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ABSTRACT

Rapid characterization of complex fluids, especially sensing emulsion stability, is crucial
for many industrial applications, ranging from pharmaceutical industry to petroleum pro-
duction. Electrochemical impedance spectroscopy (EIS) is a powerful tool for electrical
characterization of such systems. In this study, a “milli-fluidic” EIS test fixture which
is inexpensive, easily fabricated, yet robust, is designed and fabricated using 3D printing
technology, which allows reliable experiments, and can then be disposed of after each test.
The developed cell is tested using solutions, liquid-liquid mixtures, and oil-water emul-
sions. Frequency response analysis and equivalent circuit modeling have been performed
to find the effective electrical properties of the liquids, and relate them to their physical
properties, such as stability. EIS is applied to reveal the electrical behavior of emulsions
during phase separation. It is found that creaming can be sensed based on permittivity
decay, and capacitance-based measurements can be utilized to detect phase separation in

emulsions.
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Abbreviations

EIS Electrochemical (Electrical) Impedance Spectroscopy
DS Dielectric Spectroscopy

IS Impedance Spectroscopy

EC Equivalent Circuit

Oo/W Oil-in-Water

W/0 Water-in-Oil

P.F Packing Factor

CNLS Complex Non-linear Least Squares

CPE Constant-Phase Element

FRA Frequency Response Analyzer (Analysis)
CMC Critical Micelle Concentration

Symbols

C Electric capacitance

R Electric resistance

Z Electric impedance

w Angular frequency

A Surface area



dand D Distance

t Thickness

€ Permittivity

1) Volume fraction, Electric potential
X Volume fraction

ol Density

Vv Volume, Voltage

g Gravitational acceleration
R Radius

0% Surface tension

Bo Bond number

Py Free charge density

Electric charge

w Electric energy (work)

1 Electric current

o Electric conductivity
iand j Imaginary unit number
R|IC Parallel RC configuration
R-C Serial RC configuration
Q Ohm

F Farad

u Micro



M Molar

Subscripts

eff Effective

r Relative

0 Pertaining to vacuum

0 Initial

w Pertaining to water

W/0 Pertaining to water-in-oil phase

o/w Pertaining to oil-in-water phase



CHAPTER 1

INTRODUCTION

1.1 BACKGROUND AND OVERVIEW

lectrochemical methods play a central role in characterization of materials, and sens-
Eing and diagnostics in a wide variety of industries including petroleum, cosmetics,
pharmaceutical industry, biosensing, and electronics [1-3]. Electrochemical fluid sensing
uses two electrodes immersed in a test fluid. The electrodes can be actuated using a di-
rect current (DC), or alternating current (AC). The potential difference results in a flow of
current through the system, which is measured, either using the same driving electrodes,
or through another set of measuring electrodes. The correlation between the voltage and
current provides a measure of electrical characteristics of the system, which is referred
to as the system impedance. For a purely DC potential, the impedance only consists of
resistance. For AC potentials, the system impedance may consist of capacitance, induc-
tance, and resistance. AC impedance measurements, therefore, provide considerable in-
sight regarding the electromagnetic properties of a system, such as dielectric permittivity
and susceptibility, along with its electrical resistivity [2,3]. AC measurements also avoid
the commonly encountered problem of strong system polarization during DC measure-
ments [2]. Since different electrochemical phenomena occur in different frequencies, AC
measurements are done over a frequency spectrum, hence, the technique is called electri-

cal (electrochemical) impedance spectroscopy (EIS or only IS), or dielectric spectroscopy
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(DS).

In the scientific fields and industrial applications named previously, multiphase and
multicomponent complex liquids, such as mixtures, dispersions, and emulsions, are en-
countered, and characterization of these systems in terms of volume fraction of different
components, dispersed phase properties, stability, etc. is crucial and has been studied for
decades [1]. For determining the volume fraction of different components of emulsions,
chemical and titration techniques, as well as physical separation via centrifugation and
membrane filtering have been developed [1]. In terms of properties of the dispersed ele-
ments, chromatographic and light-scattering techniques have been applied [4]. For char-
acterizing the shape of the dispersed elements and their interactions with other elements
and the host medium, optical and electron microscopy have been used [4]. Finally, for
stability characterization, microscopy, as well as rudimentary techniques of bottle test and
centrifugation, have been used [1]. In addition to the techniques mentioned above, elec-
trical measurement techniques have also been utilized to measure properties of complex
fluids in terms of dispersed phase volume fraction, dispersed particle size and shape, floc-
culation of dispersed elements, and stability. It is a convenient approach to detect physical,
chemical, or biological processes that have an effect on the electrical properties of the sys-
tems [1,2,4]. Compared to many other techniques, electrical methods, especially EIS, are
fast and highly sensitive, and usually do not require extensive chemical pre-treatment of
samples [2]. EIS-based techniques also allow fast, yet accurate, detection of small-scale
properties such as dispersed particle shape with relatively larger-lengthscale (in the order
of a millimeter) bulk measurements. However, the high sensitivity of EIS necessitates
extreme care in sample loading, electrode surface properties, etc. to avoid experimental
measurement errors [3]. While electrical techniques can reveal properties which are not
observable with other methods, they often need extensive sample calibration to be appli-
cable to industrially relevant processes [1].

Dielectric spectroscopy is based on measuring polarization of materials at different
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frequencies. It is used to relate the permittivity and resistivity at different frequencies, to
physical phenomena in the system [5]. Extremely high-frequency measurements are sensi-
tive to properties related to “electronic” physical phenomena due to the small length scale
and wavelength of such processes [5,6]. Atomic and molecular-level polarizability, as well
as ionic movements are captured by relatively high frequencies. However, larger (‘“meso-
scale” [5]) physical phenomena, such as phase differentiation processes including droplet
flocculation and coalescence, can be captured at lower frequencies. Since complex liquid
systems (e.g. emulsions), have interfaces where different phases meet, the characteristic
dielectric phenomenon in such systems is interfacial polarization [7]. The heterogeneous
structure, and the arrangement of the interfaces of a multi-component liquid system are
affected by the phase dynamics of the system. Hence, information about different prop-
erties of emulsions, such as particle shape, structure of the dispersed elements, and phase
behavior, can be obtained by EIS for these complex liquid systems.

EIS of emulsions has been extensively studied, and different analytical studies, as well
as experiments, have been reported that investigate the effect of droplet shape and size, and
flocculation on dielectric behavior of emulsions. Comprehensive reviews of these studies
are provided by Sjoblom [8] and Asami [5]. Different phenomena in the interaction of the
dispersed drops with one another and with the host medium that can affect the dielectric
response of the systems have been studied. These studies only consider homogeneous
distribution of the dispersed phase in the continuous medium. Current models do not
investigate dielectric behavior of emulsions when phase separation occurs, and do not
provide details of dielectric changes during phase separation processes such as creaming
and sedimentation. The effect of phase separation on permittivity of two-phase oil-water
emulsions is addressed in this thesis.

Based on different targeted applications, EIS has been applied in different length scales
from micro-scale experimental setups to larger bulk EIS commercial test cells. Micro-

scale EIS is needed for applications such as biosensing where the variations in electrical
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properties are so small that minuscule volumes of test liquids are studied to enable the
experiment to detect impedance changes [9]. Micro-scale EIS has also been applied to oil-
water emulsions [10—13]. However, no systematic work has been reported investigating
the appropriate length scale for EIS of emulsion samples. In this work, it is shown that
microfluidic approach may be flawed when the characteristic length scale of the sample,
for instance, the mean droplet diameter of an emulsion, is in the same order of magnitude
as the electrodes separation in a microfluidic test cell. In addition to that, microfluidic test
setups are expensive to fabricate, tend to have large electrode polarization errors, and are
prone to fouling when used with industrially relevant liquids. On the other hand, larger-
scale (bulk) EIS of industrial samples, especially the ones related to petroleum industry,
are associated with lack of sensitivity, and difficulty with respect to cleaning the test cell
for conducting multiple experiments. In this work, an inexpensive, easily fabricated “milli-
fluidic” test cell is introduced that allows reproducible multiple experiments and disposing

of the test cell after each test.

1.2 OBJECTIVES AND SCOPE OF THE THESIS

The main objectives of this thesis that define the scope of the work are:

e Development of an inexpensive, easily fabricated, disposable, yet robust experimen-

tal platform for applying EIS to multicomponent and multiphase complex fluids.

e Investigation of the appropriate length scale for applying EIS to different oil-water

emulsions.

e Theoretical and experimental investigation of the dielectric behavior of oil-water
emulsions during phase separation, and investigating the application of dielectric

measurement as a sensing tool for detecting creaming and sedimentation.
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1.3 SUMMARY OF THE METHODOLOGY

In this work, the experimental impedance measurement cell is computer-aided-designed
and fabricated using 3D printing technology after a few steps of optimization. Different
characteristics of the setup that may affect the EIS measurements have been studied ex-
perimentally. Also, finite-element modeling has been employed to investigate the effect
of experimental length scale, and phase separation process on permittivity behavior of
oil-water emulsions. The developed experimental setup is tested using solutions, liquid-
liquid mixtures, and oil-water emulsions. Dielectric behavior of oil-water emulsions dur-
ing phase separation has been studied analytically, numerically, and experimentally using
the developed experimental platform. The sensitivity of permittivity-based, as well as
conductivity-based, measurements for detecting phase separation dynamics of emulsions

has been investigated.

1.4 THESIS ORGANIZATION

In chapter [ (Introduction), a brief background of the application of EIS in characterization
of emulsions is detailed, and an overview of the scope of the contributions of this thesis is
given.

In chapter D (Literature Review), a detailed literature review of EIS is provided with a
focus on the application of this technique to oil-water emulsions. The current status of the
analytical models as well as numerical and experimental works is outlined. Based on the
literature review, the significance of the objectives of this thesis is justified and the novelty
of this work is related to the applications of EIS and the previous works done in this area.

Chapter B (Analytical and Numerical Modeling) discusses the theoretical basis of this
work. First, different multiphase dielectric theories are discussed and their relations with
the systems studied in this thesis are explained. Then, a simple analytical explanation for

permittivity variation as a result of phase separation is provided followed by expressions



CHAPTER 1. INTRODUCTION 6

derived for giving creamed layer thickness as a function of capacitance, and permittivity
as a function of degree of phase separation. Following that, a finite-element simulation
for modeling permittivity of complex media and investigating the effect of droplet length
scale, as well as phase separation, on permittivity is developed and the results are dis-
cussed in terms of physics of emulsions. Finally, the computational data analysis scheme
(equivalent circuit modeling) for interpreting the EIS data is explained.

In chapter @ (Experimental Methodology), the computer design, optimization steps,
and fabrication of the experimental setup are explained. Different issues that can affect
the EIS measurements, such as electrode material, signal amplitude, etc. are addressed.
Following that, calibration of the test cell in terms of lead impedance and dry capacitance
is explained. Finally, the sample preparation method (liquid mixture and emulsion prepa-
ration) of this thesis is described.

In chapter B (Experimental Results and Discussion), the results of the different ex-
periments conducted in this study, including liquid mixtures, emulsions, phase separation
experiments, etc. are presented and discussed in detail.

Finally, in chapter B (Conclusions and Future Work), the main concluding remarks of
the experimental, numerical, and analytical studies are explained and the main contribu-
tions of this work are highlighted. Following that, an overview of possible future steps that
can be taken in this field, and future directions that can be pursued beyond this research

are listed.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

lectrochemical impedance spectroscopy (EIS) has been applied to many problems
Ein different fields ranging from solid electronics to membrane characterization, soft
material characterization, and emulsion physics [3, 5, 8, 14]. Many physical processes and
phenomena applied to systems result in changes in electric behavior such as dielectric re-
laxation properties, which may be captured with impedance spectroscopic techniques in
different frequency ranges. As a result, EIS, and it’s closely related parallels, dielectric
spectroscopy (DS) and dielectric relaxation/dispersion analysis (often used interchange-
ably with EIS), have been used in developing new understanding of little known phe-
nomena based on reverse analysis of impedance spectroscopy data [15]. For understood
physical systems and phenomena, EIS can be used as a rapid and sensitive non-invasive
diagnostic tool for sensing physical properties and tracking physical changes [3,16]. Thus,
implemented with enough experimental care, EIS is a powerful sensing tool for character-
izing physicochemical systems and processes. EIS is an AC electrical method which uses
AC impedance measurements as opposed to DC measurements. AC measurements are
preferred in many electrochemical sensing systems for two main reasons. Firstly, many
physical properties result in different dielectric relaxation behaviors which can only be

sensed in high frequencies. Secondly, many systems contain aqueous salt solutions and
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the salt present in the system results in large electrode polarization (EP) for DC and low-
frequency inputs which can mask the other dielectric properties of the system, making
sensing them difficult [3,5, 8, 14].

Materials are polarized at different frequencies. Specifically, heterogeneous systems
show frequency-dependent variation of permittivity [3, 5, 8]. Heterogeneous media have
interfaces where different components meet. These interfaces are prone to charge build-
up which can affect the dielectric behavior of the systems [5]. In heterogeneous media,
characteristic polarization at certain frequencies is strongly dependent on interfacial po-
larization. This can be used to study different structural, topological, and physicochemical
properties of heterogeneous systems that are related to interfacial polarization. Hence,
EIS can be utilized to characterize multi-component systems based on the heterogeneous
structure to characterize different properties of these systems such as particle shape and
nonuniformity.

Multi-component systems are encountered in a variety of industries such as cosmetics,
pharmaceutics, food processing, biomedics, and petroleum production. In many of these
industrial applications, the multi-component systems are actually complex liquids such
as liquid-liquid mixtures, colloidal dispersions, and emulsions. Therefore, the impedance
properties of complex liquid systems has been extensively studied. The impedance spec-
troscopic (dielectric) behavior of multi-phase media has been studied analytically as well
as numerically and experimentally.

One main goal of this thesis is to investigate different aspects of developing an inex-
pensive practical device for rapid characterization of the phase behavior and phase separa-
tion process of industrially relevant two-phase liquids. To do this, a thorough theoretical
understanding of the dielectric properties of two-phase media validated by experimental
characterization is detailed in subsequent chapters. Dielectric properties consist of both
dielectric loss (resistivity or conductivity) and dielectric constant (permittivity). As shown

in chapters B and B, dielectric constant is typically a more sensitive parameter to phase be-
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havior for the systems investigated here, therefore, the main focus of the literature review

is on permittivity of complex media.

2.2 BASICS OF IMPEDANCE SPECTROSCOPY

The fundamental electric phenomenon behind impedance spectroscopy and dielectric dis-
persion analysis is the phase lag/lead of a system’s response when subjected to an AC
electric field. Impedance of a system, Z, defined as the ratio of electric potential (assumed
to be the input, V) to electric current (assumed to be the output, I), is defined as a complex
number that can present the phase shift, as well as the magnitude of the % transfer function.

Therefore, Z has a complex form of

Z = Re(Z) + jIm(Z) 2.1

where j is the unit imaginary number. Complex permittivity is similarly defined as [5]

K

2.2)

€ =€ —j' = e+ -
JEw
where €’ or €, the real part of permittivity, is known as the dielectric constant (or just per-
mittivity), and €” is known as the dielectric loss. As shown in equation 2, the dielectric
loss (loss factor) is related to conductivity («). In equation 72, w is angular frequency and
€, 1S vacuum permittivity.

The typical way of presenting dielectric spectroscopy data is to plot imaginary part of
impedance versus real part (Nyquist plot [3]), and both parameters versus frequency (Bode
plots [3]). Alternatively, loss factor and permittivity can be plotted. The typical single-
relaxation behavior of dielectric dispersion is a semi-circular plot known as Debye type
relaxation [17] which is associated with a simple parallel R|C circuit and can represent a

“leaky” dielectric. If the system contains more physical complexity that can be captured in
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distinguishable frequency ranges (different relaxation characteristic times), the EIS behav-
ior can deviate from Debye [5] relaxation. The deviation has been formulated by different
relations by many researchers including Cole and Cole [18, 19], Davidson and Cole [20],
Williams and Watt [21], and many others. Asami [5] provides a comprehensive review
and summary of the formulated dielectric relaxation modes. In practice, however, systems
studied with EIS may not show a behavior already described by a model. Therefore, equiv-
alent circuit modeling and inverse analysis, by choosing appropriate circuit elements that
correspond to the physical behavior of the systems, are applied to interpret EIS data [3]

and the equivalent circuit elements are parameterized using the data.

2.3 THEORY OF DIELECTRIC PROPERTIES OF COMPLEX MEDIA

2.3.1 Overview: dielectric relaxation phenomena - application to emulsion stability

sensing

The dielectric response of a system is frequency-dependent and also depends on the phys-
ical phenomena in the system. The frequency range of response depends on the charac-
teristic time of the process which, in turn, depends on the length scale of the physical
phenomenon [6,8]. Typically, the smaller the length scale of a physical process, the larger
the characteristic relaxation frequency. Generally, processes related to electronic phenom-
ena are associated with the smallest length scales and the highest frequencies. Next come
atomic, dipolar, and ionic processes, respectively, which are associated with larger length
scales and lower frequencies [6, 8]. The typical frequency range of effect for different
physical phenomena is summarized and displayed schematically in figure 1. Processes
related to large scale structural changes are associated with lower frequencies. It is there-
fore reasonable to conclude that sensing changes in static permittivity can be used for
detecting phase changes in emulsions. However, in oil-in-water (O/W, water-continuous)

emulsions, static measurements are associated with large electrode polarization (EP) er-
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rors [8,22,23]. Therefore, instead of DC measurement, EIS and equivalent circuit (EC)
modeling in a frequency range where the permittivity of each component can be assumed
constant, (below 10~%), can be applied for detecting phase changes in O/W emulsions using

permittivity variation.

2.3.2 General mixture models

One of the first attempts to describe dielectric properties of two-phase mixtures was made
by Maxwell in 1873 [24] and slightly modified later by Garnett [25] and Wagner [26]. The
Maxwell-Garnett model reads

3(€dispersed - emedium)

eff — €medium L+ -
Eeff Emed ¢€eff€Ctive(1 - ¢) + Emedl’um(2 + ¢) ( )

where ¢ is the dispersed phase volume fraction in the mixture. Maxwell-Garnett equa-
tion is based on approximation of electric field between two parallel plates in presence of
spherical droplets and assumes homogeneous distribution of a low volume fraction (below
2%) of spherical particles dispersed in the host medium. It is also applicable for liquid-
liquid homogeneous mixtures [25]. Later, Bruggeman [27], Hanai [28], and Boyle [29]
proposed models for dielectric properties of homogenous composite systems with higher
concentrations of the disperse phase. Boyle’s model is specifically of interest in this work
because it is a simple model that takes into account deviation from spherical shape to
spheroids. During phase separation, as spherical droplets cream and hit the top electrode,

they are likely to deform to spheroids (see chapter B). Boyle’s model is defined as:

1-¢= (2.4)

A{l
€eff — Edisperse (Gmedium)
€medium — Edisperse Eoff
where ¢ is the dispersed phase volume fraction, and the exponent A, is the depolarization
factor of spheroidal flocs (a cluster of small droplets that form larger, usually spheroidal,

bodies, and surface tension prevents them from coalescence) which is considered 0.1 for a
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typical spheroid with axial ratio between 0.2 and 0.5 [30].

Different models were later developed by many researchers (especially Sillars [31],
Asami [32], Skodvin [33], and Sjoblom [15]) who take into account shape and orientation
of dispersed particles as well as other cases such as core-shell dispersed particles [5,34,35]
and nonuniformity [14]. Based on the properties of the system tested in this thesis, the

experimental results are compared to Maxwell and Boyle models.

2.4 EIS OF OIL-WATER EMULSIONS

2.4.1 Effect of particle size, shape, and flocculation

Unlike solid dielectrics, emulsions are likely to undergo topological changes, heterogene-
ity, and droplet shape change that can affect the structure of the interfaces between the
components and phases, which changes the dielectric behavior of the systems [3,5, 8, 14].
Analytical investigation and numerical modeling has been performed to understand the
dielectric dispersion in emulsions. Some of the previous analytical work was outlined in
the previous section.

In a series of publications about analysis of dielectric spectroscopy of emulsions,
Hanai et. al. [28,36-38] investigated dielectric properties of emulsions. They extended
the Maxwell-Wagner theory to involve higher concentrations and heterogeneities. Hanai
found little dependence of high-frequency permittivity on frequency in O/W emulsions.
He also observed that increasing shear rate results in a decrease in the static permittivity
which was attributed to the shear-driven disintegration of droplet flocs and larger drops.
Skodvin et. al. [30] and Genz et. al. [39] also applied shear to their system as a means of
disintegrating droplet flocs and larg drops and observed the effect of degree of flocculation
on EIS response.

The effect of colloidal particle geometry on the EIS response has also been investi-

gated. Sun et. al. [40] developed an equivalent-circuit-based analysis of single colloidal
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particles in form of microcapsules, a core-shell configuration faced in biomedical suspen-
sions, and found a resistive-capacitive behavior affected by the hollowness of the micro-
capsules, inner permittivity, and conductivity of the shells. The effect of particle shape
has also been numerically investigated. Asami [7] studied a single micron-sized living cell
with a special geometry using a 3D finite-element model (FEM). Tuncer et. al. [41,42]
applied FEM modeling to investigate the effect of particles’ arrangement on EIS response.
Effect of different particle shapes including varying core-shell structures has been studied
using numerical simulations [43,44]. Recently, simple permittivity modeling of homoge-
nous dispersions in micro-channels and the effect of movement of dispersed water droplets
in oil in the vicinity of the electrodes has been reported. Zhang et. al. [45] modeled charged
aqueous droplets dispersed in oil under electrophoretic forces in micro-channels as serial
capacitors affecting the total electric field. Then they determined the appropriate dielec-
tric thickness associated with the capacitors, and experimentally verified their capacitive
model for linear particle line-up. In emulsions, one of the main mechanisms that determine
the shape of the dispersed elements, is flocculation of droplets which results in formation
of flocs with a variety of shapes and sizes [8,30], making theoretical and experimental EIS
investigation of flocculated emulsions important.

To investigate the effect of flocculation on dielectric properties of emulsions, Boned
and Peyrelasse [46] assumed linear flocs of droplets. Later, Sjoblom et. al. [15] ex-
tended the Boned-Peyrelasse equation to involve flocculated emulsions with randomly
flocculated drops. They studied drops forming spherical and spheroidal flocs forming big-
ger spheroidal flocs and investigated the effect of different structural parameters such as
volume fraction of the flocs, packing factor of smaller flocs inside bigger ones, and the
spheroid shape factor on the EIS response of W/O emulsions. Chapman [47] looked into
the effect of emulsifying agents on the EIS of W/O emulsions and found that emulsions
stabilized with magnesium stearate-based surfactant are well described by the Maxwell-

Wagner model for spheres even with high volume fractions while the emulsions stabilized
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with Span80 (non-ionic surfactant, partly soluble in water) had systematically higher static
permittivities. This was attributed to linear flocculation caused by Span80. In a separate
work by Sjoblom et. al. [15], it was shown for a different emulsion, that a flocculation-
based correction to the sphere-based equations results in a more accurate prediction of the
behavior of many flocculated systems. The structure of the flocs and the degree of coales-
cence, as opposed to flocculation, can vary based on the physical and chemical properties
of emulsions which affects the dielectric behavior.

Genz et. al. [39] and Skodvin et. al. [48] each experimentally investigated the dielectric
behavior of W/O emulsions under flow conditions. Both report lower static permittivity in
the flowing emulsions compared to the stationary ones. However, the flocculation mod-
els are reported not accurate due to the complex dynamics of flocculation/disintegration
processes as well as droplet-electrode contact. Midttun et. al. [49] studied the flocculated
drop line-up under high external electric fields in W/O emulsions and found a decrease in
the static dielectric loss and an increase in the static dielectric permittivity compared to the
homogeneous floc models.

Current analytical models are based on homogeneous distribution of flocs and droplets
(see also [8]). So these models fail when phase separation occurs. Phase separation in
form of sedimentation or creaming can cause emulsion systems to behave differently and
deviate from the behavior predicted by the analytical models describing homogenously
distributed flocs. In this thesis, permittivity and resistance during transition from a well-

emulsified to a separated system is theoretically and experimentally studied.

2.4.2 Percolation behavior and EIS

Percolation is a sudden morphological change in emulsions and microemulsions that changes
the single-droplet structure to a fractal semi-continuous one [50]. This structural change
can cause emulsion systems to behave in different ways. Since the effect of morpholog-

ical structure on dielectric behavior is within the scope of this thesis (specifically, phase
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separation is studied in this thesis), percolation is also of interest and is introduced here.
Lagues and Sauterey [50] observed an abrupt increase in conductivity of W/O emul-
sions during percolation transition by increasing dispersed phase volume ratio. Same be-
havior was reported by Zhang et. al. [51], Mehta et. al. [52], Baptista and Tran [53],
and Mathew et. al. [54]. Feldman et. al. [55] observed a decrease in the low-frequency
relaxation time (a relaxation shift towards higher frequencies) at the percolation onset that
was initiated by temperature rise. Fordedal and Sjoblom [56] applied a DC field when
measuring the dielectric response of a W/O emulsion sample. They observed an increase
in the static permittivity of the sample up to a certain point when an abrupt decrease was
observed, after which the increase re-appeared. This was attributed to percolation which
caused a sudden geometric change in the emulsion. In summary, one of the main outcomes
of percolation in W/O emulsions is a sudden change (increase) in conductivity which has
not been reported for O/W emulsions. However, percolation can also affect the topological
structure and therefore permittivity of emulsions, but this behavior, and even occurrence
of percolation itself, highly depends on sample thickness and EIS electrode configura-

tion [57].

2.4.3 EIS of O/W emulsions versus W/O emulsions

EIS is typically more appliecable to oil-continuous emulsions rather than water-continuous
ones. The reason is that in low-frequency dielectric spectroscopy of electrolytes, the ions
accumulate on the electrode surface [8, 22, 23,58, 59]. The impedance and capacitance
caused by this type of polarization can easily become dominant in low frequencies and out-
weigh other properties of the system and the corresponding relaxation behaviors [8,22,23].
The consequence of this is that low-frequency EIS of O/W emulsions is very difficult while
high-frequency measurements can still be performed. Even in oil-continuous emulsions
stabilized with ionic surface active agents, a low frequency dispersion (LFD) due to elec-

trode polarization (EP) was reported at below 1Hz [60].
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In many applications of EIS including biological applications (for instance see [9]), the
sample is conductive, so different approaches have been taken to extract bulk sample prop-
erties from the EIS data. One approach is to consider the accumulated ion layer caused by
EP as a serial R-C [8]. It is likely to observe deviation from pure capacitor behavior and get
a constant-phase-element (CPE) behavior instead [9, 61, 62]. These method are most ef-
fective when the frequency range of interest is generally larger than the frequencies where
EP is observed. If low-frequency behavior of a system is of interest, it is likely to have
considerable errors in distinguishing between EP effects and actual sample properties. In
those cases, four-electrode EIS is applied as first suggested by Schwan and Ferris [63].
Unlike 2-electrode EIS, in four-electrode measurements, the electric current carrier elec-
trodes (which are prone to EP) are not used for potential measurements. Instead, two
other electrodes, known as reference electrodes, are used [63, 64]. However, 4-electrode
measurements do not resolve all concerns about EIS of conductive media [5]. Even with
4-electrode measurements applied, the conductivity gradient in the system may still affect
the EIS response. Also, if the measurement terminals are needle-shaped electrodes, they
will only measure the potential in specific points in the sample while the blocking surface
or mesh electrodes measure a surface average potential. If the electrodes are chosen to be
blocking surfaces or meshes, they can distort the electric field considerably and disturb the
experiments. Depending on the physicochemical and geometrical properties of samples,
different configuration of test cells may be used. For instance, Asami [7] developed a test
cell for EIS of biological cell suspensions by using membranes that are freely permeable
to ions but not to biological cells.

In this thesis, since the high frequency behavior shows a classic semi-circle R|C be-
havior, it is possible to distinguish the sample properties from EP effect (which shows a
CPE behavior) with apropriate equivalent circuit modeling. However, 4-electrode mea-
surements are also carried out in special cases to show the validity of the measurements

(see chapter ).
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2.4.4 EIS as a process monitoring tool

Since EIS is sensitive to complex medium phase changes, it can be used as a tool for
monitoring processes. Araujo and Oliviera [65] were able to detect a temperature-driven
phase inversion in O/W/O emulsions where the system was shown to reversibly shift from
oil-continuous to water-continuous by measuring a reversible decrease in the real part of
impedance. Barbosa et. al. [66] detected the process of micro-emulsion formation by
observing multiple relaxation frequencies. Beer et. al. [67] looked into the process of
making O/W/O double emulsions using EIS and showed that permittivity measurement
can be a potential tool for determining when to stop stirring or to adjust stirring speed
to prepare stable O/W/O emulsions. Perini et. al. [68] reported changes in the equivalent
circuit element values as a result of treating petroleum with strong static electric fields. The
experimental measurement platform developed in this thesis, can be used for monitoring
processes involving or prone to phase separation. It is also noteworthy that a milli-fluidic
device for oil-water separation has been reported [69] giving high separation efficiency.
The separation process in such a device may be monitored by integrating the milli-scale
EIS fixture (as proposed in this thesis) with the milli-fluidic separation device, which is

beyond the scope of this work.

2.4.5 EIS applied to crude oil

EIS is often applied to carefully prepared samples as it is very sensitive to sample prop-
erties. However, the dielectric behavior of crude oil emulsions has also been investigated,
and interesting results have been obtained. Skodvin et. al. [33] stabilized different volume
fractions of water drops in crude oil and compared the dielectric behavior of the emulsion
to theoretical relations for spherical droplets and spheroidal flocs. At low water volume
fractions, water droplets flocculate to form high aspect ratio spheroids while at higher

water volume fractions, they more symmetrical flocs [33].
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Lesaint et. al. [70] investigated the relation between conductivity and viscosity in crude
oil diluted in toluene and heptane and found an inverse relation between conductivity and
viscosity. They also observed different conductivities in systems diluted with toluene and
heptane. They concluded that conductivity of crude oil is determined by the aggregation
pattern of asphaltene rather than their concentration because asphaltene is known to aggre-
gate more in heptane than in toluene. Lesaint et. al. [71] attempted to relate different crude
oil characteristics such as viscosity and aggregation state of different molecules present in
crude oil such as asphaltene to dielectric dispersion observed in EIS. However, the com-
plexity and the large number of components in crude oil makes this analysis extremely
difficult. EIS of crude oil components separated and studied independently has also been
reported [72]. The effect of water in petroleum has been studied by Perini et. al. [68].
They found an increase in the resistance when water was added to dehydrated oil, which
seems to contradict what is expected. They attributed this to formation of rigid films on
water-oil interfaces and higher stability of W/O emulsions.

In this subsection, previous literature was highlighted to show that EIS investigation
of either bulk or interfacial properties of industrially relevant liquids is possible. However,
due to complexity of these samples, analysis of the EIS results and relating them to physi-
cal properties of the systems is extremely difficult. Thus improving these technologies, is
an important challenge requiring detailed analysis and a comprehensive experimental data
set. Cleaning experimental setups from industrial samples such as bitumen, in order to
carry out multiple experiments, is challenging. As a result, development of an inexpensive
disposable test cell (which is one contribution of this thesis) can help enable progress of

EIS for industrially relevant samples.
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2.5 EXPERIMENTAL PLATFORMS FOR EIS

2.5.1 Commercial test fixtures

Sample holder plays an important role in EIS experiments. Sample holders should en-
sure reliable and reproducible experiments through repeatable sample loading and should
minimize systematic errors such as fringing on the electrode edges. While custom-made
fixtures may be needed to be fabricated for different experiments (as in [60, 68]), there are
commercial test fixtures available for EIS of solids and liquids. In this section, the most

commonly used test fixtures are briefly discussed.

2.5.1.1 Solartron 12962A and 12963A

These two parallel-plate sample holders are designed for EIS of solid materials using a 2-
electrode configuration with circular electrodes. The sample holder consists of two parallel
electrodes, one of which is fixed in position and the other which can be moved into contact
with the sample by adjustment of a micrometer. The sample holder makes use of guard
ring and reference techniques in order to reduce fringing effects at the edge of the sample.

The electrodes provided are 10mm diameter to 40mm diameter.

2.5.1.2 Solartron 12964A

This sample holder is similar to 12962A and 12963A. It also makes use of guard ring
techniques but is shaped as a container in order to be able to measure small samples of
liquid or powders. This is also a 2-electrode test cell, however, the reference electrodes

can be designed and placed in the sample [65].

2.5.1.3 Novocontrol BDS 1307

This is a co-axial cylindrical cell for liquids with sample thickness of 2.7mm and inner

diameter of 20mm and gold-coated electrodes.
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2.5.1.4 Novocontrol BDS 1308 and 1309

These two sample holders are parallel-plate 2-electrodes test cells with 0.5mm (BDS 1308)
to Smm (BDS 1309) sample thicknesses. These two sample holders are designed for EIS
of volatile liquids and provide good sealing of the sample by pressing the elctrodes by
means of small springs. The electrodes are gold plated. In the BDS 1309, the sample
space is thicker to enhance bulk properties as opposed to electrode surface effects and
reduce the EP impedance. The manufacturer states that different parts of the test cell can

be disassembled and cleaned, and the parts can withstand different solvents.

2.5.1.5 [IRlab, CL-1 142

This test cell is a co-axial probe with a 2-electrode configuration with 6cm length and

3.3mm separation distance which is immersed in the liquid sample [71].

2.5.1.6 Agilent 16451B

This is a parallel-plate two-electrode test fixture with a 10mm sample thickness and 10mm-
50mm electrode diameter suitable for EIS of solid samples by sandwiching the sample

between the two electrodes.

2.5.1.7 Agilent 85070E and 85070D Dielectric Probe Kits

Agilent 85070E is a package consisting of a probe as well as a frequency response analyzer
suitable for high-temperature dielectric measurements. It provides a co-axial 2-electrode
configuration with 2.2mm sample thickness between stainless steel (outer) and nickel-
plated tungsten (inner) and is suitable for liquid and semi-solid dielectrics. The working
frequency range of the FRA is 200MHz to SO0GHz which is suitable for solid electronics
applications. 85070D is similar to 85070E with a 7mm sample thickness between Inconel

and stainless steel electrodes. 85070D is suitable for wide temperature range from -40 to
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+200 degrees Celsius.

2.5.1.8 Commercial test cells cleaning

As described in the instructions of commercial EIS test fixtures, cleaning test setups is
an important issue when conducting multiple experiments. Since EIS is very sensitive to
cleanness of the electrodes and is affected by contamination of the sample, cleaning the
test cells after each experiment is crucial. However, many industrially relevant samples
contain solids in them which can foul in the EIS test cells. Samples may be so viscous that
cleaning them from the electrodes becomes difficult. For example, bitumen is not easily
removed from surfaces, and even if appropriate strong solvents are used, the solvents may
affect the electrode surface properties which, in turn, may affect EIS results. Fabrication
of inexpensive disposable EIS test cells is reported in this thesis. One of the contributions
of this thesis is fast and inexpensive fabrication of EIS text fixture which allows disposing

of the sample and the sample holder after testing “dirty” samples.

2.5.2 EIS in micro-scale

Capability of EIS in sensing properties of biological systems has attracted attentions of
researchers to apply this technique in biosensors. However, many biological systems are
small and require fabrication of micron-sized EIS electrodes or electrode arrays [73]. In
fact, processes such as bacterial activity can only be captured if the electrodes closely
enclose the medium with bacteria culture. Since the sensitivity of EIS devices drop by in-
creasing sample size [5], it is advantageous to use micro-scale EIS setups. In the literature,
EIS has been performed with different electrode separations ranging from micrometers to
10 centimeters and this will be described next.

Iliescu [74] et. al. developed a micro-fluidic test setup for EIS of biological samples
especially for detection of dead and living yeast cells. Tan et. al. [75] developed a microflu-

idic test cell with characteristic length of 60um for E-Coli detection. Other cell detection
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applications of EIS in micro scale has been done mostly to track processes associated with
bacterial growth in different tissues [76—79]. Integration of microfluidic EIS sensors on
a chip to develop bacterial metabolism sensors has been performed by Gomez-Sjoberg
et. al. [80]. Also, since many biological samples are water-based, EP is likely to happen
which can disturb experimental measurements. Characterization of EP in microscale has
been performed by Pradhan et. al. [23].

EIS of oil-water emulsions has also been studied at a micro scale. Wang et. al. [13]
studied the EIS response of lubricants on a 12um sample with ITO-coated glass electrodes.
Lvovich and Smiechowski [12] studied dielectric properties of lubricants on 100um sam-
ples. Mostowfi et. al. [10, 11] characterized oil-water interface in a single droplet with
EIS. These studies show that EIS at a microfluidic length is highly sensitive but requires
extreme care in fabricating and handling the devices. The microfluidic devices are expen-
sive to fabricate, and foul readily when subjected to industrially relevant fluids.

To my knowledge, there has been no systematic work reported to determine right
length scale for EIS of different types of samples. One of the contributions of this thesis is
to study the permittivity of different two-phase systems to understand the relation between
the characteristic length scale of the dispersed element with the appropriate length scale

of the EIS experiments.

2.6 OTHER APPLICATIONS OF EIS

For completeness, some miscellaneous applications of EIS are briefly mentioned in this
section.
2.6.1 Biosensors

Use of EIS to sense cell growth or detect living organisms is usually done by confin-

ing very thin samples between electrodes (to achieve a reasonable sensitivity) and is thus
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considered microfluidic. Cheng et. al. [76] developed a microfluidic device for counting
bacteria during binary fission in a low-conductivity medium based on sensing the con-
ductivity increase. Accumulation of bacteria on the electrodes was a problem and can be
regarded as the biological counterpart of the electrode polarization phenomenon in O/W
emulsions. Zhu et. al. [77] tried to limit the medium under study to very thin layers (in
the order of 10 microns) while avoiding extreme microfabrication difficulties. They devel-
oped a microfluidic device with a channel width of 100 microns and used KCI solutions
to both squeeze the non-ionic non-polar bacterial culture and to act as electrodes. Since
the biological applications of EIS are most effective in small scales, improving the surface

qualities of electrodes for EIS as a biosensing tool is an ongoing field of research [81].

2.6.2 Food processing

EIS has been investigated as a tool for conductivity-based detection of salt in food technol-
ogy [82]. Permittivity measurements have also been applied to characterization of quality

of edible oil products [83].

2.6.3 Solid electronics

EIS of composite materials has been used is solid electronics to develop dielectrics and
capacitors with different functionalities. Dielectric properties of multi-component solids
has been studied theoretically and experimentally. The dielectric properties of multiphase
solids and liquids are closely related in many cases and both started with the effective
medium theories of Maxwell-Wagner. In solid electronics, most analytical effective di-
electric models are based on geometrical configuration, while in liquid samples, the mod-
els are more based on the interactions of the dispersed elements with one another and with
the host medium.

Brosseaus and Beroual [84] numerically investigated electric field and dielectric prop-

erties in homogeneous dispersion of inclusions in a solid host medium and studied the
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effect of particle shape (for instance spheres, cylinders, and ellipsoids) on permittivity.
Their results can be compared to the works of Skodvin et. al. [30] and other researchers
who studied dielectric properties of flocculation in emulsions, as mentioned in section 4.
Other numerical and analytical works have also reported EIS investigation of the homoge-
neous dispersion patterns in composite dielectrics [85—87] as well as conductor-insulator
materials [88]. In some cases, completely different approaches from the ones seen in the
field of EIS of emulsions have been taken. For instance, Ono et. al. [14] calculated the
effective permittivity of a specific solid dielectric with inclusions, not by using modified
effective medium theories or solving the electric field, but by dividing the whole compos-
ite domain to small increments (assuming each increment to be a capacitor with uniform
dielectric) and integrating the increments to determine the effective permittivity of the

composite dielectric.

2.7 SUMMARY OF EXPERIMENTAL CHALLENGES IN EIS OF EMULSIONS

In sections 224, 25711, and 2572, main experimental challenges for the application of EIS

are described. Those challenges are summarized below:

e Electrode polarization in conductive samples at low frequencies

e Choice of length scale

e (Cleaning test setups from viscous samples

2.8 ANALYSIS OF EIS DATA

Two main ways of looking at EIS data are detailed in the literature. One, (for instance
[15,30]) focus on observing relaxations in different frequencies and detect or characterize
new physical behaviors based on the relaxations of the samples. Two, (for instance [3, 16,

35, 89]) predominantly use the equivalent circuit (EC) analysis technique to quantify the
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EIS behavior and relate the physical behavior of the samples to an equivalent circuit, or
measure certain physical properties based on the EC modeling. In this thesis, the second
approach is taken to relate the equivalent electrical properties of the sample to physical
properties such as stability and phase separation.

Correlating the EIS behavior of a system to electric circuit elements such as capacitors
and resistors is the basis of this method [3]. While EIS data might generally be caused by
dielectric dispersion and variations of permittivity (especially in wide frequency ranges),
the equivalent circuit scheme considers circuit elements with frequency-independent prop-
erties (for instance a capacitor with constant permittivity) which produce frequency-dependent
impedances. For example, impedance of a capacitor is ;—é and is a function of frequency
while C itself is frequency-independent. Different circuit elements with different param-
eter values can mimic the EIS response in different frequency ranges. For example, in an
equivalent circuit with two capacitors, the capacitor with a large value (small é magnitude)
reflects lower frequencies compared to a capacitor with a small value which highlights
higher-frequency data.

In EC modeling, an equivalent circuit model of sufficient complexity to match the
physics to the desired accuracy should be chosen. Then the EIS data is used to parame-
terize the equivalent circuit by minimizing the overall difference between the model and
the measurements. The most widely used method for fitting is complex nonlinear least
squares [89] that minimizes a weighted summation of the real and imaginary error of the
measurements and the model.

To graphically depict EIS data, Nyquist and Bode (magnitude and phase) plots are
often used. Three dimensional presentation of Bode plots showing magnitude and phase
of the impedance simultaneously as a function of frequency has also been done [3]. For
Bode plots, to display impedance changes over a wide frequency range, a logarithmic
frequency scale is often used. Distinguishing frequency shifts (caused by capacitance

change) may be difficult in Bode plots, hence, EC values is the best way to present the
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differences caused by capacitance changes.

2.9 SUMMARY

In this chapter, a literature review of EIS was performed with a focus on topics relevant
to this thesis. General composite dielectric models were introduced and analytical for-
mulations modeling dielectric properties of homogeneous emulsion systems with different
particle shapes and structures based on flocculation modes were outlined. The current sta-
tus of the field of EIS analysis of emulsions was detailed based on the literature in different
aspects including numerical, analytical, and experimental works. Commercial test fixtures
as well as some custom-made test setups were discussed and implementation of EIS in
micro-fluidic systems was also detailed. Moreover, applications of EIS of emulsions in
different fields from crude oil characterization to biosensors were briefly mentioned. The
challenges in EIS of emulsions in different applications were listed.

Based on the literature review of this chapter, the following areas in which more scien-
tific work can be done are identified. These areas are addressed in different chapters of this
thesis using a combination of analytical, numerical, and experimental techniques. These

areas are:

e The dielectric behavior of oil-water systems during phase separation processes, such

as sedimentation and creaming, has not been studied.

e [t was explained in the literature review that different length scales have been used
in EIS experiments of various systems including micro-scale. While micro-fluidic
measurements are highly sensitive, there has been no systematic scientific work to
show whether they are applicable to emulsions or not and how droplet size may flaw

micro-fluidic EIS experiments for emulsions.

e The idea of making inexpensive, fast-fabricated, and disposable EIS test cells is

proposed.
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e Sensing stability and phase separation of O/W emulsions based on permittivity mea-
surements (phase separation is detected based on permittivity decay during phase
change). Interesting characteristics of the permittivity-based sensing technique are
revealed by EIS of O/W emulsions where unlike W/O emulsions, where conductiv-
ity variations reflect different physical attributes of the emulsions, their variations

are not considerable in O/W emulsions.
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Figure 2.1: Schematic of approximate frequency spectrum of effect for different physical
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CHAPTER 3

ANALYTICAL AND NUMERICAL MODELING

3.1 INTRODUCTION

etermining different experimental attributes of the developed device and relating
Dthe electrochemical impedance spectroscopy (EIS) data to the phase behavior of
emulsions are not possible without a thorough theoretical understanding of the electrical
characteristics of two-phase liquid systems. In this chapter, the theory behind the effective
capacitance (permittivity) and resistance (resistivity) of two-phase media is introduced. A
simple analytical explanation is provided for describing the effect of gradual phase sep-
aration of an emulsion sample on the emulsion permittivity. Moreover, based on a finite
element numerical model of the experimental setup, the effect of droplet coalescence and
changes in the structure of the dispersed phase on permittivity is investigated. The theo-
retical discussions of this chapter are referred to for justifying the decisions made for the
design of the experimental setup (chapter &) and are compared to the experimental results

in chapter B.

3.2 PERMITTIVITY OF TWO-PHASE MEDIA

Electric permittivity and susceptibility are measures of how natural molecular-scale di-

electrics of a medium align (polarize) in response to an external electric field. In other

29
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words, permittivity is a measure of the capability of a medium to transmit (permit) electric
field. Permittivity is also related to the capability of different materials to store electric
energy in response to an external electric field. Permittivity (or dielectric constant) of a
single-phase medium is determined by the atomic/molecular properties of the medium.
However, dielectric constant of a two-phase medium, either an emulsion or a solid di-
electric with inclusions, is affected by different parameters including the permittivity of
each component, proportions of different components, and the geometrical (topological)
structure of the dispersed phase (or inclusions in solid dielectrics) in the host medium.

In chapter B, the analytical models for homogeneous two-phase mixtures were dis-
cussed based on the literature. Also, parameters such as particle shape and droplet floc-
culation and their effect on dielectric spectroscopy of emulsions were reviewed. Since
one of the attributes of the developed experimental platform in this thesis is the capability
of capturing phase separation dynamics with variations in capacitance (permittivity), in
this section, different structures of the dispersed phase and how they affect the effective
permittivity is investigated.

Figure Bl illustrates a schematic of extreme configurations of the dispersed phase in
the host medium and their capacitor electrical analogy. As shown in this figure, the dis-
persed phase may be homogeneously distributed in the host medium or may form different
geometries including the extreme cases of columnar, laminar or brick-wall configuration.
In figure B1], the capacitor model of the aforementioned configurations is also illustrated.
The homogeneous distribution (figure B-1-1) may be modeled as one capacitor with an ef-
fective dielectric constant determined from one of the models described in section of
chapter . The columnar configuration (figure B-T-ii) may be modeled as parallel capac-
itors. The effective capacitance and dielectric constant of the system can be represented

as:

Ceff =Ci+Cr+C3+ ... 3.1
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Eff = Xi€ + (1 - X1)62 (32)

where C.sr and €./, are the effective capacitance and dielectric constant, C; and C, are
capacitances of each column of the dispersed phase or the host medium, €; and €, are di-
electric constants of each component, and X, is the volume fraction of component 1. As
implied in equation B2, the effective dielectric constant linearly depends on the dielec-
tric constant of each component weighted by the component volume fraction and this is
independent of how many columns of the dispersed phase are formed in the host medium.

The laminar configuration (figure B-T-iii), may be modeled as serial capacitors. The

effective capacitance and dielectric constant of the system can be represented as:

= —+—+—+.. 3.3)

= —+ 3.4)

or

€16
€5 =
It (I-XDe +Xie

(3.5)

with the same nomenclature as equations B and BZ2. Equations B-4 and B3 hold no matter
how many layers of the dispersed components form in the host medium.

The brick-wall configuration (figures B-I-iv and B-I-v) illustrate an extreme case where
the dispersed phase sediments (creams) but does not form a layer covering the bottom (top)
electrode (for example due to viscosity). This configuration may be modeled with capaci-
tors in two ways as shown in figures B1-iv and BIl-v. The effective dielectric constant of
the system based on the two models can be calculated using serial and parallel capacitor

formula as:
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model 1 (figure BT-iv):

Eeff _ 1
6  1_xs_X'5 (3.6)
! 1—Xf/3( _i)
€
model 2 (figure BT-v):
- x2/3
Ceff _ 1 —X12/3 + 1 37)
: ()

Models introduced in figures B1-i to BI-v and equation Bl to B77 result in differ-
ent variation of dielectric constant (capacitance) with dispersed phase volume fraction.
In other words, the structure of the dispersed phase and how it is distributed in the host
medium affect the effective dielectric constant of the two-phase liquid. Figure de-
picts the effective dielectric constant of oil-water emulsions calculated based on different
homogeneous-mixture and multiple-capacitor models as discussed above. The dielectric
constant of water is €,,,4.,=80 and the dielectric constant of oil is considered to be €, ,;;=2,
which is the case for decane with which several experiments were done (the results will
be discussed in chapter B). As shown in figure B2, the homogeneous-mixture (Maxwell-
Garnett and Boyle, see chapter ) models which represent systems with homogeneously
distributed inclusions, are close to the parallel-capacitor (linear) model, especially in very
low or very high volume fractions of oil. However, when the dispersed phase is assumed
to sediment or cream, which is best described by the serial-capacitor model, the devia-
tion from homogeneous-mixture and parallel-capacitor models becomes more prominent.
Therefore, it can be concluded that phase separation in the form of creaming or sedimen-
tation can be sensed very well with a parallel-plate capacitance test cell. The experimental
setup developed in this thesis is shown to be capable of capturing the phase separation
dynamics of emulsions as the emulsion becomes unstable and the less dense phase (oil)

gradually creams. This feature of the developed system can be used for stability sensing
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of emulsions in different applications. On the other hand, as figure suggests, if an
emulsion system undergoes droplet coalescence , but remains homogeneous with no con-
siderable phase separation (only the droplets become larger), the variations in the effective
dielectric constant of the emulsion sample will not be considerable compared to a system
undergoing phase separation. Therefore, the main capability of a capacitance-based mea-
surement cell, in terms of emulsion stability sensing and process monitoring, is to capture

phase separation based on variations of capacitance.

3.3 RESISTANCE OF TWO-PHASE MEDIA

Electric resistance of a system is a measure of capability of the system in resisting passage
of electric current through it. Resistance and conductivity measurement in emulsions is
extensively used for investigating colloidal structure of oil-continuous emulsions rather
than water-continuous ones [50, 51, 90] especially in determining the onset of percolation
in water-in-oil microemulsions [52-54,57,91]. The percolation threshold is sensed with
a sudden increase in conductivity. As shown in figure B3-a, before percolation in a W/O
emulsion, the main mechanism of current passing through the emulsion is through the
highly resistive oil phase or movement of micro-droplets. However, with increasing wa-
ter (salt-water electrolyte) volume fraction, the system reaches percolation. As a result of
this phenomenon, multiple passages of the electrolyte form between the two electrodes for
the current and at the onset of percolation, the conductivity abruptly increases. Different
parameters, such as temperature and presence of surface-active agents may affect the per-
colation threshold. However, in water-continuous emulsions (O/W emulsions), since the
passage for current is already provided by the continuous phase, percolation cannot be de-
tected using conductivity measurements. In O/W emulsions, the resistance of the system
does not change considerably with increasing the oil volume fraction unless either the dis-

persed phase is miscible with the host medium (causing a change in the medium effective
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conductivity, as in glycerol-water mixtures), or oil is added to a level (more than 50%)
where phase inversion occurs and the system turns into a W/O emulsion where current
passages may be blocked by the continuous oil phase.

Based on the above discussion, while resistance measurements with the developed test
cell in this thesis may be used for detecting percolation in oil-continuous emulsions, this
type of measurement may not be useful in sensing oil/water ratio or phase separation in
water continuous emulsions. In O/W emulsions, even if phase separation occurs, presence
of percolated water droplets in the creamed oil-rich phase may delay or inhibit a sudden
decrease in conductivity. Therefore, the focus of this thesis is on using capacitance (per-

mittivity) measurements for determining the stability of emulsions.

3.4 PHASE SEPARATION AND EFFECTIVE PERMITTIVITY OF EMULSIONS

3.4.1 Physical process

As discussed in section B, if the geometrical structure of an emulsion film confined
between parallel plate electrodes changes, the effective dielectric constant of the emulsion
may change. In particular, as shown in figure B2, if the dispersed phase forms a creamed
or sedimented layer, the changes in the effective permittivity of the emulsion and therefore
the capacitance of the test cell will become more considerable. In this section, the forces
acting on droplets that may cause them to cream or sediment are discussed.

As shown in figure B4, the fresh O/W emulsion (figure B-4-a) forms a homogeneously
distributed two-phase system, which is best described by the Maxwell-Garnett model for
homogeneous dispersion of spherical droplets as discussed in chapter 2. However, if the
emulsion becomes unstable over time, the droplets coalesce or flocculate to form larger
drops or flocs. The larger drops/flocs of oil then move upward under buoyancy force. This
process may be explained by introducing a dimensionless parameter for comparing buoy-

ancy and interfacial forces. The Bond (Bo) number is defined as the ratio of gravitational



CHAPTER 3. ANALYTICAL AND NUMERICAL MODELING 35

to interfacial forces [92]. Assuming spherical drops (or spheroids with small aspect ratios),

the Bo number can be expressed as

B net gravitational force ApVyg
0 = =
interfacial forces 2y/R

(3.8)

where Ap is the density difference between the dispersed phase and the host medium, V
is the drop volume, R is the drop radius and 7 is the interfacial tension between the two

phases. Equation B8 can be further simplified to

_ buoyancy force per unit area _ ApgR?

Bo (3.9)

interfacial pressure 0%

As equation BY suggests, the ratio of buoyancy force per unit area to the pressure
caused by interfacial tension is proportional to R? and as the droplet size increases due to
coalescence of smaller droplets, the buoyancy force becomes more and more dominant,
resulting in upward movement of large drops and flocs. This is shown in figure B-4-b.
As the larger drops reach the top electrodes, they will be squished to spheroids under
the buoyancy force as shown in figure B4-c. Therefore, the oil-rich creamed portion of
the emulsion may be best described by Boyle’s (see chapter ) model for a mixture of
spheroidal particles in a continuous medium. As time passes, the oil-continuous portion
becomes richer in oil and may completely break (as it was the case for the decane-water
emulsions tested in this thesis) and form a completely separate layer (figure B-4-d). As
schematically illustrated in figure B4, some oil will be left in the water-continuous layer
and some droplets form a relatively more stable O/W emulsion with lower fraction of oil
in the water-continuous part.

While an emulsion system undergoes the above process, the capacitance (dielectric
constant) of the emulsion gradually changes from a homogeneous (or parallel-capacitor)
value to a much lower value close to the series-capacitor configuration. Depending on the

degree of breaking of the spheroids in the oil-rich part and the continuity of the oil-rich
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layer, the capacitance may vary. In other words, if the oil-rich emulsion completely ripens
to a pure oil layer, the capacitance will be closer to the serial value and, on the other hand,
if more water is present in the oil-rich creamed portion, the deviation from the serial-
capacitor value will be higher. This will be numerically investigated in section B3. Also,
depending on how much oil is present in the water-continuous phase, the capacitance may

deviate from the serial-capacitor model.

3.4.2 Thickness of the creamed layer as a function of capacitance

Thickness of the creamed layer is a measure of ripening of an emulsion system and a
theoretical formula relating the measured capacitance to the creamed thickness can pro-
vide a quantitative measure of how much of the dispersed phase has been separated from
the emulsion. It will be discussed in chapter B that a decay function can be fitted to ex-
perimental values of capacitance, and provide capacitance of the emulsion as a function
of time while the emulsion undergoes phase separation. With this fitted function, indus-
trially relevant emulsions can be calibrated based on how fast their capacitance decays,
and with a formula relating capacitance to the separated thickness, real-time capacitance
measurement of calibrated systems can instantly provide the separated layer thickness and
the degree of phase separation. In this section, the formula relating capacitance to the
thickness of the separated phase is derived.

As shown in figure B9, it is assumed that the oil-rich layer completely breaks and no
water is trapped in it. The permittivity of the water-continuous phase which is an O/W
emulsion is shown by €p,w, which will change as more oil creams. The permittivity of
the oil layer is denoted by €y, and the permittivity of pure water is denoted by €. The
thickness of the oil layer is denoted by d,;;, the maximum (final) oil thickness with 100%
of oil content creamed is denoted by 47/, and the total film thickness is denoted by D. The
water-continuous phase can be considered a homogeneous mixture and its permittivity can

be approximated with a parallel-capacitor model described by equation BZ2. However, the
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oil ratio of the O/W layer is not constant and decreases as more oil creams. Presenting

volume ratio in terms of thickness, the permittivity of the water-continuous phase will be

(3.10)

€oyw =

d —do_( dy* o
_— + —_
D — dm‘[ € D - doil v
The O/W film and the oil film can be considered as two capacitors in series and the
permittivity of the whole sample film can be calculated based on serial-capacitor model

(equation B3):

€o€o/w

dm' doi
(1 - %)ep + %leow)

Eoff = ( (311)

where €, is the total effective permittivity of the cell. Knowing that C = e%, the capaci-

tance of the cell will be

€0€0/w A

doi doi
(1 - %ep + Legyy) D

Cepf = ( (3.12)

where C, is the effective capacitance of the cell and A is the surface area of the electrodes.

Substituting €y, from equation B-10 into equation B-17, the effective capacitance becomes

Aeo(Dey — dyi€o + dii ep — do ey

D?ep + doid) " €0 — doyd))" €w — 2Dd,i€0 + Dd,yi€w

Cofs = (3.13)

Solving equation explicitly for d,; gives the oil thickness as a function of the

measured capacitance (C,sy):

CersD?
max _ Jmax _ eff
oil = Cefr(Dew—2Deg+d" co—d" ey) :
€o +

A€o

The calculations were done using the symbolic math software MathCad. Equation B.14
provides the oil layer thickness (degree of emulsion breaking) explicitly as a function of

the measured capacitance. Therefore, the test cell may be used to determine the degree of
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emulsion breaking based on capacitance measurements.

3.4.3 Effective permittivity as a function of degree of phase separation

Recalling equations B0 and BT, permittivity of the water-rich phase (ey,w) from equa-

tion B10 can be substituted into equation B-TT to give the effective permittivity of the

system as a function of oil layer thickness, d,;. Defining n as n = j,ﬁ’x % 100 and knowing

oil

that this parameter can be regarded as the degree of phase separation, and also recalling

- = @i, where ¢, is the total oil volume fraction in the emulsion, the effective dielec-
tric constant of the system can be presented as a function of the degree of phase separation

(1) during the phase separation process for different oil volume fractions (¢,;;). Figure B-f

illustrates the decay in the effective permittivity as a function of degree of phase separa-

doil

dmax
oil

tion (7 = ) for different oil volume fractions as the systems undergo phase separation.
Figure B.6 shows that the €, curves start at the parallel-capacitor value and decay to the
serial-capacitor value as more oil creams. It is also evident that as the oil ratio is increased,
the difference between €, s, of a well-emulsified system and a completely separated system
becomes smaller and less detectible. This is due to the fact that €, of oil is much smaller
than water and as more oil is added to the system, even the well-emulsified (parallel-plate)
permittivity becomes smaller. Therefore, the decay to the serial-capacitor value becomes

less visible. In other words, capacitance-based measurements give best results for O/W

emulsions rather than W/O emulsions.

3.5 NUMERICAL INVESTIGATION OF EMULSION PERMITTIVITY: EFFECT
OF PHASE SEPARATION AND TOPOLOGICAL STRUCTURE

3.5.1 Overview of the model

The dispersed phase of an emulsion may take numerous geometrical structures in the host

medium. The topology of the dispersed phase can be affected by parameters such as in-
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terfacial tension, presence of surface active agents, degree of emulsification and size dis-
tribution, phase separation, etc. Developing a comprehensive analytical model describing
permittivity of all possible colloidal structures is not possible. Therefore, numerical mod-
eling should be employed for shedding more light on how electric permittivity is affected
by the geometrical structure of the dispersed phase in the host medium. The results and
conclusions of this numerical study are later used in chapter B to relate the results of the
developed experimental platform to emulsion properties.

In this thesis, a finite-element model is developed in COMSOL MultiPhysics to de-
termine the static permittivity of emulsions based on different dispersion patterns of the
dispersed phase. In this 2D numerical model, two parallel plates are drawn in COMSOL
which resemble the two electrodes of the experimental setup. The dispersed phase (oil
with €=2 or 4) is placed in the continuous phase (water with €,=80) between the two
electrodes in form of droplets or separate phases. The upper electrode is given an electric
potential (V) and the lower electrode is grounded.

The governing equation of the system is the Poission’s equation:

v2g = 2L (3.15)

€
where ¢, pr, and € are electric potential, free charge density, and permittivity, respec-
tively. Since salt concentration, without charge gradients, does not affect permittivity of
water [93,94], the volumetric free charge density of water (py) is considered to be zero.

Therefore, Laplace’s equation holds in the system:
V=0 (3.16)

It is noteworthy that salt concentration may affect droplet coalescence and dispersed

phase structure, but it (with concentration below 0.01M) does not change the permittivity
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of the water phase [95-97].

The boundary conditions of the governing Laplace’s equation (equation B-18) are ¢ =
V on the top electrode (a numerical value of 1V was set for V), ¢=0 at the bottom, symme-
try on the left and right boundaries, and continuity on oil-water interfaces. An unstructured
mesh was used for discretizing the solution domain and grid independence was tested for
each solution. Figure B77 illustrates a portion of the solution domain, boundary condi-
tions and meshing for a sample case of oil droplets in water. The convergence criterion
of the numerical solution was set to 107°. The permittivity of the samples are determined
in the post-processing phase of the solution by integrating surface charge on the charged
(1V) electrode and using the following relations for calculating the permittivity (dielectric

constant) of the emulsions:

0

C== 3.17
v (3.17)

A
C = eressm (3.18)

d

or

11d
o114 3.19
Gl T Ce A (3.19)

where C is the capacitance of the film, Q is the surface charge of the capacitor, V is
the potential across the two electrodes, €, is vacuum permittivity, €..¢¢ is the effective
dielectric constant of the emulsion, A is the surface area of the electrode, and d is the
thickness of the dielectric (emulsion). The dielectric constant may also be calculated by
integrating the energy stored in the capacitor over the film volume and using the following
relation:

1

W = Ecvz (3.20)

where W is the energy stored in the capacitor. Dielectric constant can be then calculated
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from equation B-19.

Since the governing equation of the system is Laplace’s equation (the dimensionless
form is identical to the dimensional form), there is no need to run the numerical solution
based on dimensionless parameters. However, when the dielectric constant is determined,
the calculated value is dimensionless and independent of the dimensions (thickness and
surface area) of the test cell and is only a function of the permittivity of the two phases,

volume fractions, and geometrical structure of the dispersed phase.

3.5.2 Effect of droplet size

In order to study the effect of droplet size on permittivity of a two-phase system, a constant
10% volume fraction of oil (¢,=4) is placed in water (¢,=80) with different uniform sizes.
Figure B8 shows the solution of the Laplace’s equation for spherical droplets with 320pum-
diameters. In this figure, the surface colors and contours represent the electric potential
and the vectors (perpendicular to the potential contours) represent the electric field. As
illustrated in figure B, the relatively large diameter of the droplets causes large distortions
and changes in the electric potential and field. On the other hand, as illustrated in figure
B9, the electric potential and field are less distorted and changed if the droplets are smaller.
Figure B9 shows the electric potential contours for 10% oil in water emulsion with 25 pm-
diameter droplets. It is observed that smaller droplets cause less distortion in the electric
potential. Field vectors are not shown, however, being perpendicular to the potential field,
field vectors show small distortion as well. Since permittivity is physically defined based
on the ability of a medium to transmit (permit) electric field, the distortion pattern of the
electric field by the dispersed droplets directly affects the permittivity of the medium.

To investigate the effect of droplet size on permittivity in a quantitative fashion, differ-
ent grids of droplets (m rows X n columns, with m and n changed between 1 to 6 and 6 to
300, respectively) were modeled between the two parallel plates keeping the oil ratio con-

stant. It was found that if the droplets (initially 6x300) coalesce to form fewer number of
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rows between the two electrodes (for instance, to form a 3x300 grid), the permittivity de-
creases. On the other hand, it was found that if the droplets coalesce to form fewer number
of columns (for instance, to form a 6x100), permittivity increases. This behavior is illus-
trated in figure BT that shows the dielectric constant as a function of volume-to-surface
ratio of droplets.

In conclusion, although EIS can be applied in micro-scale for sensing micro-scale
phenomena such as biological processes or bacterial activity, [13,74-77,80], it was shown
that for investigating bulk oil-water emulsions, the EIS test cell and sample thickness need
to be at least one order of magnitude larger than the droplets dispersed in the system.
Therefore, for emulsions with droplet size ranging between 10 um to 1000pwm, micro-
scale EIS is flawed. On the other hand, it was shown that bulk properties can be captured
by EIS sensors with sample thicknesses 1-10 orders of magnitude larger than droplet size.
Therefore, test cells with milli-fluidic scale thickness can be employed for applying EIS to
emulsion studies. Larger sample size may necessitate larger signal amplitudes to increase
signal-to-noise ratio, which may, in turn, disturb the emulsion system and add errors to the

EIS measurement.

3.5.3 Effect of creaming (sedimentation)

In section B4, an analytical model was developed to relate capacitance of the cell to
the thickness of the oil layer as creaming causes the oil layer to grow. However, it was
assumed that the creamed layer does not contain any water. In this section, different cases
of partial creaming (sedimentation) of the oil phase are studied to investigate permittivity
during creaming process considering the fact that some water is also present in the oil-rich
phase. In other words, in this section, ripening phenomena and the degree of emulsion
breaking in the oil-rich creamed phase and its effect on permittivity are studied.

As schematically shown in figure B3, some water may be trapped in the oil-rich

creamed phase that can affect the permittivity of the system. A packing factor (P.F.) is de-
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- P i1 volume in the oil-rich ph .
fined in the oil-rich film as P.F. = -2 volure in the ollrich phase  o5reqenting the amount
Total volume of the oil-rich phase

of water or degree of emulsion breaking in the oil-rich layer. Variation of capacitance for
different packing factors is studied in a 10% O/W emulsion. The squished droplets are
approximated by 4 layers of rectangles and the packing factor is implemented by chang-
ing the distance between layers of rectangles (for example distance=0 for P.F.=1). In the
water-rich phase, well-emulsified parallel-capacitor model is used to determine €,. Figure
BT shows the geometry and mesh of an example case where 80% of the total oil has
creamed with a packing factor of P.F. = 0.4, and figure shows the electric potential
contours of the same case.

The variation of permittivity versus the amount of creamed oil is acquired for different
packing factors in the creamed layer during phase separation and is illustrated in figure
B13. It is noteworthy that for P.F.=1 (the case where no water is trapped in the oil-rich
layer), the curve shown in figure B13 is the same as the curve for ¢,; = 0.1 in figure B6.
Figure shows that as the emulsion undergos phase separation, if some water is trapped
in the creamed oil layer, the permittivity of the system does not reach the serial-capacitor
value. In other words, the more the oil-rich phase breaks into a layer of pure oil, the closer
the system becomes to serial-capacitor model.

In the numerical simulations, by solving the Laplace’s equation for different droplet
sizes, it was observed that if the thickness of the EIS test cell is of the same order of mag-
nitude as the droplet size of the tested emulsion, the distortions in the field will be so high
that the bulk properties of the emulsion may not be detectible. It was also observed that
if the amount of water in the oil-rich creamed phase of an emulsion is negligible, the per-
mittivity of the system can be formulated based on the serial-capacitor model. However,
if some water gets trapped in the oil-rich layer, the permittivity decays to a larger value
than the serial value. The effect of degree of phase separation (the amount of creamed oil)
on permittivity was analytically investigated in section and the effect of presence of

water in the oil-rich layer was numerically studied in section B373.
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3.6 ANALYSIS OF THE EXPERIMENTAL DATA WITH EQUIVALENT CIR-
CUIT MODELING

3.6.1 Overview

The result of electrochemical impedance spectroscopy is a set of data showing the variation
of complex impedance with frequency in the frequency range of the measurements. The
data provided by EIS can be interpreted in a qualitative fashion based on the physical
properties revealed by different curves in Bode or Nyquist plots. However, most thorough
and informative interpretation of EIS data is only possible by quantitative modeling. In
this thesis, equivalent circuit (EC) modeling has been used to quantify the EIS results
in form of electrical element values. In this section, the scheme of fitting an equivalent
circuit to the EIS spectrum and the algorithm used for fitting, the equivalent circuits used
for modeling the experimental data and the rationale behind the choice of the ECs, and the
method for modeling the electrode-sample interface polarization and subtracting that from

the bulk properties are explained.

3.6.2 Fitting scheme

One of the most commonly used methods of modeling the EIS data is “equivalent circuit”
modeling. In the first step of this method, an electrical circuit which produces a frequency
response similar to that of the electrochemical system is selected. The electrical circuit
is chosen based on the physical and electrochemical properties of the studied sample. In
the second step, the values of the model parameters (circuit elements) are determined by
carrying out a fitting algorithm, i.e., minimization of the difference between experimental
data and the model values by changing the model parameters (circuit element values).
The most widely used minimization method is the Complex Non-linear Least Squares

(CNLS) [89] method. In CNLS, the complex sum of squares defined in equation BZ1I:
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is to be minimized [89, 98]. In equation B21], Z/

i,experiment

real and imaginary parts of the complex impedance, respectively, while Z

,and Z”

i,model

’

are the real and imaginary parts of the impedance calculated based on the model. w!
and w’ are statistical weights. Statistical wights can be set inversely proportional to the
experimental or calculated values to bring the effect of extremely large or small values to
the same order of magnitude. Due to the iterative nature of minimization, the statistical
weights can be set as unity without any significant effect on the converged values.

The minimization is often carried out by application of the Levenberg-Marquard [89]
algorithm. The LEVM software package developed by MacDonald [99] embedded in SAI
ZView software is used to fit the EIS data to the equivalent circuit models in this thesis.
Also, a custom equivalent circuit fitting code was developed for this study in MATLAB,
which is capable of fitting any equivalent circuit to experimental data. Unlike LEVM, it is
possible in the custom program to modify the statistical weights (w! and w!’) of equation
BZT for fitting. The MATLAB program is attached in Appendix B. Due to the fact that
LEVM is embedded in ZPlot and ZView software packages, this program is used for fitting
EC models to experimental measurements.

In modeling impedance data with equivalent circuits, it should be noted that the mini-
mization algorithm is dependent on the initial guess values. Therefore, not only should the
equivalent circuit be consistent with the physics of the experimental system being stud-
ied, but also the model and the residuals should be monitored to verify convergence to
the experimental data. Moreover, it should be noted that the eventual objective of equiva-
lent circuit modeling is to model a real electrochemical system with electrical circuits and

the corresponding circuit element values based on EIS data. Therefore, in order for the
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model to be informative and helpful in terms of describing the electrochemical system, the
electrical model should be kept as simple as possible so that interpretation of the circuit

element values becomes possible.

3.6.3 Choice of the equivalent circuit

Physically, a film of oil-water emulsion can be viewed as a leaky dielectric, i.e. a medium
with limited capability of conducting current, and at the same time, capability of transmit-
ting electric field. Therefore, the first candidate for equivalent circuit of the system is a

parallel R|C circuit. The transfer function of such a circuit is

-Rj/wC

Ipc = ———— 3.22
e (3.22)

or
R R2 Cw

Zrc = +{-
v = RCor 71 (RCw) + 1"/

(3.23)

where j is the unit imaginary number. The typical Nyquist and Bode plots of a parallel
R|C circuit for a frequency spectrum ranging from zero to infinity are schematically shown
in figures 314 to BT8.

Unlike a parallel R|C circuit, in the experimental EIS measurements, the semicircle
does not start from the origin. This can be attributed to the resistance in the leads and
electrodes, R; in series with the R|C circuit. Also, in the experimental results, an increase
in the phase of the impedance in lower frequencies was observed ending at a constant
phase at the lowest frequencies. This type of behavior, which is caused by the electrode-
electrolyte interface polarization [22,23,58,59], can be best modeled by adding a constant-
phase-element (CPE) [8,9, 61, 62] to the circuit. A CPE is an artificial electric element

which does not have a real physical counterpart but is found useful in modeling electrode
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surface properties in EIS of electrochemical systems. The impedance of a CPE is

1

Quw'e 2"

Zepp = (3.24)

where Q and n are frequency independent. Q of a CPE is similar to capacitance of a
capacitor. If n=1, the CPE becomes identical to a capacitor and if n=0, the CPE becomes
a pure resistor.

Based on the above discussion, the equivalent circuit selected for interpreting the ex-
perimental data consists of a resistor (R;) in series with a parallel R|C, in series with a
constant phase element (CPE), representing the leads resistance, sample permittivity and
resistance, and low-frequency electrode surface polarization, respectively. The equivalent
circuit and the physical counterpart of each element of it are illustrated in figure B172.
Sjoblom [8] proposes a similar circuit for EIS of conductive media, with a capacitor (a
specific form of a CPE) instead of a CPE for modeling the electrode polarization, but our
experiments show that the CPE is a better model than a capacitor. Sjoblom [8] mentions
that the element modeling the electrode polarization greatly depends on the electrode, as
well as electrode-electrolyte interaction and a general circuit cannot be prescribed. The
typical Nyquist and Bode plots of the circuit for a frequency spectrum ranging from zero
to infinity are schematically illustrated in figures BIX to (for a CPE with Q = 10°C)
and figures B211 to (for a CPE with Q = 10%C). After circuit element values are
determined by the fitting algorithm, the equivalent circuit chosen (figure B-T7) shows an

excellent fit to the experimental data of the systems tested in this thesis.

3.6.4 Modeling the low-frequency electrode-sample interface polarization

As stated in chapter [, one of the main contributions of this thesis is to investigate the
fabrication of an inexpensive experimental platform for applying EIS to characterization

of liquid-liquid systems. To achieve this goal, the setup was designed and fabricated as
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a two-electrode EIS platform. The main barrier to applying EIS to conductive media is
that the polarization effects in the close vicinity of the electrodes may outweigh the sam-
ple “bulk” properties [5, 15]. This problem specifically arises in micro-fluidic applications
of EIS when the physical thickness and the Debye length of the polarized layer near the
electrodes become considerable compared to the total sample length. As mentioned in
the previous section, the equivalent circuit shown in figure BT (also see [8]) is capable
of simulating both bulk sample properties and electrode polarization. When fitted to the
experimental data, the magnitude of the CPE (Q) is found to be at least 2 orders of mag-
nitude larger than the magnitude of the capacitance (C) in the R|C circuit representing the
emulsion film. Since Q and C are both in the denominator of the element impedance and
are multiplied by w (see equations and B24)), the CPE effect on the impedance only
becomes considerable in low frequencies (two orders of magnitude smaller compared to
the R|C frequency range of effect). Therefore, the CPE represents the low-frequency data.
As a result, it is reasonable to assume that the CPE is actually the representative of the
low-frequency electrode surface polarization and the R|C represents the sample proper-
ties. In other words, after fitting the EC shown in figure 317 to the measurements and
finding the circuit element values, the R and C can be related to the emulsion properties.
The Nyquist and Bode plots may be re-generated for an R|C circuit with the found values
(not including the CPE and R; elements) to show the pure behavior of the emulsion in the
whole frequency range. However, as discussed above, the result would be identical to the
high-frequency portion of the original plots. Therefore, high frequency data can be used
for analyzing emulsion properties. In chapter B, four-electrode measurement has been ap-
plied to special cases and it is found that results from two-electrode measurements with
the above-discussed correction for low-frequency electrode polarization are in agreement
with four-electrode measurements where electrode surface polarization does not affect the

system considerably.
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3.7 Conclusions

In this chapter, by numerical investigation of the effect of droplet size on permittivity, it
was shown that EIS in micro scale, especially permittivity measurement in micro scale, is
fundamentally flawed because of the fact that when the droplet diameter is of the same or-
der of magnitude as the sample thickness, the electric field is affected by the droplet to the
extent that bulk properties may be outweighed. Therefore, in this thesis, a larger “milli-
fluidic” scale (at least one order of magnitude larger than the droplet size) is used. While
EIS is traditionally applied to W/O emulsions, it can also be applied to O/W emulsions
for characterization of water-rich industrial liquids, for instance for monitoring organic
content during water treatment processes. In fact, it was shown that sensing phase separa-
tion through permittivity measurement can be more conformably done in O/W emulsions
because the phase separation-driven decay of permittivity is more visible in water-rich
emulsions than oil-rich ones (see figure B6). As mentioned in chapter I, one of the main
barriers of applying EIS to O/W emulsions is the low-frequency electrode polarization,
especially in micro scale EIS where the thickness of the polarized layer on the electrodes
becomes more considerable. This effect is modeled with a CPE and the high-frequency

data is modeled with an R|C circuit to represent the sample emulsion film.
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i Homogenous models such as
Boyle and M axwell-Gar nett model

i Par allel-capacitor model

iii Serial-capacitor model

iv

Brick-wall capacitor model (1)

Brick-wall capacitor model (2)

Figure 3.1: Schematic of the extreme cases of dispersed phase distribution in host medium
and corresponding capacitor analogy. i: Homogeneously distributed, ii: Columnar config-
uration, #ii: Laminar configuration, iv: Brick-wall configuration - model 1, and v: Brick-
wall configuration - model 2.



CHAPTER 3. ANALYTICAL AND NUMERICAL MODELING 51

1 1 1 1 1
Parallel capacitor model
Boyle Model

Brick wall model 1
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Figure 3.2: Dielectric constant of oil (¢,=2)-water (€,=80) emulsions with different oil
contents based on different homogeneous-mixture and multiple-capacitor models
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Figure 3.3: Schematic representation of percolation behavior in oil-continuous (W/O)
emulsions. An abrupt increase in conductivity is a sign of the onset of percolation. The
blue droplets show the water (electrolyte) phase and the orange medium shows the oil
phase. (a) Low volume fraction of the dispersed electrolyte. (b) Adding more electrolyte
causes more droplets to attach/coalesce. (c) When percolation happens, multiple current
passages made of electrolyte form.
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Figure 3.4: Schematic illustration of partial phase separation and creaming of the dispersed
phase. The orange droplets show the oil phase and the blue medium shows the water phase.
(a) Fresh emulsion, (b) Coalescence of droplets, (c) Large droplets move upwards under
buoyancy force and are squished to spheroids when touching the upper electrode, (d) The
separated phase creams at the upper electrode and as the oil-rich phase breaks, the system
approaches the laminar (serial capacitors) structure.
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Figure 3.5: Schematic illustration of the growth of the oil layer as the emulsion undergoes
phase separation. €y is oil permittivity, €o,w 1s the permittivity of the water-rich phase, D
is the total film thickness, d,; is the oil layer thickness, and d”'/" is the final thickness of the
oil layer. (a) The oil thickness grows gradually. (b) If all the oil creams up, the thickness
reaches d”¢*

oil
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Figure 3.6: Dielectric constant €, versus degree of phase separation (n =

Yolune of separated (creaned) oil) for different total oil volume fractions.
otal volume of oil
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Figure 3.7: Geometry and unstructured mesh of the finite-element model for solving
Laplace’s equation for electric field in emulsions confined between two parallel plates
(similar geometry to the test setup). The figure shows a portion of the solution domain.
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Figure 3.8: Electric potential (contours and surface colors) and electric field (vectors) of
an emulsion with droplet size in the same order of magnitude as sample thickness. The
diameter of the droplets is 320um. Droplets are oil with €, = 4 and the medium is water
with €, = 80
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Figure 3.10: Dielectric constant of emulsions as a function of volume-to-surface ratio of
droplets for different coalescence modes.
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Figure 3.14: Schematic Nyquist plot of an R|C circuit in a frequency spectrum ranging
from O to infinity.
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Figure 3.15: Schematic magnitude Bode plot of an R|C circuit in a frequency spectrum
ranging from O to infinity.



CHAPTER 3. ANALYTICAL AND NUMERICAL MODELING 65

90 |
R
VWA
- ||
D@ C
0_
0

Frequency

Figure 3.16: Schematic phase Bode plot of an R|C circuit in a frequency spectrum ranging
from O to infinity.
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Figure 3.17: The equivalent circuit used for quantitative interpretation of the EIS mea-
surements. The R|C represents the emulsion properties, the CPE represents the electrode

surface polarization in low frequencies, and R; represents the leads and electrodes resis-
tance.




CHAPTER 3. ANALYTICAL AND NUMERICAL MODELING 67

Imaginary part
X
N

0 R
Real part

Figure 3.18: Schematic Nyquist plot of the R — R|C — CPE circuit in a frequency spectrum
ranging from O to infinity for a CPE with Q = 10°C.
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Figure 3.19: Schematic magnitude Bode plot of the R — R|C — CPE circuit in a frequency
spectrum ranging from O to infinity for a CPE with Q = 10°C.
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Figure 3.20: Schematic phase Bode plot of the R — R|C — CPE circuit in a frequency
spectrum ranging from O to infinity for a CPE with Q = 10°C.
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Figure 3.21: Schematic Nyquist plot of the R — R|C — CPE circuit in a frequency spectrum
ranging from O to infinity for a CPE with Q = 10*C.
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Figure 3.22: Schematic magnitude Bode plot of the R — R|C — CPE circuit in a frequency
spectrum ranging from O to infinity for a CPE with Q = 10°C.
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Figure 3.23: Schematic phase Bode plot of the R — R|C — CPE circuit in a frequency
spectrum ranging from O to infinity for a CPE with Q = 10*C.



CHAPTER 4

EXPERIMENTAL METHODOLOGY

4.1 INTRODUCTION

s stated in chapter [, one goal of this thesis is to introduce an inexpensive, easily
Afabricated, disposable, yet robust, experimental setup that ensures repeatable EIS
experiments and reliable measurements. To achieve this goal, a “milli-fluidic” (as opposed
to micro-fluidic) parallel-plate design is conceptualized for the test cell and is fabricated
using 3D printing technology after a few steps of optimization. Different physical prop-
erties of the test fixture that can potentially affect the impedance response of the samples
are then tested. In this chapter, the details of the experimental design, the specifications of
the experimental procedure, the rationale behind the decisions made for different charac-
teristics of the test setup (including the length scale of the test cell and sample thickness),
and calibration of the test cell (the impedance of the leads and the dry capacitance of the
cell) are explained. Also, the sample preparation process for investigating emulsions is
discussed. Some aspects of the experimental setup design that need to be discussed with
detailed results and discussion are introduced in this chapter and discussed in more details

in chapter B.
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4.2 DESIGN OF THE EXPERIMENTAL SETUP

4.2.1 Overview

Figure BT shows the schematic representation of the experimental setup that was devel-
oped for performing two-electrode electrochemical impedance spectroscopy. The sample,
in the form of thin films with thicknesses ranging from 500um to 5Smm (hence, the sys-
tem is called “milli-fluidic”), is placed between two electrodes as schematically shown in
figure B1l. The surface area of the test cell is 45SmmXx20mm. The electrodes that were
initially used are made of glass with indium tin oxide (ITO) coating (Prazisions Glass &
Optik) to allow optical microscopy of the samples. However, electrodes made from other
materials were also tested and the effect of the electrode material on the EIS results is
investigated and discussed in chapterf. The electrodes are connected to voltage genera-
tion and measurement ports of the frequency response analyzer (FRA), Solartron 1260,
(Solartron Analytical) via shielded leads. To minimize the stray impedance caused by
high frequency current in the test cell and the leads, and also to avoid interference of the
electro-magnetic fields surrounding the leads, the shields of the leads are short-circuited
together as demonstrated in figure Bl in dashed lines coming out of the FRA. The FRA
was connected to a computer via a GPIB cable for data acquisition. The FRA is controlled
by the ZPlot software for performing frequency sweep. Figure shows a photograph of
the test setup (the test cell and the measurement apparatus). As illustrated in figure &7,

the electrodes are connected to the leads with short (below Scm) copper strips.

4.2.2 Sample Holders Design

To ensure reproducible experiments and reliable results, sample holders must allow easy
and invariant loading of samples with desired thicknesses. Also, sample holders must al-
low avoiding air bubbles in the test cell for air bubbles dramatically change the resistance

and capacitance of the test cell. The sample holders were designed using the commercial
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solid design software, SolidWorks. Figure B3 shows the initial design of the sample hold-
ers. The design shown in figure B3 was modified to the final design (shown in figure B-4)
which allows seeing through the test chamber. The electrodes are placed in the designed
position and the sample is placed between the two electrodes and is confined between them
using spacers with desired thicknesses. The holders are then pressed against one another
by tightening screws. The modified design of the sample holders (figure &4) has two ben-
efits compared to the initial design: first, it allows optical microscopy of the samples, and
second, the experimenter can see through the cell and make sure there are no air bubbles
trapped in the cell. The modified design was used for performing all experiments. Figure
B demonstrates the drawings of the sample holder parts (top holder is shown) and figure

Ad shows the photograph of the test cell (sample holders).

4.2.3 Electrode Separation Distance

As discussed in chapters [l and B, for characterizing emulsions with the EIS technique, care
should be given to choosing the appropriate length scale for the sample dimensions and
electrode clearance. Based on numerical simulations, it was shown in chapter3 that if the
sample thickness is in the same order of magnitude as the droplet diameter in the emulsion,
the electric field gets distorted by the droplets so intensely that the bulk characteristics of
the emulsions, that are determined by physical attributes such as droplet size distribution,
are not detectable. On the other hand, if the clearance of the electrodes is too large, the
signal-to-noise ratio will be too small unless a larger-amplitude input wave is applied,
which in turn, adds an important artifact to the experiments by disturbing the sample, for
example by causing the droplets to coalesce under strong electric fields and potentials.
Based on the above discussion, the length scale for electrode separation distance that can
reflect the bulk properties of the emulsions under investigation, is chosen to be 500 um to
5 mm and therefore, the test cell is referred to as a milli-fluidic rather than a micro-fluidic

system. The mean droplet size for the emulsions investigated is around 10 um (see section
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A74). The effect of sample thickness on the EIS response is discussed in chapter B.

In this work, the electrodes are separated using plastic spacers with the desired thick-
nesses. The spacers are hollow rectangles which form the test chamber between a 2mm-
wide enclosing wall. The width of the spacer allows avoiding fringing effect in the test

chamber and ensure a uniform electric field inside the test chamber.

4.2.4 Four-electrode configuration

The setup was designed and fabricated as a two-electrode EIS platform. The main barrier
to applying EIS to conductive media is that the polarization effects in the close vicinity of
the electrodes may outweigh the sample “bulk™ properties [5, 15]. This problem specifi-
cally arises in micro-fluidic applications of EIS when the physical thickness and the Debye
length of the polarized layer near the electrodes become considerable compared to the to-
tal sample length. In this study, the distance between the electrodes, or in other words
the milli-fluidic nature of the test cell, reduces some of the electrode polarization effects.
However, at low frequencies, the electrode-sample interface polarization may still be con-
siderable. The main technique used in this thesis to avoid the experimental artifact caused
by the electrode surface polarization is to correct the low-frequency polarization-affected
impedance data by adding a constant phase element (CPE) in series with the R|C circuit
(representing the sample) to account for the lower frequencies and model the polarization.
In other words, the R|C circuit represents sample properties in higher frequencies and the
CPE represents low-frequency electrode polarization. This approach was explained in de-
tails in chapter B. In order to ensure the reliability of the two-electrode measurements,
the clean mixture (glycerol-water) experiments were repeated with a four-electrode setup
(first suggested by Schwan and Ferris [63]) as well.

In 2-terminal EIS, the measurements of potential is carried out on the same electrodes
that are designated to carry the input wave. Therefore, the electrode polarization on

the current-carrier electrodes may affect the potential measurements. However, in four-
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electrode measurements [63, 64], the potential is measured on separate electrodes. This
technique allows using higher potentials in the current-carrier electrodes and using lower
frequencies in samples with higher ionic strength without facing the electrode polariza-
tion problem on the measurement electrodes. However, as explained in chapter [, there
are two drawbacks in using the 4-terminal technique. The first disadvantage is, if the
measurement terminals are needle-shaped electrodes, they will only measure the potential
at specific points in the sample while the blocking surface or mesh electrodes measure
a surface average potential, and if the electrodes are chosen to be blocking surfaces or
meshes, they will distort the electric field considerably and add an artifact to the exper-
iments themselves. The second disadvantage is that the presence of extra electrodes in
the system adds to the complexity of manufacturing an industrially applicable test cell. In
this project, 4-electrode measurements are carried out for clean mixtures and are later (in
chapter B) compared to the two-electrode results to assess the reliability of the test cell and
the measurements. In this section, the design of the 4-terminal configuration is explained.
The same sample holders used for two-electrode measurements were used for 4-terminal
experiments as well. Based on the method used by Lvovich et. al. [16] and Padmaraj et.
al. [100], mesh electrodes were used as measurement electrodes. The samples were placed
between two blocking surface electrodes (current carrier electrodes) while the two mesh
electrodes (measurement electrodes) were placed between the two current carrier elec-
trodes as shown schematically in figure 7. Both sides of the mesh electrodes were in
contact with the samples and the sample was allowed to pass through the mesh electrodes
when being placed into the cell. Since the potential measurement electrodes are connected
to high-impedance terminals of the FRA, and are not subject to electrical current or polar-
ization, the electrode material and surface properties can be selected with more flexibility.
The mesh electrodes used in this project are 35-mesh (500 microns) stainless steel (SAE
1020) woven wires with 500 um thickness and the same surface area dimensions as the

current-carrier electrodes (45Smmx20mm). Figure B8 shows the photograph of the mesh
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electrodes.

4.3 FABRICATION OF THE EXPERIMENTAL SETUP

As stated in chapter [, studying emulsions has been attempted in micro-scale [13, 101]
mainly to investigate the breakdown of the nano-scale film forming between droplets.
While micro-fluidic approach may reveal unknown physics of emulsions, fabrication of
micro-fluidic test setups is associated with numerous difficulties and expensive time con-
suming processes. Moreover, micro-fluidic chips are prone to fouling when used with
industrially relevant liquids. On the other side of the spectrum, test cells that are used for
bulk EIS of emulsions are expensive experimental setups that need to be cleaned after each
run, which makes the application difficult for highly viscous and sticky industrial samples.
In this work, the milli-fluidic design allows fabrication of the sample holders with 3D
printing technology which provides a much simpler, less expensive, and faster fabrication
process compared to the fabrication process of micro-fluidic chips. Also, the inexpensive
fabrication process allows disposing of the test cell after testing viscous or sticky industrial
samples. In other words, the milli-fluidic design does not have the disadvantage of being
fouled due to the capability of being fabricated using 3D printing technology. In this thesis
project, the design files of the sample holders with a “.STL” extension were exported to
the ObJet Eden350/350V 3D printer and up to 10 samples were fabricated in less than 3
hours. The material used for fabrication is Vero Gray™resin. However, any plastic mate-
rial that is not too soft for tapping screw threads and is compatible with the 3D printing

device can be used for the fabrication process.

4.4 CHOICE OF ELECTRODE MATERIAL

As discussed in chapter B, one of the difficulties of EIS for conductive media is polariza-

tion on electrode-sample interface in relatively low frequencies. The polarization can be



CHAPTER 4. EXPERIMENTAL METHODOLOGY 79

affected by the electrode material and/or surface properties. The effect of electrode mate-
rial on the EIS response of the conductive samples (KCI solutions) is investigated in detail
in the results and discussion chapter (). In order to be able to see through the test cell
and ascertain that no air bubble is trapped in the cell, indium tin oxide (ITO) coated glass
(Prazisions Glass & Optik) chips were used as electrodes in all experiments (except the
experiments studying the effect of electrode material). Being transparent and conductive
inside, the ITO-coated glass electrodes allow optical microscopy of the samples while be-
ing studied with EIS or being subject to strong electric fields (not the topic of this thesis)

to study coalescence of the droplets under electric fields.

4.5 SPECIFICATIONS OF THE ELECTROCHEMICAL IMPEDANCE SPEC-
TROSCOPY

A sinusoidal electric signal with an amplitude of 10mV was applied to the cell using the
Solartron 1260 FRA, and frequency was swept between 10 MHz to 0.1 Hz. The typical
semi-circular Nyquist plot representing the relaxation behavior of emulsions was observed
in this range. The accuracy of the impedance measurement at each single frequency was
0.1% (according to Solartron 1260 gain phase analyzer specifications), and the effect of
possible relaxation-related errors in the frequency range of the measurements is reflected
in the error bars for the effective values of capacitance or resistance. A comprehensive
standard operating procedure (SOP) of the EIS experiments including the appropriate con-

nection of the electrodes to the FRA is provided in Appendix Al

4.6 IMPEDANCE OF THE LEADS AND DRY CAPACITANCE OF THE CELL

4.6.1 Impedance of the leads

In order to calibrate the experimental setup, the impedance of the system with short-

circuited electrodes was measured. Figure B9 shows the impedance of the leads, elec-
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trodes, and copper strips combined. The measurements were performed with fresh copper
strips as well as wrinkled and twisted ones with different lengths using both an Ohm me-
ter and the FRA (5 measurements each). As shown in figure B9, the resistance of the
leads, electrodes and copper strips does not exceed 40€Q2 while the resistance of the sam-
ples placed in the test cell (see chapter B) are normally at least one order of magnitude
larger than that. It is also noteworthy that for electric potential measurement, the refer-
ence terminals of the Solartron 1260 provide a high impedance of 100GQ2 (Solartron 1260

manual).

4.6.2 Dry capacitance of the test cell

As part of the calibration process of the test cell, the capacitance of the dry cell (with a
500um spacer) was measured using the FRA. Figures B10 to B2 illustrate the Nyquist
and Bode plots for the frequency response of the dry cell. A parallel R|C circuit was used
to model the dry cell data. The capacitance and resistance of the dry cell are as follows:

R@Q |C®H
1.18x10' | 5.58x107 !

Assuming a dielectric constant of 3 for the plastic spacer and modeling the air sam-
ple as a capacitor in parallel with the spacer, the capacitance of the air sample will be
1.75309x 10! which corresponds to a dielectric constant of 1.081. The relative humidity
of air in the lab during the experiments was measured 30%. The measured dielectric con-
stant of air is in agreement with the studies ( [102] and [103]) that investigated the effect

of RH on permittivity of air.

4.7 SAMPLE PREPARATION AND PROPERTIES

In this project, three types of samples were prepared for different experiments: clean mix-

tures (glycerol-water), decane-water emulsions, and castor-oil-water emulsions. In this
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section, the sample preparation process and the emulsion size distribution for fresh emul-

sions is presented.

4.7.1 Glycerol-water mixtures

Glycerol with 99% purity (Sigma Aldrich 99% for Molecular Biology) was added to water
(with different concentrations of KCl) drop wise in a 250mL beaker while being stirred by
a magnetic stirrer at 600rpm for approximately 10 minutes. Glycerol contents of 0% to
100% was used for the experiments. The stirring results in clean homogenous mixtures of

glycerol-water.

4.7.2 Decane-water emulsions

In order to prepare decane-water emulsions, first the emulsifying agent, Tween 80 (Polysor-
bate 80, Fisher Scientific), was added drop wise to water (with different concentrations of
KCI) while being stirred at 700rpm until visually dissolved and for 10 minutes thereafter.
Different concentrations of Tween (0CMC to 20CMC with CMC of Tween being 13-15
mg/L [104]) was used to achieve different levels of stability in the decane-in-water emul-
sions to test the ability of the EIS test cell in sensing phase separation. After dissolving
Tween 80 in water, decane (99% Fisher Scientific - CH3(CH,)sCH3) was added drop wise
to water-salt-Tween solution while being stirred at 700rpm. Then the mixtures were ho-
mogenized for 20 minutes using IKA T25 Digital Ultra-Turrax homogenizer at 13000rpm
with the tip of the homogenizer 2cm above the bottom of the beakers. For decane contents
of more than 50% (water-in-decane emulsions), Tegopren 700 (GoldSchmidt Chemical -
Evonik Industries) with concentration of 1 CMC (CMC of Tegopren 700 is 0.05mM [105])
was dissolved in decane and then added to the water-KCl-Tween solution. The rest of the
preparation process was unchanged. The surfactant dosages were chosen to make the
samples stable enough so that they wouldn’t undergo quick phase separation before the

experiments, but at the same time not too stable, so that the capability of the developed
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device for sensing phase separation would be tested in reasonable time spans. Some un-

homogenized samples were tested as well.

4.7.3 Castor oil-water emulsions

As castor oil showed higher stability in water, lower Tween 80 dosages were used to stabi-
lize the emulsions. Tween 80 with concentrations between 0CMC to 2CMC was dissolved
in water as described in the previous section. Castor oil (Sigma Aldrich) was added drop
wise to the solution and then homogenized as described above. Emulsions with oil con-

tents up to 10% were prepared.

4.7.4 Size distribution of the emulsions

the size distribution of the oil droplets dispersed in water was acquired by light scattering
measurements using the Mastersizer 2000 (Malvern Instruments). Since this device uti-
lizes water-based dilution for size distribution, it will not give reliable results for oil-rich
emulsions. Therefore, size distribution measurement has only been done for water-rich
emulsions.

Figures to B9 illustrate the measured size distribution for decane-water emul-
sions with different surfactant dosages. The emulsion with O concentration of surfactant
showed quick phase separation, however, all size distribution measurements were done
right after emulsion preparation and hence, the emulsions were all fresh and no observable
phase separation occurred by the time the size distribution measurement was completed.

Figures BT6 to BEIX illustrate the size distribution of castor oil-water emulsions.
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Figure 4.1: Scheme of the experimental platform for performing two-electrode electro-
chemical impedance spectroscopy. i, ii: Electrodes, iii: Sample, iv: Leads and connections
(dotted lines coming out of the FRA show the shields of the leads shorted, dashed lines
show the measurement leads and solid lines represent current carrier leads), v: Frequency
Response Analyzer (FRA), Solartron 1260, vi: Computer with ZPlot software to control

the FRA, vii:GPIB.
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Figure 4.2: Photograph of the experimental setup showing the test cell (sample holders),
the FRA, and the PC used for controlling the FRA.
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Figure 4.3: Schematic of the initial design for the sample holders. i: top holder, ii: top
electrode, iii: spacer (shim), iv: bottom electrode, v: bottom holder.
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Figure 4.4: Schematic of the sample holders and the test setup allowing optical mi-
croscopy. i: top holder, ii: top electrode, iii: spacer (shim), iv: bottom electrode, v:

bottom holder.
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Figure 4.5: Drawings (front-top-right) of the sample holders (dimensions are in millime-
ter).
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Figure 4.6: Photograph of the the test cell (sample holders).
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Figure 4.7: Schematic view of the 4-electrode setup used for EIS. i:top holder, ii: top
current carrier electrode, iii: spacer, iv: top measurement (mesh) electrode, v: spacer, vi:
bottom measurement (mesh) electrode, vii: bottom current carrier electrode, ix:bottom
holder.
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Figure 4.8: Photograph of the the mesh electrodes. a- mesh electrodes and the test cell
and b- a mesh electrode.
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Figure 4.9: Resistance of the leads, electrodes, and copper strips of the test cell.
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Figure 4.10: Nyquist plot of the dry test cell.
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Figure 4.11: Bode plot (magnitude) of the dry test cell.
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Figure 4.12: Bode plot (phase) of the dry test cell.
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Figure 4.13: Size distribution of fresh decane-water emulsions without surfactants.
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Figure 4.14: Size distribution of fresh decane-water emulsions with 1CMC of Tween80.
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Figure 4.15: Size distribution of fresh decane-water emulsions with 20CMC of Tween80.
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Figure 4.16: Size distribution of fresh castor oil-water emulsions without surfactants.
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Figure 4.17: Size distribution of fresh castor oil-water emulsions with 0.1CMC of
Tween80.
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Figure 4.18: Size distribution of fresh castor oil-water emulsions with 2CMC of Tween80.



CHAPTER 5

EXPERIMENTAL RESULTS AND DISCUSSION

5.1 INTRODUCTION

t was shown in chapter B that EIS can be applied to O/W emulsions where oil/wa-
Iter ratio as well as phase separation dynamics affect permittivity and therefore can be
captured by EIS. It was further shown that in EIS, in order for the bulk properties to be
measured, the test cell needs to be at least an order of magnitude larger than droplet size of
the emulsion. In chapter B, a “milli-fluidic” experimental setup for EIS of liquids was in-
troduced and the resistance of the leads and electrodes, as well as the dry capacitance of the
test cell was discussed. In this chapter, the capability of the developed device in estimat-
ing electrical properties of complex liquids is assessed through extensive experiments. As
part of developing this experimental platform, different parameters and design decisions
that can affect the EIS measurements are studied. Different samples including salt-water
electrolytes, clean liquid-liquid mixtures (glycerol-water), and model oil-water emulsions
have been tested. One main focus of this chapter is to study the electrical properties (re-
sistance and capacitance) of oil-water emulsions during phase separation and investigate

the application of dielectric measurements in sensing phase separation.
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5.2 SALT-WATER ELECTROLYTES

5.2.1 Effect of ionic strength on dielectric constant and conductivity

Different concentrations of KCI in DI water were tested to study the effect of salt con-
centration on capacitance, and to relate the measured resistance (conductivity) to the the-
oretical values. Figures 51 and illustrate the Bode and Nyquist plots of KCI-water
electrolytes with KCI concentrations of 0M, 10°M 107*M and 1073M. In these figures,
the symbols exhibit the experimental measurements and the lines show the equivalent cir-
cuit model fitted to the measurements based on the circuit shown in figure BT7. As shown
in figures B0 and B2, the equivalent circuit is a good fit for the experimental data and the
sample properties can be interpreted as electrical element values based on the discussions
of sections and B263. The capacitance and resistance of the samples (as illustrated
in figure B-T7) are determined based on the EC modeling and the dielectric constant of the

samples can be determined based on the following equation:

A
C= E()Er,effg (51)

where C is the capacitance of the film, €, is vacuum permittivity, €..ss is the effective di-
electric constant of the sample, A is the surface area of the electrode, and d is the thickness
of the dielectric (sample). The dimensions of the sample are mentioned in section
(with d=500pm).

The dielectric constant of electrolytes with different KCI concentrations are illustrated
in figure B3. As discussed in section B3, salt concentration can only affect permittivity by
producing charge density gradients and otherwise does not affect water permittivity. Since
the high-frequency data is being used for determining the sample properties, charges are
not given enough time to respond to the electric field and produce charge gradients in the

sample. Therefore, the measured dielectric constant is expected to remain unchanged for
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different KCl concentrations (in the concentration range used). On the other hand, the
frequency range of the measurements does not reach GHz frequencies where molecular
relaxation phenomena affect permittivity (see chapter ). Therefore, the static permittivity
of water holds in the experiments. Figure shows that the dielectric constant of all
salt concentrations are close to the static dielectric constant of water. This behavior is in
agreement with the results of the fundamental work by Drake et. al. [95] in measuring
dielectric constant of KCl solutions as well as works of [96] and [97].

Based on the discussions of section B3, permittivity measurements are more sensitive
to phase separation of O/W emulsions. Therefore, the focus of this thesis is on characteri-
zation of complex liquids based on their permittivity. However, the developed device can
provide resistance (conductivity) measurements as well.

For an electrically neutral electrolyte in the absence of concentration gradients, the

Ohm’s law can be expressed as [92, 106]

i=—oVy (5.2)

where i is the electrical current per unit area, o is the electrolyte conductivity and Viy = E
is the electric field.

Comparing equation B2 with the conventional expression of Ohm’s law

V =RI (5.3)

electric field can be expressed as

5.4
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where d and A are the sample thickness and surface area. Substituting i from equation B2
into the last term in equation 54 and solving for R, the resistance of an electrolyte can be

derived:

R=—— (5.5)

the effective conductivity of the samples can be calculated based on the following equation:

dl

The measured conductivity for different KCI concentrations are illustrated and com-
pared with reference values in figure B-4. The reference values are calculated based on the
molar conductivity data adapted from CRC Handbook of Chemistry and Physics [107].
Reference value for conductivity of the DI water is determined based on the deionizer
resistivity value (16 MQcm). Figure 54 shows that the measured conductivity is in agree-

ment with reference values.

5.2.2 Effect of electrode material

It was mentioned in chapter @ that as a step towards introducing the developed experimen-
tal platform as a simple, yet robust device for applying EIS to liquids, different character-
istics of the device that may affect the EIS experiments are tested. These characteristics
include electrode material, sample thickness, and signal amplitude. In this section, the
effect of electrode material is investigated.

As discussed in chapter B, most of the experiments were carried out with ITO-coated

glass chips which (a) allow the experimenter to see through the sample and make sure that
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no air bubble is trapped in the cell, and () are suitable for optical microscopy. However,
in order to explore the possibility of using other materials, different electrode materials
(gold, stainless steel, and copper) have also been tested. The sample was KCl 10™*M
with 500wm thickness, and signal amplitude of 25mV. Gold was sprayed on glass chips
with nano-fabrication spraying technique with a thickness of 100nm. Steel and copper
electrode surfaces were initially ground with an 800 grit size abrasive disk and polishing
was performed with metal buffing rouge.

Figures B3 and B4 illustrate the Nyquist and Bode plots of the EIS response with
different electrode materials. As observed in figure B8, in gold and ITO experiments, the
impedance of the constant phase element has a smaller magnitude compared to copper
and steel and therefore affect the total impedance of the test cell in lower frequencies
compared to copper and steel. In other words, investigation of the film with ITO and gold
is more reliable because a wider frequency range can be attributed to the liquid sample.
In copper and steel experiments, the electrode-sample interface impedance outweighs that
of the samples when frequency reaches as low as 10° Hz whereas for gold and ITO, this
minimum frequency is 100Hz and 1000Hz respectively. This can be attributed to the
surface polarization on the electrodes. The magnitude of the CPE element (é in equation
B24) as well as R and C for different electrode materials are listed in table BE22. The
difference in the measured capacitances can be attributed to the fact that the frequency
range used for characterization of the electrolyte samples with steel and copper electrodes
is short and this adds some errors to the capacitance values found through (equivalent

circuit) EC fitting.

5.2.3 Effect of sample thickness

As discussed in section B3, the sample thickness for EIS of emulsions need to be at least

one order of magnitude larger than size of the dispersed droplets. In this section, the
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Electrode Material | R () | C (F) |ZcpE| = }, Q)
ITO 395 1.26x1077 | 1.12x10*
Gold 380 1.29x10~ | 2.21x10*
Copper 403 1.54x107 | 1.23x10°
Steel 450 1.66x10™ | 1.31x10’

Table 5.1: Electrical element values for EIS experiment of water-KCI 10~*M with different
electrode materials.

effect of sample thickness on EIS experiments with salt-water samples is studied. Water
with KCI concentration of 10~*M was used with signal amplitude of 25mV. The effect of
thickness on EIS of emulsions is discussed in section B573.

Nyquist and Bode plots of the EIS experiment with different sample thicknesses are
shown in figures 57 and B8. It is shown that for the maximum thickness (Smm), the
measurements becomes too noisy at low frequencies. This is attributed to the fact that ba-
sically, low frequency measurements are associated with more error than high frequencies
because of reasons such as dynamics of the sample (even slowest dynamics may hap-
pen too fast to be captured with low-frequency measurements) and interference with the
working frequency of the lamps at the laboratory (below 50Hz). The hypothesis was that
the noise in the low frequency measurements with the thickest sample, is caused by too
small signal-to-noise ratio and can be solved with increasing the signal amplitude. This
hypothesis is tested in the next section. The capacitances measured with different thick-
nesses are plotted in figure B9 and compared with theoretical values based on equation
BT (higher frequencies (minimum 1000Hz) are used for fitting the Smm experiment). The

same behavior was reported by Lvovich and Smiechowski [12].

5.2.4 Effect of signal amplitude

Since the main aim of this thesis is to use EIS as a diagnostic tool, the amplitude of
the signals are kept as small as possible. However, the signal should be large enough

to ensure a reasonable signal-to-noise ratio. For all experiments, the signal amplitude is
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25mV. For oil-water samples, some experiments were repeated with 10mV to make sure
same results were acquired. In this section, the effect of signal amplitude is studied on
500um and Smm thick KCI 10~*M samples. The applied AC signal amplitudes are 25mV,
100mV, 200mV, and 1V. Figures 6510 and 61T illustrate the Nyquist and Bode plots for
different signal amplitudes. It is shown that the system with Smm thickness is noisy at
low frequencies. As figures 510 and BT suggest, when signal amplitude is increased in
the Smm sample, the signal-to-noise ratio increases and the system becomes less noisy
in low frequencies. In both 500um and Smm samples, when amplitude was increased
to 1V, a large anomaly was observed at frequencies below 1000Hz. This is attributed to
coating degradation on the electrodes at high amplitudes and low frequencies. At this
amplitude, light brown patches were observed on the ITO-coated glass chips showing
coating degradation on the ITO surface. The increase in the amplitude results in a slight
increase in the measured capacitance which is in agreement with the experiments reported
by Lvovich and Smiechowski [12] and is exhibited in figure BT2. No significant change

in resistance was observed.

5.3 MODEL CLEAN SYSTEMS: GLYCEROL AND WATER MIXTURES

The performance of the developed experimental platform in estimating liquid sample prop-
erties is first tested with clean liquid-liquid mixtures of glycerol (¢, ~ 40) and water
(e- = 80). Different glycerol contents (from 0% to 100%) were mixed with water with

different salt concentrations (DI water, KC1 107*M, 107°M, and 1072M).

5.3.1 Effect of glycerol content and ionic strength

Figures to show the Nyquist and Bode plots for different glycerol contents with
various salt concentrations. It is observed that while salt concentrations affects resistance

(dielectric loss), it does not affect permittivity (dielectric constant) considerably. This can
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be attributed to the fact that the high frequency portion of the frequency range is used to
model the emulsion sysytem as a parallel R|C circuit. Permittivity, on the other hand, is
affected by glycerol content. Glycerol volume ratio also affects the effective resistance.

As discussed in sections and B2, since glycerol mixes very well with water, not
only the capacitance (dielectric constant) of the mixtures are affected by the glycerol con-
tent, but also the effective conductivity (resistance) depends on the glycerol content. Fig-
ures 521 and show the variations of capacitance and resistance of glycerol-water
mixtures with different glycerol contents (figure is for glycerol in aqueous solution
of 107*M KCI). Based on the discussions in chapters D and B, the permittivity of glycerol-
water mixtures is best described by Maxwell-Garnett model. The permittivity behavior
observed in this experiment shows the same trend as the results of Behrends et. al. [108]
for the respective frequency range of their dielectric spectroscopy. In figure 521, the
measured capacitance is compared with the capacitance calculated based on Maxwell-
Garnett model for homogeneous mixture permittivity and in figure 527, the resistance of
the glycerol-water (KC1 10~*M) mixtures is compared with the experimental data provided
by [109]. The acquired results with the developed experimental platform show acceptable
agreement with theoretical and reference values.

In terms of conductivity of DI water, it is observed that the resistance obtained for DI
water in the experiments of section B2 (fresh DI water from deionizer) is different from the
experiments with glycerol and oil. This difference is not observed in salt-water solutions.
The reason is that stirring DI water with glycerol or oil causes the carbon dioxide in the
air to dissolve in water and produce carbonic acid which increases the conductivity of DI
water considerably. However, the salt dissolved in water causes the conductivity to be al-
ready so large that is not affected by the carbon dioxide in the air. In the DI water-glycerol
and DI water-oil experiments, the DI water was stirred alone first so that the conductivity

became stable. This was not needed in experiments with salt-water electrolytes.
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5.3.2 4-electrode experiment

As mentioned in section B2°4, in this thesis, the main mechanism of extracting bulk sample
properties from EIS experiments, and the main method of avoiding electrode-polarization-
induced artifacts in the measurements, is basing the sample properties in form of resistance
and capacitance on high-frequency data and relating the electrode polarization to the CPE
behavior in low frequencies. However, in order to make sure that the experiments give re-
liable results, some of the glycerol-water experiments with KC1 10~*M were repeated with
4-electrode configuration as explained in section B224. Figures and illustrate the
Nyquist and Bode plots for 4-electrode measurements with different glycerol contents. It is
observed that the low-frequency constant-phase element that was observed in 2-electrode
measurements no longer exists in 4-electrode experiments. All cases show a behavior very

close to an R|C circuit similar to the high-frequency portion of the 2-electrode experiments.

5.4 MODEL EMULSION SYSTEMS I: FRESH OIL-WATER EMULSIONS

5.4.1 Decane-water emulsions: effect of oil volume fraction

In this section, the developed experimental platform is tested in estimating oil volume
fraction based on capacitance (dielectric constant) measurements. Figures 573 to
illustrate the Nyquist and Bode plots of the EIS experiment with different decane volume
fractions as well as two ionic strengths (DI water and KC1 10~*M). It is observed that
the equivalent circuit model is a very good fit to the system behavior in high frequencies
(parallel R|C representing the emulsion) as well as low frequencies (CPE representing
the electrode-sample interface). Figure illustrates the measured capacitance of the
decane-DI water as well as decane-KC1 10~*M electrolyte versus oil volume fraction. The
experimental results are compared with Boyle model for permittivity of homogeneous
complex media. As illustrated in figure 579, the capacitance of the fresh emulsions are

very close to the Boyle model. This demonstrates that stable or fresh emulsions can be
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regarded as homogeneous media. It is also observed that while the capacitance of the oil-
electrolyte emulsions are slightly higher than the oil-DI water emulsions, both types of
emulsions are very close to the Boyle capacitance value.

Figure 530 illustrates the resistance of the decane-DI water and decane-KCl 10~*M
fresh emulsions versus oil volume fraction. It is observed that the resistance (conductiv-
ity) of the emulsions show very little variation up to oil volume fraction of 90% where a
sudden resistance increase (conductivity decrease) happens. Based on the discussions of
section B3, it can be concluded that with the sample preparation method of this thesis,
the percolation onset of decane-water emulsions can be estimated to be between 10% and
20% electrolyte volume fraction. It should be noted that percolation onset can potentially
be a function of droplet size distribution, droplet shape, temperature, surface active agents,
etc. [52-54,57,91] and a thorough study is needed to investigate the effect of different pa-
rameters on percolation onset of decane-water emulsions, which is not in the scope of this

thesis.

5.4.2 Castor oil-water emulsions: effect of oil volume fraction

The experiments described in section 541 were conducted with castor oil-water emul-
sions as well. In general, castor oil showed a higher stability in water compared to decane.
Figures 531 to 834 illustrate Nyquist and Bode plots for experiments with fresh castor oil-
DI water and castor 0il-KCl 10~*M emulsions. The same trend as decane-water emulsions
was observed. In high frequencies, the classic semi-circular Nyquist plot was obtained
while in lower frequencies, a constant phase behavior was observed. Figure 533 depicts
the capacitance of the castor-oil water emulsions. It is observed that the capacitance of
oil-electrolyte emulsions are slightly larger than the oil-DI water emulsions but both types
of emulsions are well described by Boyle model. As in decane-water emulsions, it can be
concluded that fresh castor oil-water emulsions can be treated as homogeneous complex

media in terms of their permittivity.
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The resistance of the castor oil-water emulsions is depicted in figure B36. Similar to
decane-water emulsions, a sudden increase is observed when oil content is increased to
90%. However, the maximum resistance of castor oil -water emulsion is smaller than that

of decane-water emulsion.

5.5 MODEL EMULSION SYSTEMS II: GRADUAL PHASE SEPARATION IN
OIL-WATER EMULSIONS

The goal of this thesis is to explore different aspects of developing a device which can be
used for applying EIS for characterization of industrially relevant complex liquids. One of
the fundamental issues in multiphase liquids, particularly emulsions, is stability and phase
separation. Therefore, in this section, phase separation of different oil-water emulsions
is investigated with EIS using the developed experimental system to shed light on the
capacitance-based measurements of emulsion stability and phase separation.

It was theoretically (chapter B) and experimentally (section 5-4) shown that permittivity
of fresh emulsions can be best represented by homogeneous mixture models, for instance
Boyle model. Moreover, it was theoretically shown in chapter B, that as a two-phase liquid
system undergoes phase separation, the permittivity of the system is expected to deviate
from the homogeneous-mixture value and decay to a lower value, and in the extreme case
of complete laminar phase separation, the permittivity converges to the lowest possible
value which can be described by serial-capacitor model. Based on the literature and the
theoretical discussion in chapter B, it was also proposed that while conductivity measure-
ment may be useful in oil-continuous emulsions to detect percolation or phase separation,
it is not the best tool in detecting phase separation of water-continuous emulsions because
of the fact that current passages are not blocked unless a 100% phase separation happens.
On the other hand, based on analytical and numerical discussions of chapter B, it was

shown that permittivity is sensitive to the geometrical configuration of the dispersed phase
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in the host medium rather than electrical current passages, and therefore, permittivity mea-
surements can be utilized to detect phase change in water-continuous emulsions even if a
100% phase separation does not happen and water is present in the creamed oil-rich layer.

In this section, different model oil-water emulsions are tested using EIS with the devel-
oped experimental platform over approximately 9 hours to experimentally study the effect

of phase separation on electrical properties of the samples.

5.5.1 Effect of emulsification degree and stability
5.5.1.1 Homogenized decane-water emulsions

In order to study the effect of emulsification degree, 5% decane-water (KC1 10~*M) emul-
sions were prepared with surfactant (Tween 80) dosages of 0, 1ICMC, and 20CMC ac-
cording to the sample preparation methodology described in section 7. The experiments
were done on two sets of samples, one set was homogenized at 13000 rpm after stirring at
700 rpm and the other one was only stirred at 700 rpm. The homogenized samples showed
higher stability and homogeneity. The results of the homogenized samples are shown in
this section and the unhomogenized samples are discussed in the next section.

As examples of the first-level (Nyquist and Bode) plots of this set of experiments,
figures 537 and 538 show the Nyquist and Bode plots of homogenized emulsions with
no surfactant, and figures and 640 show the same plots for homogenized emulsions
with surfactant dosage of 20CMC (CMC of Tween in water is 13-15 mg/L [104]). The fre-
quency range shown in the figures have been limited to 10°Hz-10"Hz to show the changes
in the curves more clearly. However, it should be noted that since we try to show a rel-
atively wide frequency range, logarithmic scale is used for the x-axis of the Bode plots,
therefore, small changes and shifts in the curves may actually reflect shifts as large as sev-
eral hundred Hertz. As a result, the changes in the electrical properties of the samples are

best described with equivalent circuit element quantitative values rather than qualitative



CHAPTER 5. EXPERIMENTAL RESULTS AND DISCUSSION 113

discussion about changes in in the Bode curves.

Figures 541 and show the capacitance and resistance of the homogenized emul-
sions. In figure B4T], it is observed that capacitance of all emulsions start at a large ca-
pacitance and decay to a smaller value. The capacitance of the emulsion with 20CMC of
surfactant starts at a value almost equal to the capacitance obtained based on the Boyle
model permittivity for homogeneous media and decays to a smaller value which is still
much larger than the serial capacitor value. This behavior indicates that the 20CMC emul-
sion is so stable that after 9 hours, there is still considerable amount of oil emulsified in the
system. On the other hand, the emulsions with 0 and 1CMC surfactant show a capacitance
decay to a lower value (the 0 surfactant emulsion goes down close to the serial capacitance)
showing that the emulsions undergo considerable phase separation. The equation derived
in section can be used to estimate the thickness of the separated layer as a function
of time based on capacitance measurements. An exponential decay function is fitted to the
experimental measurements and shown in dashed, dashed-dot and dotted lines. The decay
function is

C(1)—Cy = (Co— Cpe™ (5.7)

where C(7) is the capacitance of the emulsions as a function of time, Cy and Cy are the
initial and final capacitances, and m is the decay parameter. The decay parameter, m,
of the 20CMC, 1CMC and OCMC emulsions are 0.04, 0.10, and 0.26, respectively. In
other words, the permittivity decay or phase separation rate of the 0CMC emulsion is
approximately 3 times faster than that of the 1CMC emulsion and the same parameter of
the ICMC emulsion is approximately 3 times larger than that of the 20CMC sample.
Figure shows the resistance of the studied emulsions over time. It is observed that
only in the emulsion with OCMC, the resistance shows an increase (after 400 minutes)
and in other cases, the resistance does not show any considerable variation. This can be

attributed to the fact that in the systems emulsified with surfactant, the water present in
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the creamed oil-rich layer maintains current passages while in the 0OCMC case, the system

separates to a degree where current passages are no more present in the creamed oil layer.

5.5.1.2 Unhomogenized decane-water emulsions

The same set of experiments were carried out on unhomogenized samples (only stirred at
700 rpm). Figure shows the capacitance of the unhomogenized samples with different
surfactant dosages over time. It is observed that unhomogenized emulsions show a trend
similar to the homogenized ones. However, in the case with 0 surfactant, oil and water
phases were already separated when the sample was loaded on the test cell and the first
measured capacitance was already close to the serial value. The decay parameter, m (as
described in equation 577), of the 20CMC and 1CMC cases were 0.06 and 0.15, respec-
tively. The decay parameters show that capacitance decay and phase separation in 1ICMC
emulsion occurs approximately 2.5 times faster than the 20CMC emulsion. The decay
function is not fitted to the 0OCMC case.

Figure 544 shows the resistance of the unhomogenized samples with different surfac-
tant dosages over time. It is observed that the 1CMC and 20CMC samples don’t show any
considerable change in resistance while the 0CMC emulsion shows an increase in resis-
tance after approximately 200 minutes, 200 minutes earlier than the resistance increase in

the homogenized 0OCMC emulsion.

5.5.1.3 Castor oil-water emulsions

The permittivity (capacitance) decay due to phase separation was also observed in tests
with castor oil-water emulsions. Castor oil showed higher stability in water. 10% castor
oil-water (KC1 10~*M) emulsions were prepared in two ways: one, only with stirring at
700 rpm and two, by homogenizing at 13000 rpm after stirring. Figures 545 and 546
show the Nyquist and Bode plots of the homogenized emulsions and figures 547 and

show the same plots for unhomogenized emulsions.
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The capacitance decay of castor oil-water emulsions is illustrated in figure 549. It is
observed that both emulsions have a capacitance close to the value obtained from Boyle
model for permittivity of complex media and decay to lower values. The homogenized
emulsion decayed slowly to a value half way between Boyle and serial capacitance while
the unhomogenized emulsion decayed faster to a value closer to the serial capacitance.
Castor oil showed higher stability in water compared to decane and due to presence of
some emulsified oil in the water phase and/or some water in the oil-rich layer, the permit-
tivity did not reach the serial capacitor.

Figure depicts the resistance of the castor oil-water emulsions over time. No
considerable change was seen in the resistance over time while the system underwent
phase separation. This can be attributed to the fact that some water remains present in the
oil-rich phase which maintains the electric current passages in the oil layer. This (and the
similar resistance results in decane-water emulsions) show that permittivity measurement
is sensitive to topology of the dispersed phase rather than electric current passages in the

system and is a better tool than conductivity measurement for monitoring phase behavior

of O/W emulsions.

5.5.2 Effect of oil content

The phase separation is sensed based on permittivity decay in the oil-water systems. It
was shown in chapter B that when the oil content in the system is low, the permittivity
of fresh well-emulsified systems (described by homogeneous mixture models) is high and
is usually close to permittivity of water. However when oil content is increased to the
point that the emulsion can be considered W/O rather than O/W emulsion, even the fresh
emulsion permittivity becomes smaller. Therefore, the decay in capacitance due to phase
separation becomes less sensible. This behavior is experimentally tested in this section by
showing the capacitance decays for emulsions with different oil contents. The water-rich

emulsions were prepared with 1CMC of Tween 80 (dissolved in water) and the two oil-rich
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emulsions had 1CMC of Tween 80 in the water phase and were stabilized with additional
1CMC of Tegopren 700 dissolved in the oil phase (because without adding the oil-soluble
surfactant, the oil-rich emulsions were so unstable that separated almost instantly). All
emulsions were homogenized.

Figure 851 shows the capacitance decay for emulsions with different oil contents. It
is observed that the fresh capacitance of the water-rich emulsions are much higher than
the fresh capacitance of the oil-rich emulsions. All systems decay to lower values of
capacitance as they undergo phase separation. Based on these results and the discussion
in the previous paragraph, it can be concluded that permittivity-based measurement for

sensing phase separation can be best applied to O/W emulsions rather than W/O emulsions.

5.5.3 Effect of sample thickness

While capacitance is a function of dielectric thickness, as discussed in chapter B, the varia-
tions of permittivity with different volume fractions of the dispersed phase is not a function
of thickness. In other words, if every geometrical attribute is scaled accordingly with the
thickness, and the oil/water ratio is kept constant, permittivity must remain constant. How-
ever, varying sample thickness may affect the rate at which one phase creams and therefore
may potentially affect the electrical properties of the systems. In this section, the effect of
sample thickness on the measured electrical properties of the samples is investigated.

Figure 57 shows the variation of the measured capacitance (left y-axis) with sample
thickness. The samples are all 10% decane-water (KC1 10~#M) emulsions stabilized with
1CMC Tween 80 with thicknesses from 500pum to Smm. It can be observed in figure
that all emulsions face capacitance decay over time. The capacitance of the thinner sam-
ples are higher than the thicker ones as expected but the permittivity (dielectric constant,
right y-axis) of the the samples are almost equal and show the same trend.

Figure B33 shows the resistance of the emulsions with different sample thicknesses.

An increase in the resistance of the thickest (Smm) sample can be observed after 200
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minutes while the 1mm sample shows a slighter increase at a later time (400 minutes) and
the 500um sample does not show any increase in resistance at all. The reason for this
behavior can be understood based on the fact that as sample thickness is increased, while
the system undergoes phase separation, the probability of existence of electric current
passages in the oil-rich layer becomes lower. In other words, the amount of water present
in the oil phase appears to not increase proportionally to the total sample thickness, rather,
a maximum amount of water remains stable in the creamed oil-rich layer which appears
to be constant even when the total thickness (and the oil layer thickness) is increased.
Assuming the same amount of water present in the oil-rich phase, as the total thickness
and therefore the creamed oil layer thickness is increased, the water present in the oil-rich
layer becomes less likely to form electric current passages in the oil layer. As a result,
as the sample thickness is increased, the increase in the resistance of the samples occurs

earlier and is more considerable.

5.6 ERRORS AND UNCERTAINTIES IN THE EXPERIMENTAL RESULTS

Ideally, if an experiment can be repeated “many’ times, enough independent data points
will be collected for statistical interpretation of errors. However, many important engi-
neering and scientific experiments cannot be repeated enough times to provide meaningful
statistical information about errors [110]. High-speed digital data acquisition systems pro-
vide a good tool for “multiple-sample” experiments, but experimental difficulties, such as
costly and time-consuming sample preparation, often limit data collection to a few data
points. As a result, in many experiments, error analysis should be based on uncertainty
prediction rather than statistics. These experiments are referred to as “single-sample” ex-
periments [110,111]. The EIS experiments in this thesis are multiple-sample in one sense,
and single sample in another, which is explained next.

The EIS experiment is actually the measurement of the magnitude and phase of an out-
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put signal over a frequency range, which also results in determining electrical capacitance
and resistance of the sample over the frequency range. Each single measurement at a cer-
tain frequency can be regarded as one data point, and statistical error analysis techniques
can be applied to them. On the other hand, after measuring the frequency response, the
experimental data is modeled by an equivalent circuit, and equivalent electrical elements
(capacitance and resistance) are determined for each sample. Each set of equivalent cir-
cuit element values can be regarded as one data point. In this latter sense, EIS tests are
single-sample experiments because it is almost impossible to carry out a complete EIS test
(including sample preparation and loading) enough times (at least 20 [110, 111]) for sta-
tistical error analysis. In this section, experimental errors are discussed from both points
of view explained above: multiple-sample data acquisition over a frequency range, and
single-sample experiments determining equivalent resistance and capacitance.

If each measurement at a certain frequency is regarded as an independent data point,
standard deviation can be determined and can be used for drawing error bars as a measure

for precision. Therefore the results can be displayed as

X = Xpeasurea £ 207 (5.8)

where X, qsureq 18 typically the mean of the measurements which is assumed to be the best
estimate for the actual value, and o is the standard deviation. The uncertainty prediction
is expected to be reliable with 95% confidence. However, the equivalent circuit values in
EIS experiments are not the mean of capacitance and resistance at each frequency, rather,
they are found by minimization of a complex-value non-linear summation (see section
B6). Therefore, the well-known standard deviation cannot be used to display the precision
of the EIS measurements. In this study, X,,cqureqs 15 the equivalent value found from the

scheme explained in section B, and o is a deviation defined as
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1 N
o= J 5 DX Xop)? (5.9)
i=1

where N is the number of measurements and X, is the equivalent value obtained according
to the method explained in section B-. The data points used in the deviation defined in
equation B9 belong to the frequency range where the sample properties are determined
(1kHz to 10MHz, see section B-6-4). The value of the deviation defined in equation 59 is
used to draw the error bars in the figures of this thesis.

Precision errors, as discussed above, will reflect frequency-dependent and relaxation-
related errors over the measurement frequency range, but do not include experimental
errors such as sample loading and instrument reading. In order to understand such er-
rors, since repeating the experiments to the level of statistical error analysis is extremely
difficult, single-sample uncertainty prediction is performed by identifying the sources of
random and bias errors, and by repeating the experiments a few times [110, 111]. This is
explained next.

The main source of bias error in the experiments is air bubbles in the test cell. Air
bubbles decrease the surface area of the electrode in contact with the sample and reduce
the capacitance. In all experiments, when air bubbles larger than approximately 5% of
the surface area were observed, the experiment was disregarded and was performed again.
Calibration of the test cell (leads impedance and dry capacitance measurement) is per-
formed, which minimizes bias errors related to calibration. There is no method to under-
stand the bias errors of an experiment by only looking at the measured data [110, 111],
so identifying possible sources of fixed errors and a valid theoretical explanation of the
experimental results are the only methods to ensure that bias errors are negligible. The
main sources of random error are sample preparation and loading. To ensure reliability
of the results, the same method of sample preparation was used in all cases (see chapter

@). Also, for all experiments, sample loading and measurements were performed in three
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test cells in parallel, and the whole process of the experiment (from sample preparation to
measurements) was carried out twice. The variations in different runs (6 values for each

test) are also included in the error bars.

5.7 SUMMARY

In this chapter, several homogeneous and multiphase liquid mixtures were studied by em-
ploying EIS in the developed test apparatus. The results indicate the ability of the system to
provide reliable estimates of the electrical characteristics of these systems. The test cell is

also capable of measuring the time dependent phase separation of oil-in-water emulsions.
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Figure 5.1: Nyquist plot of EIS experiment with salt-water electrolyte with different salt

concentrations. Symbols represent measurements and lines represent equivalent circuit
model fit to the measurements.
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Figure 5.2: Bode plots (magnitude and phase) of EIS experiment with salt-water elec-
trolyte with different salt concentrations. Symbols represent measurements and lines rep-
resent equivalent circuit model fit to the measurements.
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Figure 5.3: Relative permittivity of electrolytes with different salt concentrations based on
the capacitance obtained from equivalent circuit modeling.
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Figure 5.4: Conductivity of electrolytes with different salt concentrations based on the
resistance obtained from equivalent circuit modeling.
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Figure 5.5: Nyquist plot of EIS experiment for different electrode materials with salt-water

electrolyte of KCI 10~*M. Symbols represent measurements and lines represent equivalent
circuit model fit to the measurements.
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Figure 5.6: Bode plots (magnitude and phase) of EIS experiment for different electrode
materials with salt-water electrolyte of KC1 10~*M. Symbols represent measurements and
lines represent equivalent circuit model fit to the measurements.
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Figure 5.7: Nyquist plot of EIS experiment for different sample thicknesses with salt-water

electrolyte of KCI 10~*M. Symbols represent measurements and lines represent equivalent
circuit model fit to the measurements.
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Figure 5.8: Bode plots (magnitude and phase) of EIS experiment for different sample
thicknesses with salt-water electrolyte of KCI 10~*M. Symbols represent measurements
and lines represent equivalent circuit model fit to the measurements.



CHAPTER 5. EXPERIMENTAL RESULTS AND DISCUSSION 129

0-0006 ] ] ] ] ] ]
u Experiment
? O  Theory

™
=
< 0.0004 i
o
c
©
S 0
S 0.0002} ¥ 1
@
(&)

0 1 1 1 1 1
0 05 1 2 3 4 5 6

Sample thickness (mm)

Figure 5.9: Capacitance of the test cell filled with KCl 10~*M electrolyte with different
thicknesses. The experimental results are compared with theoretical variation of capaci-
tance with sample thickness.
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Figure 5.10: Nyquist plot of the EIS experiment with the test cell filled with KCI 10™*M
electrolyte with different thicknesses and different input signal amplitudes. It is observed
that with thicker samples, increasing the input signal amplitude results in less noisy mea-

surements.
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Figure 5.11: Bode plots of the EIS experiment with the test cell filled with KC1 10™*M
electrolyte with different thicknesses and different input signal amplitudes. It is observed
that with thicker samples, increasing the input signal amplitude results in less noisy mea-
surements.
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Figure 5.12: Capacitance of the test cell filled with 0.5mm thick KCI 10*M electrolyte
with different signal amplitudes obtained from equivalent circuit modeling of the EIS data.
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Figure 5.13: Nyquist plot of the EIS experiment with glycerol-DI water mixtures for dif-

ferent glycerol contents. Symbols represent measurements and lines represent equivalent
circuit model fit to the measurements.
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Figure 5.14: Bode plots of the EIS experiment with glycerol-DI water mixtures for dif-
ferent glycerol contents. Symbols represent measurements and lines represent equivalent

circuit model fit to the measurements.
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Figure 5.15: Nyquist plot of the EIS experiment with glycerol-salt water (KCI 10~*M)
mixtures for different glycerol contents. Symbols represent measurements and lines rep-

resent equivalent circuit model fit to the measurements.
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Figure 5.16: Bode plots of the EIS experiment with glycerol-salt water (KC1 10~*M) mix-
tures for different glycerol contents. Symbols represent measurements and lines represent
equivalent circuit model fit to the measurements.
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Figure 5.17: Nyquist plot of the EIS experiment with glycerol-salt water (KCl 1073M)
mixtures for different glycerol contents. Symbols represent measurements and lines rep-
resent equivalent circuit model fit to the measurements.
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Figure 5.18: Bode plots of the EIS experiment with glycerol-salt water (KC1 107*M) mix-
tures for different glycerol contents. Symbols represent measurements and lines represent
equivalent circuit model fit to the measurements.
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Figure 5.19: Nyquist plot of the EIS experiment with glycerol-salt water (KCl 1072M)
mixtures for different glycerol contents. Symbols represent measurements and lines rep-
resent equivalent circuit model fit to the measurements.
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Figure 5.20: Bode plots of the EIS experiment with glycerol-salt water (KC1 10~2M) mix-
tures for different glycerol contents. Symbols represent measurements and lines represent

equivalent circuit model fit to the measurements.
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Figure 5.21: Capacitance of glycerol-water mixtures versus glycerol content for different
salt concentrations. The experimental results obtained from equivalent circuit modeling
are compared to the capacitance obtained based on Maxwell-Garnett model for mixture
permittivity. For glycerol (¢, = 40) and water (e, = 80), the Maxwell-Garnett model is
very close to parallel capacitor (linear) model.
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Figure 5.22: Resistance of glycerol-water mixtures versus glycerol content for different
salt concentrations. The experimental results obtained from equivalent circuit modeling
are compared to the resistance obtained based on the conductivity data provided by Glyc-
erine Producers Association.
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Figure 5.23: Nyquist plot of the 4-electrode EIS experiment with glycerol-salt water (KCl
10~*M) mixtures for different glycerol contents. Symbols represent measurements and
lines represent equivalent circuit model fit to the measurements.
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Figure 5.24: Bode plots of the 4-electrode EIS experiment with glycerol-salt water (KCI
10~*M) mixtures for different glycerol contents. Symbols represent measurements and
lines represent equivalent circuit model fit to the measurements.
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Figure 5.25: Nyquist plot of the EIS experiment with fresh decane-DI water emulsions
for different oil contents. Symbols represent measurements and lines represent equivalent

circuit model fit to the measurements.
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Figure 5.26: Bode plots of the EIS experiment with fresh decane-DI water emulsions for
different oil contents. Symbols represent measurements and lines represent equivalent

circuit model fit to the measurements.
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Figure 5.27: Nyquist plot of the EIS experiment with fresh decane-salt water (KC1 10~*M)
emulsions for different oil contents. Symbols represent measurements and lines represent
equivalent circuit model fit to the measurements.
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Figure 5.28: Bode plots of the EIS experiment with fresh decane-salt water (KC1 107*M)
emulsions for different oil contents. Symbols represent measurements and lines represent

equivalent circuit model fit to the measurements
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Figure 5.29: Capacitance of fresh decane-water emulsions versus oil content for different
salt concentrations. The experimental results obtained from equivalent circuit modeling
are compared to the capacitance obtained based on Boyle model for permittivity of com-
plex media.
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Figure 5.30: Resistance of fresh decane-water emulsions versus oil content for different
salt concentrations. The measurements show very little variation in resistance until the oil
content is increased to 90% where a sudden increase is observed.
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Figure 5.31: Nyquist plot of the EIS experiment with fresh castor oil-DI water emulsions

for different oil contents. Symbols represent measurements and lines represent equivalent
circuit model fit to the measurements.
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Figure 5.32: Bode plots of the EIS experiment with fresh castor oil-DI water emulsions
for different oil contents. Symbols represent measurements and lines represent equivalent
circuit model fit to the measurements.
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Figure 5.33: Nyquist plot of the EIS experiment with fresh castor oil-salt water (KCl
10~*M) emulsions for different oil contents. Symbols represent measurements and lines

represent equivalent circuit model fit to the measurements.
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Figure 5.34: Bode plots of the EIS experiment with fresh castor oil-salt water (KC1 107*M)
emulsions for different oil contents. Symbols represent measurements and lines represent
equivalent circuit model fit to the measurements.
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Figure 5.35: Capacitance of fresh castor oil-water emulsions versus oil content for differ-
ent salt concentrations. The experimental results obtained from equivalent circuit mod-
eling are compared to the capacitance obtained based on Boyle model for permittivity of
complex media.
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Figure 5.36: Resistance of fresh castor oil-water emulsions versus oil content for different
salt concentrations. The measurements show very little variation in resistance until the oil
content is increased to 90% where a sudden increase is observed.
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Figure 5.37: Nyquist plot of the EIS experiment with 5% decane-salt water (KC1 107*M)
emulsion (homogenized with no surfactant) over time as the sample undergoes gradual
phase separation. Symbols represent measurements and lines represent equivalent circuit

model fit to the measurements.
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Figure 5.38: Bode plots of the EIS experiment with 5% decane-salt water (KCI 107*M)
emulsion (homogenized with no surfactant) as the sample undergoes gradual phase sepa-
ration. Symbols represent measurements and lines represent equivalent circuit model fit to
the measurements.
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Figure 5.39: Nyquist plot of the EIS experiment with 5% decane-salt water (KC1 107*M)
emulsion (homogenized with Tween80 concentration of 20CMC) over time as the sample
undergoes gradual phase separation. Symbols represent measurements and lines represent
equivalent circuit model fit to the measurements.
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Figure 5.40: Bode plots of the EIS experiment with 5% decane-salt water (KCI 107*M)
emulsion (homogenized with Tween80 concentration of 20CMC) over time as the sample
undergoes gradual phase separation. Symbols represent measurements and lines represent
equivalent circuit model fit to the measurements.
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Figure 5.41: Capacitance of homogenized 5% decane-salt water (KCI 10~*M) emulsions
versus time for different surfactant dosages as the emulsions undergo phase separation. Itis
observed that the capacitance of the emulsions that are more stable (with higher surfactant
dosages) decay from the well-emulsified value to a value larger than the serial capacitance
while the emulsion with O surfactant, decays to a value very close to the serial capacitance.
The dashed and dash-dot lines show the exponential decay function fitted to the systems’

behavior.
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Figure 5.42: Resistance of homogenized 5% decane-salt water (KC1 10~*M) emulsions
versus time for different surfactant dosages as the emulsions undergo phase separation. In
the emulsion with O surfactant an increase in the resistance is observed while the resistance
of other emulsions are almost constant.
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Figure 5.43: Capacitance of unhomogenized 5% decane-salt water (KCl 107*M) emul-
sions versus time for different surfactant dosages as the emulsions undergo phase separa-
tion. It is observed that the capacitance of the emulsions that are more stable (with higher
surfactant dosages) decay from the well-emulsified value to a value larger than the serial
capacitance while the emulsion with O surfactant, very quickly (even before the first mea-
surement) decays to a value very close to the serial capacitance. The dashed and dash-dot
lines show the exponential decay function fitted to the systems’ behavior.
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Figure 5.44: Resistance of unhomogenized 5% decane-salt water (KCI 10~*M) emulsions
versus time for different surfactant dosages as the emulsions undergo phase separation. In
the emulsion with O surfactant an increase in the resistance is observed while the resistance
of other emulsions are almost constant.
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Figure 5.45: Nyquist plot of the EIS experiment with 10% castor oil-salt water (KCl
10~*M) emulsion (homogenized with no surfactant) over time as the sample undergoes

gradual phase separation. Symbols represent measurements and lines represent equivalent
circuit model fit to the measurements.
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Figure 5.46: Bode plots of the EIS experiment with 10% castor oil-salt water (KCI 10~*M)
emulsion (homogenized with no surfactant) over time as the sample undergoes gradual
phase separation. Symbols represent measurements and lines represent equivalent circuit
model fit to the measurements.
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Figure 5.47: Nyquist plot of the EIS experiment with 10% castor oil-salt water (KCl
10~*M) emulsion (uhomogenized, only stirred with no surfactant) over time as the sample
undergoes gradual phase separation. Symbols represent measurements and lines represent

equivalent circuit model fit to the measurements.
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Figure 5.48: Bode plots of the EIS experiment with 10% castor oil-salt water (KCI 10~*M)
emulsion (uhomogenized, only stirred with no surfactant) over time as the sample un-
dergoes gradual phase separation. Symbols represent measurements and lines represent

equivalent circuit model fit to the measurements.
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Figure 5.49: Capacitance of homogenized and unhomogenized 10% castor oil-salt water
(KCI 107*M) emulsions versus time as the emulsions undergo phase separation. It is ob-
served that both emulsions have a capacitance close to the Boyle model for homogeneous
complex media when fresh, but as they undergo phase separation, the unhomogenized
emulsion decays to a value closer to the serial capacitance value compared to the homoge-
nized emulsion. The dashed and dash-dot lines show the exponential decay function fitted
to the systems’ behavior.
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Figure 5.50: Resistance of homogenized and unhomogenized 10% castor oil-salt water
(KCI 10~*M) emulsions versus time as the emulsions undergo phase separation. No con-
siderable variation in resistance was observed.
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Figure 5.51: Capacitance of decane-salt water (KCI 10~*M) emulsions with different oil
contents versus time as the emulsions undergo phase separation. It is observed that as
the oil content is increased, the initial (fresh) permittivity becomes smaller, therefore the
permittivity decay caused by phase separation becomes less sensible.
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Figure 5.52: Capacitance (left) and dielectric constant (right) of 10% decane-salt water
(KCI 10™*M) emulsions with different sample thicknesses versus time as the emulsions
undergo phase separation. It is observed that while the capacitance is affected by the
sample thickness, the measured permittivity decay does not show considerable variation
with thickness.
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Figure 5.53: Resistance of 10% decane-salt water (KCI 10~*M) emulsions with different
sample thicknesses versus time as the emulsions undergo phase separation. It is observed
that the increase in resistance becomes larger and more sensible. Also, the resistance
increase happens earlier as the sample thickness is increased.



CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 CONCLUSIONS

The objectives of this thesis and the scope of the work was defined in chapter . As

per those objectives, the main concluding remarks of this thesis are listed below.

1. Based on the results of the numerical simulation of emulsion permittivity, it was
observed that if the droplet diameter of an emulsion is in the same order of magni-
tude as the thickness of the EIS sample liquid, the electric field is distorted to the
extent that bulk properties of the emulsion (for instance volume fraction) will not
be sensible. In other words, when the length scale of the test cell is in the same
order of magnitude as the mean droplet size, the EIS system senses a large electric
field distortion near the electrodes that can easily outweigh emulsion bulk proper-
ties. Therefore, based on the application, enough care should be given to the choice
of EIS test length scale. Specifically, micron-size EIS test fixtures are fundamentally

flawed for detecting bulk properties of emulsions.

2. Inthis work, an inexpensive, easily fabricated, yet robust and reliable, “milli-fluidic”
experimental EIS test fixture was introduced. This test cell solves the problem of
setup cleaning after testing industrially-relevant samples, as it can be disposed of

after each test.
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3. While previous theoretical models and experimental studies investigated dielectric
properties of homogeneous distributions of dispersed elements, in this thesis, di-
electric behavior of oil-water emulsions during phase separation processes (cream-

ing/sedimentation) was investigated analytically, numerically, and experimentally.

4. It was observed that in O/W emulsions, electrical conductivity does not change con-
siderably during phase separation unless the system becomes completely separated
and is allowed to rest to the extent that no water remains in the oil-rich creamed
layer. This was attributed to the fact that even small amounts of water can maintain
electric current passages in the oil-rich phase. In summary, it can be concluded that

conductivity is not a good measure for monitoring the degree of phase separation.

5. It was observed that permittivity is a function of the topological structure of the
dispersed phase, rather than presence of electric-current passages. So capacitance-
based measurement provides a good diagnostic tool for detecting phase separation.
A permittivity decay was observed as the emulsion systems underwent phase sepa-
ration. Therefore, phase separation processes can be detected and monitored based
on measuring the permittivity. Moreover, a relation for the thickness of the separated
layer in a two-phase oil-water system as a function of the measured capacitance was
derived, that can be directly used in a capacitance-based process monitoring unit to

assess extent of phase separation.

6. It was observed that permittivity-based phase separation detection is more effective
in O/W emulsions rater than W/O ones. This is because phase separation detec-
tion is based on permittivity decay, and as the oil content is increased, the initial

permittivity becomes lower, making the decay sensing more difficult.
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6.2 POSSIBLE FUTURE DIRECTIONS

Based on the conclusions of this thesis and based on the literature review provided in
chapter [, possible future directions that can be pursued beyond this research are presented

below.

1. As discussed in chapter B, in this thesis, a new aspect of emulsion phase behavior
was studied, namely dielectric properties during gravity-driven phase separation,
with a new inexpensive disposable experimental fixture. Phase separation process
can be studied using optical microscopy by looking at the sample from the side,
not top or bottom. Therefore, in this work, it was experimentally difficult to see
phase separation under the microscope. A simple next step would be to modify the
experimental fixture to enable the experimenter to see the phase separation process

under the microscope while doing EIS measurement.

2. This study provided a method for sensing phase separation in emulsions in an off-
line test fixture. A possible future direction could be designing and fabricating an
experimental test platform for studying dielectric behavior of oil-water emulsions

under flow.

3. Multiphase liquids show a considerably different dielectric behavior when flowing.
After designing the appropriate experimental test setup, an interesting research can
involve studying dielectric behavior of emulsions, especially during phase separa-

tion, with flowing samples.

4. A long-term direction of this project can be integrating the frequency response ap-
paratus on a chip, and developing a portable online monitoring system that can be
installed on pipelines or any physicochemical reactor, to detect phase separation in

the working two-phase fluids.
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APPENDIX A

STANDARD OPERATING MANUAL (SOP) FOR

CONDUCTING EIS EXPERIMENTS

A.1 SAMPLE PREPARATION

S ince a major objective of this research to study the effect of phase separation on
dielectric properties of emulsions, some samples were prepared in a way that they
underwent phase separation within 9 hours after preparation. Then, the effect of different
parameters such as surfactant dosage was studied. Homogenization, as described in sec-
tion B77 of chapter B, was used as a means to adjust emulsion stability. It was observed
that by dissolving water-soluble surfactant (Tween80) in water and oil-soluble surfactant
(Tegopren 700) in oil (only for decane with above %50 content), adding the dispersed
phase dropwise while stirring at 700 rpm, and final 20-minute homogenization in 13,000
rpm resulted in the desired stability of decane-water and castor oil-water emulsions. The

fresh emulsions (within first 30 minutes) did not show any observable phase separation.

A.2 SAMPLE LOADING

For liquid mixture samples, sample loading will be easier if the experimenter closes the
test setup and tightens the screws, leaving about 0.5mm of the bottom electrode out. Then

the sample can be injected with a syringe and the bottom electrode can be pushed inside

192
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the test. However, for emulsions, injecting with a syringe may affect the sample in terms of
droplet size distribution. Therefore, it is recommended to fix the top and bottom electrodes
on the top and bottom holders of the fixture, respectively, load emulsions samples on the
bottom electrode, put the top electrode (held with the top holder) on it, and then tighten
the screws. Guides can be used (the holes are designed on the setup) to direct the top part
right onto the sample so that the sample cannot be pushed out, and air bubbles cannot enter

the test chamber.

A.3 CONNECTIONS TO THE FRA

Four the two-electrode measurements, the connections to the FRA are the same as con-
nection for in-circuit impedance spectroscopy. Figure A1 shows the connections based
on the Soartron 1260 manual instructions. The dashed lines are the shield of the cables.
Short-circuiting the outer bolts of the BNC cables together is recommended in order to

provide same ground for all shields. This acts as the external node as shown in figure Al
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Figure A.1: Schematic diagram of electrode connections to Solartron 1260 based on the

manual.
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CUSTOM EQUIVALENT CIRCUIT MODELING CODE

he basics of equivalent circuit modeling was discussed in chapter B and it was men-
Ttioned that a custom program in MATLAB has been developed for fitting a known
model to experimental data. Unlike the LEVM software, this code enables the user to use
different minimization weights. In this model, the “fminsearch” function is used for mini-
mization. The code, including the function defined separately and used in the main code,

is provided below.

clear all;
close all;

clc;

R=20%1000;

C=100%10"(-6) ;

[re_exp im_exp omega]=imped._exp_simulation (R,C);

$returns from the simulated experiment the real and imaginary parts

and the corresponding frequency
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w(:,1)=1./(c_.rxre_exp(:,1).$"2%+c_irimexp(:,1).72);

[RC_opt wvaluel]=...
fminsearch (@ (RC) (sum(w(:, 1) .x(re_exp(:,1)—-Re_Model (RC,omega)) . 2+...

w(:,1).x(imexp(:,1)—Im.model (RC,omega))."2)), [10000 0.00011])

function[re_exp, im_exp,omegal=imped_exp_simulation (R, C)

H = tf([R], [RxC 1])

% which represents R/ (RCs+l) as the transfer function of simple

parallel RC circuit

w={0.0001,100000};

nyquist (H, w)

[re_exp im_exp ww]=nyquist (H,w);

reexp=squeeze (re_exp); %"squeeze"
eliminates the singleton indices
imexp=squeeze (im_exp) ;

omega=squeeze (Ww) ;
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figure;
bode (H, w)

[mag, ph, www]=bode (H, w) ;

www=squeeze (WWw) ;
mag=squeeze (magqg) ;

ph=squeeze (ph) ;

semilogx (www, ph) ;

plot (re, im) ;

end
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