 1243.71 6.28
CS002 5 6 120 0 A|K 497.50 2.50
CS005 5 6 120 0 AIK 497.50 2.50
CS006 5 6 120 0 AlK 497.50 2.50
CS001 10 12 120 0 AlK 497.50 2.50
CS003 10 12 120 0 A|K 497.50 2.50
CS004 10 12 120 0 A|K 497.50 2.50
HWO001_1 10 12 120 0 AIK 1243.71 6.26
HWO001_2 10 12 120 0 AlK 1243.79 6.26
RMAO029 10 12 120 0 A|K 497.59 248
RMAO032 10 12 120 0 A|K 497.75 2.50
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Table E.2.: Experimental settings of the experiments using 2 inclined plate electrodes

Name Electrode Voltage  Electric field  Angle Electrode Weight Weight
distance strength arrangement H,0 solvent
in cm inV in V/m ing ing
HWO008_1 10 6 85 45 A|K 1243.73 6.25
HWO008_2 10 6 85 45 AlK 1243.76 6.3
HW010_1 5 6 170 45 AlK 1243.79 6.3
HW010_2 5 6 170 45 AlK 1243.74 6.29
HW004_1 10 12 170 45 A|K 1243.72 6.25
HW004_2 10 12 170 45 AIK 1243.81 6.25
HWO006_1 5 12 339 45 AlK 1243.78 6.25
HWO006_2 5 12 339 45 AlK 1243.79 6.29
HWO009_1 10 6 85 45 K|A 1243.78 6.29
HWO009_2 10 6 85 45 K|A 1243.81 6.28
HWO011_1 5 6 170 45 K|A 1243.77 6.26
HWO011_1 5 6 170 45 K|A 1243.69 6.29
HWO005_1 10 12 170 45 K|A 1243.62 6.29
HWO005_2 10 12 170 45 K|A 1243.74 6.27
HWO007_1 5 12 339 45 K|A 1243.71 6.26
HW007_2 5 12 339 45 K|A 1243.74 6.24
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Table E.3.: Experimental settings of the experiments using 3 plate electrodes in AnCaAn configuration

Name Electrode Voltage  Electric field ~ Angle Electrode Weight Weight
distance strength arrangement H,0O solvent
in cm inV in V/m ing ing
CS044 5 2 40 0 A|K[A 497.52 2.52
CS5047 5 2 40 0 AK|A 497.52 2.49
CS048 5 2 40 0 A|K[A 497.50 2.50
HWO026_1 4 2 50 0 A|K|A 1243.76 6.26
HWO026_2 4 2 50 0 A|K|A 1243.81 6.27
HW028_1 8 4 50 0 A|K[A 1243.76 6.27
HW028_2 8 4 50 0 A|K[A 1243.78 6.29
HWO030_1 12 6 50 0 A|K|A 1243.76 6.27
HWO030_2 12 6 50 0 A|K|A 1243.77 6.24
TMO035 5 3 60 0 A|K[A 497.50 2.51
TMO039 5 3 60 0 A|K[A 497.50 2.61
TMO054 5 3 60 0 A|K[A 497.57 2.51
CS043 5 4 80 0 A|K|A 497.48 2.52
CS045 5 4 80 0 AlK|A 497 .49 2.49
CS046 5 4 80 0 A|KJA 497.50 2.52
TMO041 3 3 100 0 A|K[A 497.53 2.52
TM042 3 3 100 0 A|K|A 497.49 2.50
HWO032_1 4 4 100 0 A|K|A 1243.73 6.22
HW032_2 4 4 100 0 A|K[A 1243.81 6.26
CS038 5 5 100 0 A|K[A 497.50 2.50
CS040 5 5 100 0 A|K[A 497.50 2.56
CS042 5 5 100 0 A|K[A 497.50 2.50

SINHWIdHIXH ATAId OIIIOHTH HHL 40 ALITIEIDNAOAITY] “H XIANHIIY



691

Table E.3.: Experimental settings of the experiments using 3 plate electrodes in AnCaAn configuration (continued)

Name Electrode Voltage  Electric field ~ Angle Electrode Weight Weight
distance strength arrangement H,0O solvent
in cm inV in V/m ing ing
HWO034_1 8 8 100 0 AlK|A 1243.75 6.24
HW034_2 8 8 100 0 A|K[A 1243.76 6.28
HW036_1 12 12 100 0 A|K[A 1243.76 6.28
HWO036_2 12 12 100 0 A|K|A 1243.73 6.24
CS037 5 6 120 0 A|K[A 497.49 2.49
CS039 5 6 120 0 A|K[A 497.50 2.51
CS041 5 6 120 0 A|K[A 497.52 2.50
TMO036 5 6 120 0 A|K[A 497.50 2.51
TMO038 5 6 120 0 A|K[A 497.50 2.61
HW002_1 10 12 120 0 A|K[A 1243.68 6.25
HW002_2 10 12 120 0 A|K[A 1243.61 6.29
TMO045 3 6 200 0 A|K[A 497.59 2.50
TMO046 3 6 200 0 A|K[A 497.54 2.50
TMO058 3 6 200 0 A|K[A 497.50 2.51
HW038_1 4 8 200 0 A|KJA 1243.78 6.27
HW038_2 4 8 200 0 A|K[A 1243.71 6.25
HWO040_1 8 16 200 0 A|K|A 1243.70 6.28
HWO040_2 8 16 200 0 A|K|A 1243.74 6.23
TMO040 5 12 240 0 A|K[A 497.53 2.52
TMO043 5 12 240 0 A|K[A 497.49 2.50
TMO044 3 9 300 0 A|K[A 497.59 2.50
TMO059 3 9 300 0 A|K[A 497.61 2.52
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Table E.4.: Experimental settings of the experiments using 3 plate electrodes in CaAnCa configuration

Name Electrode Voltage  Electric field — Angle Electrode Weight Weight
distance strength arrangement H,0O solvent
in cm inV in V/m ing ing
CS034 5 2 40 0 KJA|K 497.50 2.50
CS035 5 2 40 0 KIA[|K 497.51 2.51
CS036 5 2 40 0 KIA|K 497.52 2.49
HWO027_1 4 2 50 0 KIA|K 1243.73 6.23
HW027_2 4 2 50 0 KJA|K 1243.75 6.28
HWO029_1 8 4 50 0 KIA[|K 1243.80 6.24
HWO029_2 8 4 50 0 KIA[|K 1243.78 6.21
HWO031_1 12 6 50 0 KIA|K 1243.76 6.27
HWO031_2 12 6 50 0 KIA|K 1243.73 6.23
CS030 5 4 80 0 KIA[|K 497.50 2.50
CS031 5 4 80 0 KIA[|K 497 .49 2.52
CS033 5 4 80 0 KIA[|K 497.51 2.50
HWO033_1 4 4 100 0 KIA|K 1243.79 6.24
HW033_2 4 4 100 0 KJA|K 1243.72 6.27
CS028 5 5 100 0 KIA[|K 497.52 2.54
CS029 5 5 100 0 KIA|K 497.53 2.50
CS032 5 5 100 0 KIA|K 497.51 2.52
HW035_1 8 8 100 0 KJA|K 1243.72 6.25
HW035_2 8 8 100 0 KIA[|K 1243.81 6.26
HWO037_1 12 12 100 0 KIA[|K 1243.72 6.22
HWO037_2 12 12 100 0 KIA|K 1243.75 6.28

SINHWIdHIXH ATAId OIIIOHTH HHL 40 ALITIEIDNAOAITY] “H XIANHIIY



LLL

Table E.4.: Experimental settings of the experiments using 3 plate electrodes in CaAnCa configuration (continued)
Name Electrode Voltage  Electric field — Angle Electrode Weight Weight
distance strength arrangement H,0 solvent
in cm inV in V/m ing ing
CS025 5 6 120 0 KIA|K 497.52 2.50
CS026 5 6 120 0 KIA|K 497.50 2.49
CS027 5 6 120 0 KIA|K 497.51 2.51
HWO003_1 10 12 120 0 KIA[|K 1243.72 6.27
HWO003_2 10 12 120 0 KIA[|K 1243.77 6.26
HWO039_1 4 8 200 0 KIA|K 1243.76 6.26
HWO039_2 4 8 200 0 KIA|K 1243.78 6.24
HWO041_1 8 16 200 0 KA K 1243.76 6.25
HWO041_2 8 16 200 0 KIA[|K 1243.75 6.28
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Table E.5.: Experimental settings of the experiments using 3 inclined plate electrodes in AnCaAn and CaAnCa configuration

Name Electrode Voltage  Electric field  Angle Electrode Weight Weight

distance strength arrangement H,0 solvent
in cm inV in V/m ing ing
HW018_1 4 4 141 45 A|K[A 1243.71 6.28
HW018_2 4 4 141 45 A|K[A 1243.76 6.21
HWO014_1 6 6 141 45 A|K[A 1243.74 6.24
HW014_2 6 6 141 45 A|K[A 1243.76 6.23
HWO016_1 4 8 283 45 A|K[A 1243.74 6.25
HWO016_2 4 8 283 45 A|K[A 1243.79 6.27
HWO012_1 6 12 283 45 A|K[A 1243.78 6.29
HW012_2 6 12 283 45 A|K[A 1243.76 6.22
HW019_1 Z 4 141 45 K|A|K 1243.79 6.22
HW019_2 4 4 141 45 K|A|K 1243.80 6.27
HWO015_1 6 6 141 45 KIA|K 1243.80 6.23
HW015_2 6 6 141 45 K|A|K 1243.77 6.21
HWO017_1 4 8 283 45 KIA|K 1243.72 6.24
HW017_2 4 8 283 45 KIA|K 1243.78 6.26
HWO013_1 6 12 283 45 KJA|K 1243.76 6.21
HW013_2 6 12 283 45 KJA|K 1243.78 6.26
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Table E.6.: Experimental settings of the experiments using 4 plate electrodes in AnCaAnCa configuration

Name Electrode Voltage  Electric field — Angle Electrode Weight Weight
distance strength arrangement H,0 solvent
in cm inV in V/m ing ing
TMO048 3 3 100 0 A|KJA K 497.53 2.56
TMO51 3 3 100 0 A|KJA|K 497.60 2.51
TMO049 3 6 200 0 A|KJA|K 497.53 2.56
T™MO050 3 6 200 0 A|KJA|K 497.60 2.51
TMO052 1 3 300 0 A|KJA|K 497.59 2.50
TMO053 1 3 300 0 AIK|A[|K 497.53 2.51
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Table E.7.: Experimental settings of the experiments using 4 plate electrodes and 3x4 rod electrodes (anodes)

172"

Name Electrode Voltage  Electric field ~ Angle Electrode Weight Weight
distance strength arrangement H,0 solvent
in cm inV in V/m ing ing
TMO055 1.5 1 66.67 0 4P 3x4R(A) 497.52 2.52
TMO033 15 2 133.33 0 4P 3x4R(A) 497.53 2.51
TMO061 1.5 2 133.33 0 4P 3x4R(A) 497.52 2.51
RMAO033 1.5 3 200 0 4P 3x4R(A) 497.50 2.48
TMO032 1.5 3 200 0 4P 3x4R(A) 497.51 2.50
TMO056 15 3 200 0 4P 3x4R(A) 497.49 2.50
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Table E.8.: Experimental settings of the experiments using 4 plate electrodes (anodes) and 3x4 rod electrodes

Name Electrode Voltage  Electric field ~ Angle Electrode Weight Weight
distance strength arrangement H,0O solvent
in cm inV in V/m ing ing
TMO060 1.5 0.5 33.33 0 4P(A) 3x4R 497.51 2.50
TMO057 1.5 3 200 0 4P(A) 3x4R 497.59 2.51
TMO034 15 3 200 0 4P(A) 3x4R 497.53 2.51
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Table E.9.: Experimental settings of the experiments using 4 plate electrodes in AnCaAnCa configuration investigating the industrial effluents

Name Electrode Voltage  Electric field ~ Angle Electrode Duration
distance strength arrangement
in cm inV in V/m inh
T™MO11 3 1.5 50 0 AIK[JA[K 6.5
TMO012 3 1.5 50 0 AIKJA[K 5.5
T™MO013 3 1.5 50 0 A|K|A|K 6
T™O014 3 1.5 50 0 A|K|A|K 5

Table E.9.: Experimental settings of the experiments using 4 plate electrodes in AnCaAnCa configuration investigating the industrial effluents (continued)

Name Weight Weight Weight Weight Weight Weight Notes
acetic acid alcohol n-undecane ~ 4-DBSA aqueous solvent
phase phase
ing ing ing ing ing ing
TMO11 30.07 37.21 73.97 7.42 270.99 67.18 BuOH + HAc in water
(overall volume 500 ml)
TMO012 30.06 16.02 74.01 7.42 271.25 67.26 MeOH + HAc in water
(overall volume 500 ml)
T™O013 30.00 74.03 0 7.49 271.00 67.28 HAc in water (overall
volume 500 ml), solvent
OcOH
TMO014 30.01 16.04 74.12 7.45 274.39 67.31 MeOH + HAc in water

(overall volume 500 ml)
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APPENDIX E. REPRODUCIBILITY OF THE ELECTRIC FIELD EXPERIMENTS
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Figure E.1.: Reproducibility of the electric splitting experiment with two plate electrodes and an applied
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Figure E.2.: Reproducibility of the electric splitting experiment with two plate electrodes and an applied
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Figure E.3.: Reproducibility of the electric splitting experiment with two plate electrodes and an applied

electric field of 60 V/m
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Figure E.5.: Reproducibility of the electric splitting experiment with two plate electrodes and an applied
electric field of 100 V/m

1'0 T I T I T I T I T I T
- 9
V!d'.d! 2 5 ;xé‘
0,8 | V'; W*‘i“ 'x&i‘%‘l x|
| R N
. *‘x
c 0,6 vil ‘g‘A
S ,.,d‘v' A (CS002
© v
o I d“' v CS005 1
S > < CS006
8 o4l AP A CS001 -
Y 11 v CS003
- (4G < CS004 -
02 x HWO001_1
' "*!i' HWO001_2
A RMA029
= v RMA032
0’0 :‘ 1 | 1 | 1 | 1 | N | 1
0 30 60 90 120 150 180

time in minutes

Figure E.6.: Reproducibility of the electric splitting experiment with two plate electrodes and an applied
electric field of 120 V/m

179



APPENDIX E. REPRODUCIBILITY OF THE ELECTRIC FIELD EXPERIMENTS

1,0
! ' VVVV"" ) 9@ 44 X AL
BRI
i v A% vy vWew' YV Vv vy v_]
A_A v vv v 'vv v
08 - 'AAAA kAt MMM vvvw M
v
VA, v"v
+ A v J
A\ N /
c 0,6 | A, ¥V -
2 4
s [ XaY y
Q 2 4 A HWO004 1
b o4l v HWO004 2 -
»v A HWO006_1
I AV v HWO006_2 1
3 HW008_1
| &V —
0.2 43 HW008_2
B A HWO010_1
v v HWO010_2
010 4 1 1 1 1 1 1 1 1 " 1 "
0 30 60 90 120 150 180

time in minutes

Figure E.7.: Reproducibility of the electric splitting experiment with two inclined plate electrodes with an
AnCa configuration
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Figure E.8.: Reproducibility of the electric splitting experiment with two inclined plate electrodes with an
CaAn configuration
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Figure E.9.: Reproducibility of the electric splitting experiment with three plate electrodes with an AnCaAn
configuration and an applied electric field of 40 V/m
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Figure E.10.: Reproducibility of the electric splitting experiment with three plate electrodes with an AnCaAn
configuration and an applied electric field of 50 V/m
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Figure E.11.: Reproducibility of the electric splitting experiment with three plate electrodes with an AnCaAn
configuration and an applied electric field of 60 V/m
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Figure E.12.: Reproducibility of the electric splitting experiment with three plate electrodes with an AnCaAn
configuration and an applied electric field of 80 V/m
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Figure E.13.: Reproducibility of the electric splitting experiment with three plate electrodes with an AnCaAn
configuration and an applied electric field of 100 V/m
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Figure E.14.: Reproducibility of the electric splitting experiment with three plate electrodes with an AnCaAn
configuration and an applied electric field of 120 V/m
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Figure E.15.: Reproducibility of the electric splitting experiment with three plate electrodes with an AnCaAn
configuration and an applied electric field of 200 V/m
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Figure E.16.: Reproducibility of the electric splitting experiment with three plate electrodes with an CaAnCa
configuration and an applied electric field of 40 V/m
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Figure E.17.: Reproducibility of the electric splitting experiment with three plate electrodes with an CaAnCa
configuration and an applied electric field of 50 V/m
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Figure E.18.: Reproducibility of the electric splitting experiment with three plate electrodes with an CaAnCa
configuration and an applied electric field of 80 V/m
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Figure E.19.: Reproducibility of the electric splitting experiment with three plate electrodes with an CaAnCa
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Figure E.20.: Reproducibility of the electric splitting experiment with three plate electrodes with an CaAnCa
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Figure E.21.: Reproducibility of the electric splitting experiment with three plate electrodes with an CaAnCa
configuration and an applied electric field of 200 V/m
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Figure E.22.: Reproducibility of the electric splitting experiment with three inclined plate electrodes with an
AnCaAn configuration and an applied electric field of 141 V/m
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Figure E.23.: Reproducibility of the electric splitting experiment with three inclined plate electrodes with an
AnCaAn configuration and an applied electric field of 283 V/m
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Figure E.24.: Reproducibility of the electric splitting experiment with three inclined plate electrodes with an
CaAnCa configuration and an applied electric field of 141 V/m
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Figure E.25.: Reproducibility of the electric splitting experiment with three inclined plate electrodes with an
CaAnCa configuration and an applied electric field of 283 V/m
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Figure E.26.: Reproducibility of the electric splitting experiment with four plate electrodes with an AnCaAnCa
configuration
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Figure E.27.: Reproducibility of the electric splitting experiment with four inclined plate electrodes and 3x4
rod electrodes with the rods acting as anodes
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Figure E.28.: Reproducibility of the electric splitting experiment with four inclined plate electrodes and 3x4
rod electrodes with the plates acting as anodes
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APPENDIX F. MODELLING RESULTS FOR THE

ELECTRICAL FIELD SPLITTING

In this chapter the modelling results as well as the data from the sigmoidal fit of all electrical
tield splitting experiments are listed. The parameters of the model and the fit are shown in

the tables F.1 and F.2, respectively.

The model was not able to analyse TM044 properly. The reason was a program error.
DCamCapture stopped working and led to incomplete documentation of the experiment.
In the experiment TM046 the camera has been moved. For this reasons the r? of these

experiments are low.
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Table F.1.: Model parameters of all electric field experiments

Name of a b r? confidence confidence confidence confidence relative deviation  relative deviation
the interval a  interval b intervala  interval b of confidence of confidence
experiment lower lower higher higher interval of interval of
parameter a parameter b
in % in %
CS001 0.864 2.099E-2 0.979 0.852 2.010E-2 0.876 2.189E-2 1.39 4.27
CS002 0.850 2.474E-2 0.984 0.841 2.389E-2 0.858 2.560E-2 1.00 3.46
CS003 0.847 2.237E-2  0.980 0.836 2.144E-2 0.858 2.330E-2 1.31 4.16
CS004 0.855 2.376E-2 0.977 0.844 2.271E-2 0.867 2.481E-2 1.34 4.42
CS005 0986 2.137E-2  0.990 0.977 2.073E-2 0.995 2.200E-2 0.95 2.96
CS006 0.886 2.149E-2  0.985 0.876 2.071E-2 0.896 2.228E-2 1.16 3.63
CS007 0.844 2.257E-2 0978 0.832 2.161E-2 0.855 2.354E-2 1.35 4.28
CS008 0.874 2.012E-2 0.983 0.863 1.934E-2 0.886 2.089E-2 1.29 3.86
CS009 0.857 2.353E-2 0.984 0.848 2.269E-2 0.867 2.438E-2 1.08 3.59
CS010 0.876  2.318E-2  0.983 0.865 2.229E-2 0.886 2.408E-2 1.19 3.86
CS011 0.874 2396E-2 0.984 0.865 2.312E-2 0.883 2.480E-2 1.04 3.51
CS012 0.835 2.235E-2 0.978 0.824 2.139E-2 0.847 2.331E-2 1.34 4.29
CS013 0.605 1.947E-2  0.995 0.600 1.906E-2 0.609 1.989E-2 0.74 2.14
CS014 0.628  2.056E-2  0.993 0.623 2.006E-2 0.633 2.107E-2 0.82 2.47
CS015 0.610 1.966E-2  0.998 0.607 1.937E-2 0.613 1.995E-2 0.51 1.48
CS016 0.647 2.105E-2  0.996 0.643 2.068E-2 0.650 2.142E-2 0.57 1.77
CS017 0.571 1.962E-2  0.996 0.568 1.924E-2 0.575 1.999E-2 0.66 1.92
CS018 0.591 1.784E-2  0.999 0.588 1.762E-2 0.594 1.805E-2 0.44 1.18
CS019 0.673 2.291E-2  0.997 0.671 2.260E-2 0.676 2.321E-2 0.38 1.32
CS020 0.688 1.704E-2 0.997 0.684 1.675E-2 0.693 1.733E-2 0.64 1.70
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Table F.1.: Model parameters of all electric field experiments (continued)

€6}

Name of a b r? confidence confidence confidence confidence relative deviation  relative deviation
the interval a  interval b intervala  interval b of confidence of confidence
experiment lower lower higher higher interval of interval of
parameter a parameter b
in % in %
CS021 0.633  2.300E-2  0.999 0.631 2.278E-2 0.635 2.322E-2 0.29 0.95
CS022 0.665 2.359E-2  0.998 0.663 2.333E-2 0.667 2.385E-2 0.33 1.11
CS023 0.645 2.325E-2 0.998 0.643 2.300E-2 0.647 2.349E-2 0.31 1.06
CS024 0.673  2.262E-2  0.999 0.671 2.243E-2 0.674 2.281E-2 0.26 0.83
CS025 0719 2.391E-2  0.995 0.715 2.344E-2 0.723 2.439E-2 0.59 1.98
CS026 0.725 2335E-2 0.999 0.723 2.317E-2 0.726 2.353E-2 0.23 0.77
CS027 0.813 1.837E-2  0.999 0.810 1.820E-2 0.816 1.854E-2 0.33 0.93
CS5028 0706  2.162E-2  0.998 0.703 2.132E-2 0.709 2.192E-2 0.44 1.40
CS5029 0738  1.812E-2  0.999 0.735 1.790E-2 0.742 1.834E-2 0.44 1.22
CS030 0.654 2.158E-2  0.997 0.651 2.125E-2 0.657 2.191E-2 0.48 1.51
CS031 0.636  2.144E-2  0.998 0.633 2.114E-2 0.638 2.173E-2 0.44 1.37
CS032 0.671 2.149E-2 0.997 0.668 2.113E-2 0.675 2.185E-2 0.54 1.68
CS033 0.660 1.965E-2  0.998 0.657 1.942E-2 0.663 1.988E-2 0.40 1.17
CS034 0.644 1.799E-2  0.999 0.643 1.782E-2 0.647 1.816E-2 0.34 0.94
CS035 0.620 1.933E-2  0.999 0.619 1.919E-2 0.622 1.948E-2 0.26 0.75
CS036 0.726  1.260E-2  0.992 0.714 1.214E-2 0.738 1.305E-2 1.67 3.58
CS037 0.820 1.837E-2  0.989 0.810 1.775E-2 0.830 1.898E-2 1.20 3.35
CS038 0.750  2.219E-2  0.988 0.742 2.149E-2 0.757 2.289E-2 0.99 3.15
CS039 0.800 1.763E-2  0.997 0.795 1.732E-2 0.805 1.795E-2 0.67 1.79

CS040 0.789 1.687E-2  0.988 0.777 1.624E-2 0.800 1.750E-2 1.46 3.74
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Table F.1.: Model parameters of all electric field experiments (continued)

61

Name of a b r? confidence confidence confidence confidence relative deviation  relative deviation
the interval a  interval b intervala  interval b of confidence of confidence
experiment lower lower higher higher interval of interval of
parameter a parameter b
in % in %
CS041 0.830 1.873E-2  0.986 0.819 1.799E-2 0.842 1.947E-2 1.40 3.94
CS042 0.799  1.543E-2  0.990 0.787 1.486E-2 0.811 1.599E-2 1.52 3.67
CS043 0.674 1.822E-2  0.990 0.667 1.765E-2 0.682 1.879E-2 1.15 3.15
CS044 0.668 1.638E-2  0.992 0.660 1.587E-2 0.676 1.688E-2 1.22 3.11
CS045 0.773  1.622E-2  0.993 0.768 1.585E-2 0.780 1.659E-2 0.77 2.29
CS046 0.707 1.789E-2  0.992 0.700 1.738E-2 0.715 1.840E-2 1.05 2.84
CS047 0.636 1.764E-2  0.997 0.631 1.732E-2 0.640 1.797E-2 0.66 1.77
C5048 0.655 1.531E-2  0.997 0.650 1.500E-2 0.661 1.563E-2 0.84 2.05
HWO001_1 0.841 2.840E-2 0.996 0.837 2.793E-2 0.844 2.886E-2 0.43 1.64
HWO001_2 0.842 2.739E-2 0.995 0.838 2.689E-2 0.846 2.788E-2 0.49 1.82
HWO002_1 0.825 5922E-2 0.828 0.814 5.448E-2 0.835 6.396E-2 1.32 8.00
HWO002_2 0.804 3.539E-2 0.960 0.795 3.367E-2 0.813 3.710E-2 1.10 4.84
HWO003_1 0.839 2.747E-2 0.992 0.834 2.686E-2 0.844 2.809E-2 0.60 2.23
HWO003_2 0.828 3.133E-2 0.961 0.819 2.982E-2 0.838 3.284E-2 1.18 4.82
HWO004_1 0978 5.893E-2 0.997 0.976 5.824E-2 0.980 5.961E-2 0.19 1.16
HWO004_2 0.870 4.474E-2 0.987 0.866 4.354E-2 0.875 4.594E-2 0.52 2.68
HWO005_1 0.711 3.028E-2  0.965 0.703 2.892E-2 0.719 3.164E-2 1.12 4.48
HWO005_2 0.754 3.606E-2  0.967 0.747 3.453E-2 0.761 3.759E-2 0.95 4.25
HWO006_1 0.929 4.863E-2 0.989 0.925 4.743E-2 0.933 4.983E-2 0.46 2.47

HWO006_2 1.007 6.766E-2  0.987 1.003 6.588E-2 1.011 6.943E-2 0.40 2.62
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Table F.1.: Model parameters of all electric field experiments (continued)

Name of a b r? confidence confidence confidence confidence relative deviation  relative deviation
the interval a  interval b intervala  interval b of confidence of confidence
experiment lower lower higher higher interval of interval of
parameter a parameter b
in % in %
HWO007_1 0.816 6.600E-2 0.987 0.812 6.424E-2 0.819 6.776E-2 0.41 2.66
HWO007_2  0.797 3.995E-2 (0.984 0.792 3.876E-2 0.802 4.113E-2 0.62 297
HWO008_1 0.960 4.397E-2  0.995 0.957 4.327E-2 0.963 4.467E-2 0.31 1.58
HWO008_2 0968 4.213E-2 0.998 0.966 4.167E-2 0.970 4.260E-2 0.22 1.11
HWO009_1 0.872 4.465E-2 0.987 0.867 4.348E-2 0.876 4.581E-2 0.51 2.60
HWO009_2 0904 4.639E-2 0.993 0.900 4.549E-2 0.907 4.730E-2 0.37 1.95
HWO010_1 0966 4.745E-2 (0.991 0.962 4.637E-2 0.970 4.852E-2 0.43 2.27
HWO010_2 0985 3.484E-2 0.984 0.978 3.372E-2 0.993 3.597E-2 0.74 3.23
HWO011_1 0.863 4.559E-2 0.996 0.861 4.495E-2 0.865 4.622E-2 0.27 1.39
HWO011_2 0.871 4.637E-2 0.994 0.868 4.556E-2 0.874 4.719E-2 0.34 1.76
HWO012_1 0935 6.830E-2 0.989 0.932 6.665E-2 0.939 6.996E-2 0.37 2.42
HWO012_2 0925 6.012E-2 0.988 0.921 5.855E-2 0.929 6.168E-2 0.43 2.60
HWO013_1 0948 6.435E-2 0.995 0.946 6.334E-2 0.950 6.536E-2 0.25 1.57
HWO014_1 0927 5.572E-2 0.998 0.925 5.518E-2 0.928 5.626E-2 0.17 0.96
HWO014_2 0938 5.679E-2 0.994 0.935 5.581E-2 0.941 5.777E-2 0.29 1.73
HWO015_1 0969 5.389E-2 0.999 0.967 5.344E-2 0.970 5.435E-2 0.15 0.84
HWO016_1 0921 6.018E-2 0.993 0.918 5.900E-2 0.924 6.137E-2 0.32 1.97
HWO016_2 0922 7.049E-2 0.987 0.918 6.860E-2 0.925 7.239E-2 0.40 2.69
HWO017_1 0951 7.134E-2 0.996 0.949 7.032E-2 0.953 7.235E-2 0.21 1.43
HWO017_2 0966 4.924E-2 (0.991 0.962 4.816E-2 0.970 5.032E-2 0.40 2.19
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Table F.1.: Model parameters of all electric field experiments (continued)

Name of a b r? confidence confidence confidence confidence relative deviation  relative deviation
the interval a  interval b intervala  interval b of confidence of confidence
experiment lower lower higher higher interval of interval of
parameter a parameter b
in % in %
HWO018_1 0.871 5.070E-2  0.993 0.868 4.974E-2 0.874 5.165E-2 0.34 1.89
HWO018_2 0.879 5.116E-2  0.991 0.875 5.000E-2 0.882 5.232E-2 0.41 2.26
HWO019_1 0.908 5.003E-2 0.998 0.906 4.947E-2 0.910 5.060E-2 0.21 1.13
HWO019_2 0916 4.682E-2 0.991 0.912 4.574E-2 0.920 4.789E-2 0.44 2.30
HWO020_1 0.844 2.837E-2 0.968 0.833 2.698E-2 0.855 2.976E-2 1.29 491
HWO020_2 0.836 2.733E-2 0.974 0.826 2.612E-2 0.846 2.853E-2 1.19 4.42
HWO021_1 0.815 2118E-2 0.991 0.807 2.058E-2 0.822 2.178E-2 0.91 2.84
HWO021_2 0.841 2.164E-2 0.993 0.835 2.114E-2 0.847 2.213E-2 0.72 227
HW022_1 0.812 2.731E-2 0.995 0.808 2.680E-2 0.816 2.782E-2 0.51 1.88
HW022_2 0.709 2.712E-2 0.982 0.703 2.622E-2 0.716 2.802E-2 0.90 3.33
HWO023_1 0.850 2.673E-2 0.991 0.844 2.606E-2 0.856 2.739E-2 0.68 248
HWO023_2 0.863 2466E-2 (.981 0.854 2.371E-2 0.873 2.560E-2 1.11 3.83
HW024_1 0.860 2.138E-2 0.995 0.854 2.096E-2 0.865 2.180E-2 0.63 1.98
HWO024_2 0.855 2.590E-2 0.994 0.850 2.536E-2 0.860 2.643E-2 0.58 2.06
HWO025_1 0.807 2.179E-2 0.994 0.802 2.134E-2 0.813 2.226E-2 0.69 2.17
HWO025_2 0.861 2.314E-2 0.993 0.855 2.263E-2 0.867 2.366E-2 0.67 2.22
HWO026_1 0.840 2.448E-2 0.989 0.833 2.376E-2 0.848 2.520E-2 0.86 2.94
HWO026_2 0.836 2.589E-2  0.993 0.831 2.531E-2 0.842 2.648E-2 0.63 2.26
HWO027_1 0.814 3.022E-2 0.986 0.808 2.928E-2 0.821 3.116E-2 0.78 3.12
HWO027_2  0.872 2.625E-2  0.993 0.867 2.564E-2 0.878 2.685E-2 0.64 231

ONILLI'TdS ATHIA TVOIALOHTE HHL ¥Od SIINSHI DONITTHAOJN " XIANHddY/



/61

Table F.1.: Model parameters of all electric field experiments (continued)

Name of a b r? confidence confidence confidence confidence relative deviation  relative deviation
the interval a  interval b intervala  interval b of confidence of confidence
experiment lower lower higher higher interval of interval of
parameter a parameter b
in % in %
HWO028_1 0.838 2.335E-2 0.995 0.833 2.290E-2 0.843 2.381E-2 0.58 1.95
HWO028_2 0.829 2.069E-2 0.993 0.822 2.019E-2 0.835 2.119E-2 0.80 241
HWO029_1 0.830 2.663E-2 0.995 0.826 2.615E-2 0.834 2.710E-2 0.49 1.79
HWO029_2 0.857 2456E-2 0.998 0.854 2.428E-2 0.859 2.485E-2 0.34 1.17
HWO030_1 0.748 2.442E-2 0.996 0.744 2.400E-2 0.752 2.484E-2 0.50 1.71
HWO030_2 0.753 2.501E-2 0.997 0.750 2.466E-2 0.756 2.536E-2 0.40 1.39
HWO031_1 0.769 1.923E-2 0.995 0.763 1.883E-2 0.774 1.963E-2 0.72 2.08
HWO031_2 0.760 2439E-2 0.998 0.758 2.411E-2 0.763 2.466E-2 0.33 1.14
HWO032_1 0.860 2.871E-2 0.989 0.854 2.791E-2 0.867 2.952E-2 0.73 2.81
HWO032_2 0.889 3.177E-2 0.986 0.882 3.079E-2 0.895 3.275E-2 0.75 3.08
HWO033_1 0921 3.082E-2 0.993 0.916 3.017E-2 0.926 3.148E-2 0.52 212
HWO033_2 0925 2591E-2 0.998 0.922 2.562E-2 0.928 2.620E-2 0.31 1.11
HWO034_1 0.859 3.140E-2 0.997 0.856 3.097E-2 0.861 3.183E-2 0.34 1.38
HWO034_2 0.853 3.037E-2  0.997 0.850 2.994E-2 0.856 3.080E-2 0.36 1.41
HWO035_1 0923 2583E-2 0.994 0.918 2.530E-2 0.929 2.637E-2 0.58 2.07
HWO035_2 0956 2411E-2 0.997 0.952 2.376E-2 0.960 2.446E-2 0.43 1.46
HWO036_1 0.789 2.967E-2  0.990 0.784 2.891E-2 0.794 3.042E-2 0.65 2.53
HWO036_2 0.796 3.250E-2  0.989 0.791 3.168E-2 0.801 3.332E-2 0.61 2.52
HWO037_1 0.825 2.694E-2 0.989 0.819 2.621E-2 0.832 2.767E-2 0.74 2.70
HWO037_2 0.813 2515E-2 0.996 0.809 2.471E-2 0.817 2.558E-2 0.49 1.73
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Table F.1.: Model parameters of all electric field experiments (continued)

86}

Name of a b r? confidence confidence confidence confidence relative deviation  relative deviation
the interval a  interval b intervala  interval b of confidence of confidence
experiment lower lower higher higher interval of interval of
parameter a parameter b
in % in %
HWO038_1 0.925 3.389E-2  0.989 0.920 3.303E-2 0.931 3.476E-2 0.59 2.56
HWO038_2 0.893 3.058E-2  0.967 0.882 2.909E-2 0.904 3.207E-2 1.21 4.87
HWO039_1 0941 2527E-2 0.990 0.933 2.459E-2 0.948 2.595E-2 0.76 2.69
HWO039_2 0934 2.673E-2 0.986 0.926 2.590E-2 0.942 2.756E-2 0.84 3.11
HWO040_1 0.894 2.660E-2 0.993 0.888 2.599E-2 0.900 2.721E-2 0.63 2.28
HWO040_2 0.883 3.100E-2  0.989 0.877 3.018E-2 0.888 3.183E-2 0.65 2.65
HWO041_1 0957 2448E-2 0.998 0.953 2.416E-2 0.960 2.480E-2 0.38 1.29
HWO041_2 0919 2.774E-2 0.998 0.916 2.743E-2 0.922 2.806E-2 0.30 1.13
RMA029 0.845 2.500E-2  0.966 0.837 2.397E-2 0.854 2.603E-2 1.02 413
RMAO030 0.835 2.671E-2 0.957 0.829 2.575E-2 0.841 2.767E-2 0.72 3.60
RMAO031 0.879  2.534E-2  0.968 0.873 2.447E-2 0.886 2.621E-2 0.74 3.43
RMAO032 0.883 2.663E-2  0.983 0.877 2.586E-2 0.890 2.741E-2 0.72 292
RMA033 0.969 5551E-2 0.981 0.967 5.443E-2 0.971 5.660E-2 0.21 1.95
TMO032 1.003  6.521E-2  0.998 1.002 6.461E-2 1.005 6.581E-2 0.14 0.92
TMO033 0.884 2.062E-2  0.988 0.874 1.995E-2 0.893 2.129E-2 1.07 3.24
TM034 0955 2.409E-2 0.991 0.947 2.346E-2 0.962 2.472E-2 0.78 2.61
TMO035 0.840 2.589E-2  0.990 0.832 2.501E-2 0.848 2.677E-2 0.95 3.39
TMO036 0.926 2.334E-2 0.991 0.919 2.277E-2 0.933 2.392E-2 0.73 2.48
TMO037 0.925 1.524E-2  0.960 0.913 1.379E-2 0.937 1.669E-2 1.28 9.51

TMO038 0923 3.317E-2 0.991 0.918 3.243E-2 0.927 3.391E-2 0.52 2.23
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Table F.1.: Model parameters of all electric field experiments (continued)

66}

Name of a b r? confidence confidence confidence confidence relative deviation  relative deviation
the interval a  interval b intervala  interval b of confidence of confidence
experiment lower lower higher higher interval of interval of
parameter a parameter b
in % in %
TMO039 0.814 2.095E-2  0.985 0.805 2.020E-2 0.824 2.169E-2 1.17 3.57
T™M040 0916 4.397E-2 0987 0.911 4.278E-2 0.921 4.517E-2 0.54 2.72
TMO041 0.861 2.374E-2  0.990 0.855 2.315E-2 0.867 2.433E-2 0.72 2.49
TMO042 0.858 2.743E-2  0.988 0.852 2.668E-2 0.865 2.818E-2 0.74 2.74
TMO043 0.923 3.552E-2  0.989 0.918 3.460E-2 0.929 3.644E-2 0.58 2.59
TM044 0.952 0.115 0.932 0.944 0.108 0.960 0.123 0.80 6.46
TMO045 0900 4.441E-2 0.990 0.896 4.342E-2 0.904 4.541E-2 0.43 2.24
TMO046 0.745 8296E-2 0.279 0.706 5.087E-2 0.783 0.115 522 38.68
TMO048 0.883  2.920E-2  0.990 0.877 2.849E-2 0.888 2.991E-2 0.62 2.44
TMO049 0.939 4.482E-2 0.986 0.934 4.359E-2 0.944 4.605E-2 0.54 2.75
TMO050 0946 5.222E-2 0.994 0.943 5.139E-2 0.948 5.305E-2 0.27 1.60
TMO051 0.883 2.746E-2  0.990 0.877 2.678E-2 0.889 2.814E-2 0.66 248
TMO052 0.873 5.329E-2 0.985 0.869 5.182E-2 0.877 5.477E-2 0.48 2.77
TMO053 0.867 4.657E-2  0.982 0.862 4.509E-2 0.872 4.804E-2 0.60 3.16
TMO054 0.793 2.626E-2  0.982 0.785 2.534E-2 0.801 2.719E-2 0.97 3.51
TMO055 0.790 2.543E-2  0.980 0.782 2.455E-2 0.798 2.631E-2 0.95 3.45
TMO056 0.957 4.215E-2 0.992 0.953 4.129E-2 0.961 4.301E-2 0.41 2.05
TMO057 0.952 3.385E-2  0.994 0.948 3.322E-2 0.956 3.447E-2 0.43 1.85
TMO058 0.977  4.225E-2  0.996 0.974 4.165E-2 0.980 4.286E-2 0.29 1.43

TMO059 0989 4.969E-2  0.996 0.987 4.900E-2 0.992 5.039E-2 0.26 1.41
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Table F.1.: Model parameters of all electric field experiments (continued)

Name of
the
experiment

TMO060
TMO061
TM062
TMO063

0.770
0.881
0.706
0.692

2.181E-2
2.466E-2
1.665E-2
1.633E-2

7,2

0.988
0.988
0.984
0.985

confidence
interval a

lower

0.763
0.876
0.695
0.681

confidence
interval b

lower

2.115E-2
2.413E-2
1.597E-2
1.568E-2

confidence
interval a
higher

0.778
0.885
0.717
0.703

confidence
interval b

higher

2.248E-2
2.519E-2
1.733E-2
1.698E-2

relative deviation
of confidence
interval of
parameter a

in %
0.97
0.50
1.56
1.55

relative deviation
of confidence
interval of
parameter b

in %
3.06
2.15
4.08
3.99
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APPENDIX F. MODELLING RESULTS FOR THE ELECTRICAL FIELD SPLITTING

Table F.2.: Fit parameters of all electric field experiments

Name of A, B, C, D, r? deadtime
the
experiment

in minutes
CS001 -5.090 0.853 -71.965 42.078 0.981 3
CS002 -1.369 0.831 -14.009 29.761 0.986 1
CS003 -4.272 0.837 -59.815 39.175 0.982 4
CS004 -2.825 0.842 -36.081 34.898 0.980 6
CS005 -10484.205 0.878 -336.632 35.923 0.987 1
CS006 -0.686 0.848 5.792  27.706 0.991 0
CS007 -44715.612 0.844 -480.979 44.823 0.982 7
CS008 -5.668 0.865 -82.304 44.793 0.984 2
CS009 -0.843 0.829 2374 27.448 0.989 3
CS010 -0.806 0.843 7.234 27.122 0.988 6
CS011 -0.793 0.846 2280 26.603 0.989 1
CS012 -1.648 0.816 -22.498 34.217 0.979 2
CS013 -8571.565 0.599 -474.929 50.031 0.995 4
CS014 -9632.565 0.622 -451.424 47.099 0.993 3
CS015 -11018.887 0.607 -486.465 49.739 0.998 1
CS016 -22042.252 0.645 -490.425 47.265 0.996 3
CS017 -16977.016 0.569 -521.398 50.672 0.996 1
CS018 -2968.435 0.580 -444.173 52.524 0.997 4
CS019 -1821.304 0.670 -331.683 42.377 0.997 3
CS020 -4709.885 0.686 -509.563 57.928 0.997 2
CS021 -4995.978 0.628 -379.310 42.443 0.998 2
CS022 -8149.424 0.663 -396.648 42.290 0.998 2
CS023 -7564.776  0.673 -372.093 40.021 0.998 1
CS024 -9591.753  0.672 -418.321 43.847 0.999 1
CS025 -16135.571 0.733 -392.229 39.294 0.995 1
CS026 -19565.623 0.743 -478.212 47.275 0.999 3
CS027 -8807.012  0.831 -496.530 53.820 0.999 2
CS028 -7353.463 0.731 -454.832 49.615 0.998 2
CS029 -21607.328 0.755 -570.171 55.787 0.998 2
CS030 -7099.867 0.651 -413.288 44.618 0.996 2
CS031 -6741.677 0.643 -412.587 44.851 0.997 3
CS032 -10861.384 0.671 -429.573 44.461 0.996 1
CS033 -6327.462 0.626 -430.865 46.904 0.998 2
CS034 -4.300 0.623 -89.817 47.237 0.999 1
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APPENDIX F. MODELLING RESULTS FOR THE ELECTRICAL FIELD SPLITTING

Table F.2.: Fit parameters of all electric field experiments (continued)

Name of A, B, C, D, r? deadtime
the
experiment

in minutes
CS035 -1.814 0.603 -47.640 44.628 0.999 2
CS036 -4253.361 0.648 -530.401 60.623 0.993 2
CS037 -0.573 0.776  9.193  29.342 0.994 0
CS038 -21115.888 0.736 -431.196 42.254 0.988 3
CS039 -16310.643 0.797 -524.339 53.217 0.996 4
CS040 -3037.283  0.755 -420.407 51.379 0.986 6
CS041 -0.52 0.759 11954 27.391 0.989 2
CS042 -12154.628 0.788 -570.265 59.720 0.991 6
CS043 -17710.318 0.703 -548.511 54.383 0.991 3
CS044 -28469.951 0.667 -601.833 56.767 0.992 3
CS045 -7976.773  0.750 -493.665 53.575 0.992 3
CS046 -19300.209 0.695 -533.085 52.406 0.992 3
CSs047 -7392.655 0.636 -504.468 54.260 0.997 3
CS048 -20094.617 0.663 -665.016 64.739 0.997 3
HWO001_1 -15643.439 0.840 -345.405 35.207 0.996 1
HWO001_2 -29337.084 0.841 -381.051 36.494 0.995 1
HWO002_1 -16897.671 0.860 -352.666 34.215 0.951 0
HWO002_2 -10430.917 0.801 -262.510 27.897 0.964 2
HWO003_1 -15281.596 0.839 -362.108 36.849 0.992 0
HWO003_2 -17653.880 0.828 -324.889 32.507 0.962 0
HWO004_1 -1.811 0975 -9.059 13.772 0.998 0
HWO004_2 -1.199 0.863 -4.396 16.441 0.991 1
HWO005_1 -13598.637 0.714 -347.157 35.032 0.968 0
HWO005_2 -20143.107 0.754 -289.447 28.316 0.968 0
HWO006_1 -0.540 0918 8234 12.193 0.997 2
HWO006_2 -0.470 1.000  6.059 8.605 0.999 0
HWO007_1 -1.661 0.812 -8.008 11.736 0.989 0
HWO007_2 -7637.276 0.795 -225.134 24.655 0.985 1
HWO008_1 -1.232 0951 -3.497 16.581 0.998 1
HWO008_2  -415.226 0967 -140.548 23.364 0.998 1
HWO009_1  -228.565 0.870 -120.938 22.048 0.988 2
HWO009_2 -41.657 0902 -79.577 21.055 0.993 1
HWO010_1 -0.746 0957 3.281 13.609 0.998 0
HWO010_2 -0.527 0967 10920 16.492 0.997 1
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APPENDIX F. MODELLING RESULTS FOR THE ELECTRICAL FIELD SPLITTING

Table F.2.: Fit parameters of all electric field experiments (continued)

Name of A, B, C, D, r? deadtime
the
experiment

in minutes
HWO011_1  -297.999 0.860 -122.436 21.001 0.996 0
HWO011_2  -840.777 0.868 -141.712 20.668 0.994 0
HWO012_1 -1.331 0930 -3.368 10.517 0.993 0
HWO012_2 -0.487 0916 6.927 9.608 0.997 1
HWO013_1 -2.389 0944 -11.209 12.524 0.998 0
HWO014_1 -14964 0927 -48.070 17.842 0.997 2
HWO014_2 -1.332 0934 4284 13.567 0.997 1
HWO015_1 -2571.308 0.969 -146.646 18.607 0.999 0
HWO016_1 -0.907 0915 1.115 11.317 0.997 1
HWO016_2 -0.744 0916  2.150 9.024 0.994 0
HWO017_1 -2.320 0948 9571 11.171 0.999 0
HWO017_2 -0.647 0.958 4.426  13.040 0.998 0
HWO018_1 -0.698 0.863 3.280  13.111 0.999 1
HWO018_2 -1.069 0.872  -1.952 13.986 0.994 1
HWO019_1 -3.001 0904 -20.811 17.252 0.998 0
HWO019_2 -1.045 0907 -0.751 14.712 0.996 1
HWO020_1 -0.191 0.813 21.666 15.111 0.996 0
HWO020_2 -0.145 0.806 23.636 16.207 0.996 0
HWO021_1 -0.825 0.783 -0.575 30.223 0.994 1
HWO021_2 -9277.606 0.841 -431.640 46.446 0.994 1
HWO022_1 -11418.390 0.809 -342.333 35.931 0.995 1
HWO022_2 -23779.315 0.714 -412.110 39.385 0.985 0
HWO023_1 -0.599 0.826  6.658  22.832 0.997 0
HWO023_2 -0.216 0.827 22334 19.201 0.997 0
HWO024_1 -0.811 0.828 -0.306 30.244 0.998 0
HWO024_2 -1419.051 0.847 -275.206 37.189 0.993 1
HWO025_1 -27558.559 0.804 -470.687 45.181 0.994 1
HWO025_2 -22705.384 0.856 -424.687 41.741 0.993 0
HWO026_1 -0.474 0.807 12973 22311 0.998 1
HWO026_2 -0.567 0.810 7.619  23.132 0.999 0
HWO027_1 -0.375 0.791 13.063 17.640 0.998 0
HWO027_2 -0.652 0.847 6.010 23.167 1.000 0
HWO028_1 -1.479 0.822 -20.663 33.093 0.996 0
HWO028_2 -8457.005 0.824 -434.837 47.395 0.993 3
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Table F.2.: Fit parameters of all electric field experiments (continued)

Name of A, B, C, D, r? deadtime
the
experiment

in minutes
HWO029_1 -5271.764 0.824 -316.908 36.192 0.995 0
HW029_2 -2.526 0.842 -34.717 32921 0.999 1
HWO030_1 -4.006 0.742 -60.412 36.811 0.996 2
HWO030_2 -2.231 0.741 -33.719 32.608 0.998 2
HWO031_1 -15514.893 0.760 -492.456 49.768 0.995 1
HWO031_2 -8727.256 0.758 -377.122 40.442 0.998 1
HWO032_1 -0.498 0.835 11.333 19.650 0.999 1
HWO032_2 -0.447 0.867 11.457 17.481 0.998 0
HWO033_1 -0.795 0906 1.417 22114 0.997 0
HWO033_2 -661.132 0.925 -252.491 38.571 0.998 1
HWO034_1 -1.425 0.848 -13.461 24.569 0.998 0
HWO034_2 -1.357 0.840 -11.303 24.839 0.999 1
HWO035_1 -34518.142 0.927 -422.923 40.094 0.994 0
HWO035_2 -12792.635 0.956 -399.775 41.999 0.997 0
HWO036_1 -2.966 0.782 -37.836 29.045 0.991 1
HWO036_2 -4260.872 0.796 -262.224 30.767 0.990 2
HWO037_1 -55472.096 0.825 -414.925 37.381 0.990 1
HWO037_2 -9731.997 0.811 -373.735 39.750 0.996 0
HWO038_1 -0.607 0909 6.834 18.084 0.998 0
HWO038_2 -0.193 0.868 20.519 15.084 0.990 0
HWO039_1 -0.567 0913 9.343  24.094 0.996 0
HWO039_2 -0.495 0907 12.109 21.340 0.997 0
HWO040_1 -0.909 0.870 1.375  24.455 0.998 2
HWO040_2 -0.655 0.864 5.636 19.937 0.998 0
HWO041_1 -32088.364 0.955 -424.022 40.762 0.998 1
HWO041_2 -11189.303 0917 -334.962 35.614 0.998 0
RMAQ029  -23450.987 0.843 -399.610 39.188 0.968 1
RMAO30 -15660.048 0.837 -395.533 39.929 0.961 0
RMAO031  -13402.124 0.877 -370.966 38.519 0.967 0
RMAO032  -12637.832 0.882 -363.415 37.888 0.983 0
RMAO033 -5.276 0969 -27.687 16.717 0.983 1
T™MO032 -1.994 1.000 -8.863 12.452 1.000 0
TMO033 -12403.115 0.876 -445.020 46.899 0.988 3
T™O034 -1.511 0933 -11.849 30.403 0.993 3
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Table F.2.: Fit parameters of all electric field experiments (continued)

Name of A, B, C, D, r? deadtime
the
experiment

in minutes
TMO035 -3.834 0.832 -48.447 33.717 0.986 3
T™MO036 -12311.360 0.925 -409.027 43.022 0.991 0
T™MO037 -26093.638 0.921 -630.802 61.460 0.959 0
TMO038 -6.283 0919 -52.949 27.935 0.992 1
TMO039 -4906.853  0.805 -396.941 45.783 0.984 2
T™040 -4.536 0913 -31.357 20.636 0.988 2
T™MO041 -15658.548 0.860 -414.731 42.219 0.991 0
T™M042 -10050.278 0.854 -331.353 35.478 0.989 1
T™MO043 -0.930 0911 0.140 19.407 0.993 1
T™M044 6.400E-2 0944 9.816 3.029 0.965 2
T™MO045 -1.570 0.896 -11.930 18.644 0.991 0
T™MO046 -6.800E-2 0.744 10595 5.959 0.293 0
TMO048 -21071.850 0.881 -342.745 34.071 0.991 1
T™MO049 -0.523 0928 6.753 13.733 0.994 0
T™MO050 -3.359 0944 -22.804 17.344 0.995 0
TMO051 -2.386 0.877 -33.019 31.427 0.991 0
TMO052 -0.698 0.868 1.634 13.213 0.990 0
TMO053 -0.505 0.859 5952  13.809 0.990 0
T™M054 -6556.320 0.783 -321.944 35.779 0.981 1
TMO055 -37359.862 0.800 -478.016 44.140 0.985 0
TMO056 -1.210 0950 -5.145 17.790 0.995 0
TMO057 -3073.972 0.951 -239.554 29.598 0.994 0
TMO058 -23.392 0975 -71.057 22514 0.997 0
TMO059 -39.125 0990 -74.304 20.354 0.996 1
TMO060 -11887.127 0.766 -429.764 44.664 0.989 1
TMO061 -15668.271 0.882 -409.994 41.788 0.989 0
TMO062 -37841.412 0.702 -645.574 59.237 0.984 0
T™MO063 -9701.892  0.685 -579.321 60.505 0.985 0
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