MASTER THESIS

D.S. van Schoot

ELECTRICAL ENGINEERING
BIOS

EXAMINATION COMMITTEE
Prof. Dr. J.C.T. Eijkel
Dr.Ir.N. Tas

Dr. Ir. P. Vulto

Prof. Dr. Ir. A. van den Berg

DOCUMENT NUMBER
BIOS - 2012-13

10S

UNIVERSITY OF TWENTE. “'?(@B enathipgres® 5 OCTOBER 2012






Abstract

Cavitation in water has been the subject of research for centuries. This thesis investigates a
novel method for cavitation that was dubbed electrocavitation. It employs concepts of
nanofluidics to create a platform to study cavitation that can be easily controlled and where
cavitation can be reliably generated. It works by applying a voltage axially over a nanochannel
where a conductivity step is present in the solution. This generates a tension in the solution
which, at sufficiently low pressures, causes it to cavitate. The advantages of this setup over
traditional methods of cavitation are that it is less cumbersome, more reliable and predictable
and able to reach very high negative pressures.

This thesis focusses both on the technical aspects of this method as well as the theoretical
framework to interpret the cavitation experiments. First of all, an already existing setup is
enhanced and upgraded to include electrical current measurements in the determination of
cavitation experiment characteristics. These are the immediately employed in measurements. A
theoretical framework is also provided to understand all the measurement results and make
predictions about the measurements, including a part about the fundamentals of cavitation in
general.

With the help of the electrical current data a new set of measurements could be performed. One
of the most important ones is a determination of the {-potential, an important quantity in
nanofluidics in general and in electrocavitation in particular. This in turn is used to calculate the
pressure everywhere in the channel during the electrocavitation experiment. It could then be
proved that the position of cavitation coincides with the position of the front between the two
solutions used for cavitation. The cavitation location moves over time and eventually disappears,
suggesting the pressure at that moment is not low enough to make the solution cavitate.

It is concluded that a reliable platform has been developed for cavitation experiments. It has
potential to reach very low pressures and thereby tell new things about the behaviour of salty
aqueous solutions. It can be further used to investigate for example the structure of water in
salty solutions with use of the Hofmeister series.
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Chapter 1: Introduction

1.1 Cavitation in water: an overview

Any liquid can be turned into a vapour by stretching it. By pulling the liquid, it will stretch out
and its inner pressure will lower. Eventually, it will return to its equilibrium state by the
nucleation of vapour bubbles. This phenomenon is called cavitation. Cavitation in water occurs
at many places in nature such as in trees, disrupting their liquid column and stopping the
ascending flow of sap (this is called xylem emboly [1]). The sound that can be heard when we
crack the joints in our hand is caused by cavitation. The fluid between two joints stretches up to
a point where it cannot stretch further. A bubble arises and bursts, producing the characteristic
sound [2]. An application of cavitation can be found in ink jet printers where it is used to
produce microbubbles which are in turn used to eject a drop of ink out of a nozzle. Cavitation in
water can also cause damage to the propeller blades of ships [3]. Besides having all these
effects, cavitation gives us information about the fundamental behaviour of water, namely its
thermodynamic properties and limits.

The main reason why liquids under tension (negative pressure) are interesting to study is that
their behaviour is dominated by intermolecular attractive forces rather than by short-range
repulsive (steric) forces [4]. Particularly for water this gives information about the hydrogen
bond network between different water molecules. Predictably, there has already been much
attention given to the case of water. The first experimental observation of negative pressure was
made in 1662 by Christiaan Huygens, using the weight of water itself to generate the pull [5]. His
experiment was presented to Royal Society of England and repeated on water and mercury by
physicists Hooke and Boyle [3]. Reynolds reached a negative pressure of -0.3 MPa (or -3 bar)
using this technique. Research into actual cavitation of water has been carried out since the
1840s using the Berthelot method, named after its inventor Marcellin Berthelot [6]: a vessel is
filled with a liquid, sealed and then heated up. It is then cooled down again and the liquid will
stick to the wall while the pressure decreases. For low enough temperatures, the pressure will
be negative and the liquid will cavitate [3]. Depending on the material of the vessel, pressures of
-16 MPa [7] and -18.5 MPa [8] can be reached.

There are two types of nucleation and thereby cavitation: homogeneous and heterogeneous.
Homogeneous cavitation takes place in a bulk liquid and the transition to vapour takes place due
to thermal fluctuations of the system. Heterogeneous cavitation is usually triggered by
impurities or walls that function as nucleation sites. In a liquid that is under tension, nucleation
of the liquid into its vapour phase is energetically favourable, since a bubble will experience a
pulling force. However, this nucleation process is hampered by the energy cost of forming a
liguid-vapour interface. The balance between these energies results in an effective energy
barrier which has to be overcome for the bubble to grow spontaneously. Theory predicts a
minimum pressure that can be attained before the water will inevitably cavitates, depending on
the temperature and the used volume and reaction time. At room temperature this ranges from
about -140 MPa to -200 MPa [9].
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Albeit the minimum pressure before cavitation can be very low, most techniques produce
disappointing results in the range of -20 MPa to -30 MPa. They include the aforementioned
Berthelot method as well as a method called centrifugation, first used by Reynolds around 1880
[10]. In the method, water is rotated in a tube at high speed. A negative pressure arises because
of the centrifugal force. The lowest pressure obtained using this method is -27.7 MPa [11].
Another method involves creating shock waves using fibers and lasers. The maximum negative
pressure there is claimed at -27 MPa [12]. Acoustic cavitation is a different technique where a
high amplitude sound wave is focused in the bulk liquid. Negative pressures arrive during the
negative swing of the acoustic wave. Pressures down to -24 MPa have been achieved using this
technique [9]. None of these methods comes close to theoretical limits. However, one method,
first performed in 1991, obtains pressures down to -140 MPa [4, 13]. The principle is the same as
in the Berthelot method. Water trapped in small inclusions in quartz crystals can be found in
nature or synthetically produced. The water is then heated until there are no more bubbles and
is subsequently cooled down until it cavitates. A reason why this method works better than the
others is that water adhesion on quartz walls is stronger than in the other methods, leading to a
higher tension (lower pressure) before the water cavitates [4]. More recently, the experiment
has been repeated with synthetically created inclusions with water and different salts dissolved
in the water. The lowest pressure recorded here is -146 MPa using CaCl, dissolved in water [14].
A schematic overview of cavitation using this technique and the Berthelot method is shown in
Figure 1.1. A criticism to the inclusion techniques is that they use a so-called equation of state
extrapolation to derive the pressure which may not be entirely in correspondence with the real
pressure present since this equation is derived for positive pressures only [9].

T T=Tecav
P=Patm TP P=Pcav<<Patm
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Figure 1.1: Schematic overview of cavitation of water (dark blue) using thermal fluctuations (Berthelot method and
quartz inclusions method). The closed vessel or inclusion may contain a bubble (A). Subsequently, the temperature
is risen until the bubble disappears because of rising pressure (B). Next, the temperature is brought down upon
which the liquid gets stressed and experiences tension until the pressure gets so low that the liquid cavitates (C)
and goes partly into its vapour phase (light blue in (C)).

A common disadvantage of all methods is that they are rather cumbersome and involve big and
expensive equipment. The methods are also rather unreliable and unpredictable as they rely on
hard to control thermal methods and fluctuations. Since there is much interest in cavitation and
its origins from the field of the physics of fluids, it would be good if there were a platform for
cavitation studies and negative pressures that can be easily controlled and where cavitation can
be reliably generated. Such a method has recently been discovered. It uses principles of
nanofluidics and was christened electrocavitation. An overview of all techniques, their pressure
limits and main characteristics is given in Table 1.1.
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Table 1.1: A comparison between different cavitation methods. Only the most negative values for each method
have been selected. The mentioned material is that of the container, vessel or inclusion the water is in.

Method Reference Material P.. [MPa]

Berthelot [8] Stainless steel -18.5

Centrifugation [11] Pyrex glass -27.7

Shock wave [12] Silica fiber -27

Acoustic [9] None (in bulk water) -21

Inclusions [4, 14] Quartz, synthetic quartz -140, -146

Electrocavitation [15], this thesis  Glass, aqueous solution -56, potentially limitless
1.2 Electrocavitation in nanochannels

A wholly different way from the above to generate cavitation is to apply electric fields over a
nanochannel filled with a liquid that contains a conductivity gradient [15]. The conductivity
gradient consists of two adjacent fluids with a relatively high conductivity difference. When an
electrical field is applied in the lateral direction of the channel, the larger part of it will be over
the lower conductivity fluid. This generates a stronger electroosmotic flow (EOF) in this part of
the channel. To compensate for this EOF and retain mass conservation, a pressure gradient
arises causing liquid to flow against the direction of the EOF in the low-conductivity liquid and
along with it in the high-conductivity liquid. This is shown schematically in Figure 1.2. Using an
approximation, the negative pressure was calculated to be about -52 MPa (-520 bar) when 500V
is applied, with potential pressures theoretically limitless. This new experimental method was
dubbed ‘electrocavitation’ when it was first seen in 2011 [15]. This thesis will be about the
exploitation and technical refinement of this technique.

+ high conductivity ;| low conductivity -

Veor =
A Vpdf #

ﬁ VEOF
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Figure 1.2: Schematic overview of electrocavitation. A nanochannel contains two adjacent fluids with a
conductivity step and a sharp front. By applying an electric field over the channel an EOF arises from positive to
negative potential (indicated by the arrows). The larger proportion of the field will fall over the low conductivity
fluid, thus leading to a larger EOF there. The volume flow across the channel however has to be equal (because of
mass conservation), this causes a pressure gradient as indicated at the bottom, with the minimum pressure at the
front between the two liquids. This in turn generates pressure-driven flow against the EOF on the right and with
the EOF on the left [15].
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Zeta-potential gradients leading to pressure gradients had been witnessed and discussed before
in microchannels by Herr et al. (in 2000 [16]). They were however more interested in the effect
on the efficiency of stacking (that is raising concentrations of samples) and more generally
capillary electrophoresis (CE). Fu et al. also considered systems with zeta-potential gradients and
looked more explicitly into the pressure gradient. They found the minimum where the zeta-
potential makes a step. This phenomenon is comparable to the effect of the conductivity step in
the liquid i.e. the front between the two liquids [17]. They also found this effect is amplified
when the electrical double layers overlap, though this is unlikely in a microchannel. Their main
concern is the impact on the efficiency of CE rather than the effect itself. The group of Santiago
explicitly considered microchannel pressure gradients generated by conductivity gradients in
2007 [18]. In this case pressures are also limited by the microchannel environment. When using
electrocavitation, where the channels are miniaturized further to the nanoscale, the pressure
gradient is enhanced since the pressure depends inversely on the height of the channel squared.
Moreover, cavitation is observed under these circumstances, emptying the channel. The channel
is refilled by capillary action when the electric field is turned off [15].

Since the electrocavitation technique involves preparing water with salts to make solutions of
different conductivity, this technique is different from the other cavitation methods where an as
pure as possible water sample is used [3]. The cavitation could still be homogeneous but since
most of the channel is at strongly negative pressures, breakup may not necessarily occur at the
point of lowest pressure. Heterogeneities at the surface (impurities) can also change the position
of cavitation and the critical pressure required, similar to what can happen in the Berthelot
method. Because the method is based on a nanofluidic electrokinetic principle, it offers more
options in terms of variation of experimental parameters such as the height of the channel, the
conductivity of the fluids and the applied field. Additionally, as will be shown in this thesis, this
method offers great flexibility and reliability in generating cavitation. Furthermore, as different
salts can be used, their influence on the intermolecular bonds between water molecules
(hydrogen bonds) can be measured. This offers great potential for this setup as a means to study
the behaviour of water in aqueous solutions more extensively. Finally it tells us something about
the fundamental limits in nanofluidics such as the fundamental limit on the applicable field
strength in systems with conductivity gradients. This is relevant to any technique involving
conductivity gradients such as isotachophoresis, electroextraction and field-amplified sample
stacking, which are all amply used in lab on a chip environments [15].

1.3 Problem definition and research outline
The research carried out in this thesis project will be on electrocavitation of water in nanofluidic
channels. The setup for this research is located at Leiden University at the Department of
Analytical Biosciences and was created and maintained by K. Janssen [15]. This project will build
on existing results and methods to further study these phenomena and generate further results.
The aim is to develop knowledge about this fundamental behaviour of water and its structure.
There are four main targets to achieve during this research.

Currently, the setup can detect the occurrence of electrocavitation optically, giving information
on its movement and location in the channel. From this, the local negative pressure in the
channel can be derived. The electrical current through the channel could in addition also provide
extremely valuable information on the location of the high/low-conductivity front and the
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magnitude of the electroosmotic flow. However, at the moment the current measurement
contains too much noise and is thereby unreliable. The first goal is to go through the whole
setup to find the sources of the noise and instability and to eliminate them.

Reproduction and confirmation of previous measurements will be tried in order to enhance the
reliability of the results with newly available data from the electrical current measurements. The
results can also be used to confirm the underlying theory about the involved physics. Additions
to the model can also be made, including the effect of diffusion of the interface and
concentration polarization at the ends of the channel, among others. While the importance of a
sound underlying theory is acknowledged, this thesis does not intend to substantially enhance
the existing theory.

At this moment the maximum voltage used is 1000V. Theory predicts that the negative pressure
will be higher when a higher voltage is applied (in a linear relationship) over the same channel.
In results obtained previously by Janssen, a sequence of experiments finds increasingly lower
cavitation pressures, and finally no cavitation can be observed at the highest applied potential.
The third target therefore is to apply higher voltages and find the corresponding lowest
cavitation pressure. The found negative pressure will represent the measured threshold of this
method, and can then be compared to other methods. Another aspect is the theoretical
explanation of the observed results. This will involve describing the type of nucleation that
occurs, i.e. homogeneous or heterogeneous, why it occurs and why the pressure gets lower after
each consecutive experiment.

Finally, the salts used in the experiments can be replaced by different ones. The aim is to
measure how different salts will influence the observed cavitation pressure. By using salts that
disrupt the bonding behaviour of water (chaotropes) or enhance it (kosmotropes), the
knowledge in the field of cavitation and water structure can be expanded.

1.4 Thesis outline

Chapter 2 addresses the general theory of nanofluidics and more specifically its electrical
aspects. This will then be applied to electrocavitation to describe its characteristics and
possibilities. Chapter 3 starts with an elaborate analysis of the measurement setup.
Enhancements made to the setup will be motivated as well as various measurement protocols
that have been used. Chapter 4 targets the results of all the measurement, the performance of
the setup and makes a comparison to conventional methods. Finally, conclusions are drawn and
recommendations are given for future work in chapter 5.
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Chapter 2: Electrocavitaton: bottom-up

In the remainder of this report the terminology and knowledge of nanofluidics and its
applications will be used to describe and interpret electrocavitation. The goal of this chapter is
therefore to give an overview of the relevant scientific theory and building blocks in order to
come up with a system that can be used to perform electrocavitation.

2.1 Manipulation of fluid by a pressure difference
Fluidic channels fabricated using microtechnology are called microchannels when their
dimensions are in the micrometer range. They are generally called nanochannels when one of
their dimensions is smaller than 100 nanometer. Usually these channels are rectangular, i.e. a
relatively small height and width and long length. The materials used are usually optically
transparent, such as glass or PDMS, a plastic polymer. Nanochannels and their theory will
function as the main ingredients to assembly a platform for electrocavitation.

One to way to fill a channel with a liquid is by capillary action. This happens when a liquid is
introduced at one of the channel ends. Because of surface properties (it can for example be
hydrophilic) the channel starts to fill with the liquid. This can be compared to when a small straw
is put in a beaker of water; the liquid starts to crawl up the straw, though not very far since
gravity holds it down. The velocity in meter per second at which the channel fills is given by
Washburn’s equation (for a rectangular channel with height h):

Various properties of the channel and the liquid come back in this equation: h is the height of
the channel in meters, which is assumed much smaller than the width of the channel (this is
generally true for nanochannels), yj, is the surface tension of the liquid/gas (air) interface in
Newton per meter, O is the contact angle, which is the angle the tangent to the surface makes
with the solid surface, n is the viscosity (for water this is 1.001mPa- s at T=300K) and t the time
in seconds. An important aspect is that the filling speed decreases with the square root of time.
This property can be used to check whether channels have been fabricated correctly by
observing them with a microscope while letting them fill up with capillary action.

Once the channel is filled, there are several ways the liquid can be manipulated and a flow can
be induced. The two most important ways are by applying a pressure, resulting in pressure
driven flow (PDF), or by using elektrokinetics, producing an electroosmotic flow (EOF). Both can
be derived from solving the Navier-Stokes equations with specific conditions.

Applying a pressure difference over the channel can generate a PDF. The resulting flow has a
parabolic profile and is also called Poiseuille flow. The average flow velocity in meters per
second in the rectangular channel with the width much greater than the height is given by the
following equation:

h? —AP
Vppr = ET

7
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The pressure applied over the channel is AP (in Pascal) and L depicts the length of the channel (in
meters). Since the magnitude of the velocity depends on the height of the channel squared and
only linearly on the applied pressure, PDF in a nanochannel will be much lower than in a
microchannel, with comparable applied pressures. Atmospheric pressure (from the
environment) does not influence flow in the channel since it is the same at both channel ends.
However, the equation can work both ways meaning that when a flow is present (for example an
EOF in a closed channel), it results in a pressure gradient within the channel. This does usually
not apply to open channels.

2.2 Flow caused by electrokinetic effects

When a liquid is present in the form of a saline aqueous solution, it contains cations and anions
that spread themselves homogeneously through the solution since any excess of either one will
attract the other. However, wall materials such as glass (also known as silica, SiO,) are generally
negatively charged because of dissociation of surface groups. In the case of glass walls surface
SiOH groups will dissociate protons, creating negatively charged SiO groups. This negative
surface charge means that counterions (in this case cations) in the liquid will be attracted to the
walls, causing a local excess there. The first layer of counterions is usually held immobile at the
surface: this layer is called the Stern layer. This monolayer is not enough to totally screen the
negative surface charge so another, thicker, layer of counterions is formed. The ions in this layer
are still attracted to the surface though less strongly than the immobile ions, making them able
to diffuse away. This layer is called the diffuse layer. Together with the Stern layer they screen
the surface charge and are called the (electric) double layer.

The bulk of the solution has no excess charge and the potential is generally taken as zero Volts.
The walls have a negative charge, so are at negative potential. Through the double layer the
potential increases from negative to zero in the bulk. When an electrical field is applied parallel
to the surface, all excess ions will feel a body force though only the ones in the diffuse layer can
move. The liquid then starts moving along the so-called slipping plane between the Stern and
diffuse layer. The potential at the slipping plane is called the zeta({)-potential. All of this is shown
schematically in Figure 2.1.

Once the liquid in the double layer moves as a result of the exerted body force (by the applied
electrical field), it drags the rest of the liquid along by viscous coupling. Viscous coupling means
that moving layers of liquid exert a force on the neighbouring non-moving layers until these
other layers are all moving with the same velocity. This results in a plug-shaped flow profile.
Figure 2.2 gives a representation of what happens. The velocity of the EOF is proportional to the
applied field (in Volt per meter) and the electroosmotic mobility, pgr which in turn is
proportional to the {-potential, permittivity and inversely proportional to the viscosity:
v

1Y = E =
EOF — HEOF n L

This equation is also known as the Helmholtz-Smoluchowski equation. The permittivity (€ =€, - €,
relative permittivity (79.1) times permittivity in vacuum, 8.85-10™"* Farrads per meter) and
viscosity of the solution are more or less constant for aqueous solutions at 7.0- 10" Farads per
meter and 1.001 mPa- s, respectively at a temperature of 300 Kelvin. The applied voltage,
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however, can be altered (with ease). This is also possible for the {-potential, which depends on
the ionic strength of the solution used and the surface potential.

Slipping plane

Stern
layer | Diffuse double layer

Figure 2.1: The double layer. A negative wall charge leads to excess (positive) counterions close to the wall. These
will form a monolayer along the wall (the Stern layer) and a more diffuse layer behind that (diffuse layer). Together
they form the double layer. The plane between the Stern and diffuse layer is called the slipping plane and the
negative potential there is referred to as the zeta()-potential. When an electrical field is applied parallel to the
wall, the mobile excess ions in the diffuse layer start to move (here against the field). As cited from [19].

Figure 2.2: As a result of the body force exerted by the axial applied electrical field, the excess ions in the double
layer start to move. Viscous coupling then drags the rest of the liquid along, resulting in an EOF. The flow profile is
the same as the potential profile and thereby plug shaped (except in the double layer). The liquid moves from
positive to negative potential. As cited from [19].
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In case the walls are from glass or quartz, the dissociation of glass surface groups is
characterised by the following reaction:

SiOH & Si0~ + H*

Silicon hydroxide dissociates into silicon oxide ions and protons influence how long and to what
extent this process continues. Therefore the surface charge and thereby Z-potential are
dependent on the pH of the solution. In Figure 2.3 the relationship between pH of the solution
and the electroosmotic mobility, ugor, is given from empiric research. From this data the -
potential can be calculated to be about -85mV at a pH larger than 7.

EQ MOBILITY (m2/Vs +« 1078)

pH

Figure 2.3: The electroosmotic mobility (ugor) Of glass as a function of pH of the solution. For a pH > 7 this is
approximately 6- 10 m%/Vs. The {-potential of this solution is then about -85mV [19].

The thickness of the double layer is typically between 1 and 100 nanometers. For small
nanochannels this can pose a problem as double layers from two facing walls can overlap. The
typical thickness of the diffuse double layer is also called the Debye length and can be calculated
by using the following formula. The number is a result of various constants for aqueous
solutions.
0304
Kp = 7

This is the diffuse double layer thickness in nanometers. [ is the ionic strength in Molar or mol
per liter. The ionic strength is a measure for the concentration of ions in a solution. It is weighed
for the charge number of each ion. For a monovalent saline solution (e.g. NaCl) of 10mM, the
Debye length is 3.04nm.
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2.3 A channel with a conductivity step, a rough approach

In the previous section some of the standards and tools have been described that are used in
micro- and nanofluidics. Now it is time to use this knowledge to understand electrocavitation.
Consider Figure 2.4. Here a channel is depicted that consists of two solutions: one with a
relatively high conductivity and one with a relatively low conductivity. An electrical field is axially
applied over the channel. This causes an EOF from the positive to the negative pole as explained
in the previous section. However, since a larger part of the electric field will fall over the fluid
with the lower conductivity as it has a higher resistance (E>E;), the resulting EOF velocities will
not be equal. The difference in EOF speeds induces a pressure difference and thereby a PDF, to
assure equal volume flow in the entire channel. Outside the channel the atmospheric pressure
also exerts a force on both ends of the channel, but since they are equal they do not induce a
PDF. Now, assuming that volume and charge have to be conserved (it cannot disappear within
the channel), the PDF and EOF combined in the low conductivity region must be equal to the
PDF and EOF combined in the high conductivity region. In an equation:

VEoF,high T VPDF,high = VEOF,low T VPDF,low

E, X E,

N
v
N
A 4

high conductivity
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Figure 2.4: A channel with two solutions with different conductivities (K, and K;). By applying a voltage an EOF with
different speed arises in the two solutions. To assure an equal volume flow along the entire channel length, a PDF is
generated as indicated. When the front is exactly in the middle, the two PDF flows are equal but in opposite
direction. Electric fields and other parameters are indicated.

Two assumptions can be made, simplifying the equations. The first is to assume that the
conductivity of one of the solutions is much higher than the other. The EOF velocity in the high
conductivity solution can then be neglected. Secondly, when assuming that the front is halfway
in the channel, the two PDFs have to balance each other and are therefore equal (but opposite
in direction). With these two assumptions it is a simple exercise to calculate the resulting
pressure difference at the front when a voltage is applied axially over the channel:

L
VEOF,low » VEOF,high and X = 2= Vppphign = VppF,low

S Vgorlow = 2VppF

eV h? AP
S ———=2——
nL/2 12n L

11
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6eCV
S AP = 2z

The resulting pressure is negative in this situation but depends on the polarity of the applied
voltage and at which side the high or low conductivity fluid is. The expression for AP can function
as a crude approximation for the minimum resulting pressure in the system because of the
applied electrical voltage (V). It is proportional to the -potential, applied voltage and the
permittivity of the solutions and inversely proportional to the height of the channel squared.
This has been made visible in Figure 2.5 that plots the channel height versus the resulting
pressure with the voltage kept constant at 500V and the -potential assumed to be -50mV. This
gives a quick estimation of the possibilities of this technique: for a nanochannel of 45
nanometers high with an applied voltage of 3kV and a C-potential of -50mV this pressure can
reach up to -311MPa or -3110bar, easily beating the world record set by the quartz inclusions
method [20].
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Figure 2.5: Possible pressures in bar versus channel depth in nanometers, showing a quadratic relationship. This
plot has been generated using the crude approximation for the pressure difference and assuming an applied
voltage of 500V and a {-potential of -50mV.

24 A channel with a conductivity step, a more exact approach
The previous section provides an easy-to-use and insightful formula for the pressure difference
that depends on the channel and solution properties. However, the assumptions made are too
crude to expect an accurate representation of reality. Especially the assumption that one of the
conductivities is much higher than the other does not hold in practice, where the difference is
usually only a few factors instead of orders of magnitude. Keeping the front (X) in the centre is
not realistic either. In order to get a more precise result, it is best to start again at the beginning
but now fill in the exact formulae.
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VEoF,high + VPDF high = VEOF,low T VPDF low
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Now the result is already more precise [20]. In order to solve the equation explicitly, the
conduction current through the channel can be calculated by seeing the two different solutions
as a series resistance.

4 4

TRytR X yL=X
KhWh KlWh

I

Here, K; and K, are the conductivities of the low conductive and high conductive solutions,
respectively and w is the width of the channel. Now the electrical fields over each part of the
channel can be computed.

By = 2n_ v
"X X(l—%)+%L
IR, v

El_L_X_X(%—1)+L

h

These equations are plugged into the equation for the actual pressure.

12¢V X(L-X) ) K,
= AP = W({l — {ha)m,wnh a= K_h
This is a much more precise formula for the pressure difference. This equation gives the pressure
difference for a given channel, its characteristics, the solution characteristics and the position of
the front. Plots of this function can now be made to see where the minimum pressure occurs, as
done in Figure 2.6 below. What is remarkable, besides the very low pressure reached in this
example, is that the minimal pressure is not reached in the middle of the channel. This is
because the electric fields over the channel parts are non-linear and non-symmetric. The next
step is to calculate this exact position and pressure. For this the derivative of the pressure
difference with respect to X should be calculated and equated to zero to find that minimum.

d(AP) INa—L
— = 0> Xpin =———
dX a—1
12¢V —-2Va+a+1 K,
= APpip = —5— (G — fha)w,wuh a=g
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Applied Voltage: 3kV, Kh=0.135 S/m, Kl= 0.0387 S/m
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Figure 2.6: The pressure difference as a function of the interface position. This has been plotted with a height of
45nm, a length of 35mm, an applied voltage of 3kV, assuming two equal {-potentials at -50mV and a ratio of
conductivities of about 1:3. The lowest pressure reached in such a setup could be -1880bar or -188MPa.

It is easy to verify that this function is correct by making the assumption again that the
difference in conductivity is very high (i.e. a = 0). The equation then reverts back to the first
solution for the pressure difference. The formula becomes a little simpler by assuming that the
two {-potentials are equal. This can only be assumed if the ionic strengths are in the same order
of magnitude and the mobility cannot be too different. An experimental optical check can be
performed, that is to see if the EOF in one direction (at a certain low voltage) is the same as the
EOF in the other direction (at the same but reversed voltage).

Another important assumption is that the front between the two conductivities is ‘sharp’. This
may not be true since diffusion can make the front more spread out. Every particle in water
diffuses a certain distance x over time.

x =+2Dt

Where D is the diffusion coefficient of the specific species in water, t the time in seconds and x
the distance by the species. The diffusion coefficient of atoms in water is about 2:10° m%/s, so in
one minute species diffuse about 0.5mm. This does not seem very far in a channel of for
example 35mm. Moreover, a process called isotachophoresis (ITP) makes sure the front stays
sharp when the two solutions have different mobilities. This self-sharpening effect in ITP is due
to a difference in mobility of ions. When an electrical field is applied, certain ions will move
faster than others. When an ion comes in the zone of the other, it will experience a different
field there (either higher or lower) and will move back to its own zone, retaining a sharp
boundary.
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2.5 The electrical current and its properties

The electrical (conduction) current measured doing experiments gives plenty information about
what is happening in the channel. This has already been briefly mentioned in previous sections.
Essentially, the channel can be seen as a series resistor, leading to a formula of the current as
described in the previous section. The current can now be used to monitor varies properties of
the channel while applying voltages. When an EOF is induced by the application of a voltage over
the channel, the current can be seen rising in case the channel gets more and more filled with
high conductivity solution. Reversely, it can be seen falling when the channel is more and more
filled with low conductivity solution. From this the actual EOF speed can be determined: when
the channel is full of either low or high conductivity fluid when the voltage is turned on, an EOF
will start filling the channel with the opposite conductivity solution (when the right polarity
voltage is applied). During this process the current will rise or lower and eventually stabilise. The
time it takes from turning on the voltage to stabilization of the current can be used to calculate
the EOF velocity. Since the channel length is known, the velocity is simply the channel length
divided by the aforementioned time. The curve of the current between the start and the end
situation may or may not be linear, depending on solution concentrations and {-potentials [21].

A problem that may arise when voltages are applied for longer time periods (i.e. several
minutes) is concentration polarization. Accumulation and depletion at the channel ends cause
the current to effectively be lower over time. This process is explained in Figure 2.7. This can be
best prevented by flushing the reservoirs around the nanochannel periodically and as often as
possible so the solution is always fresh and has the least chance of forming accumulation and
depletion zones. Furthermore, applied voltages should be kept low so the currents are not too
high.

large channel nanochannel large channel

Figure 2.7: Concentration polarisation. A current is sent from right to left. Inside the nanochannels mainly positive
ions conduct the current and in the larger channels, the current is transported by equal amounts of positive and
negative ions. At the left-hand exit of the nanochannel therefore more positive ions arrive than are carried away.
Since negative ions arrive from the larger channel but cannot enter the nanochannel, also their concentration
increases where the microchannel meets the left-hand exit. Both positive and negative ions therefore accumulate
on the left-hand side of the nanochannel. On the right-hand side of the nanochannel the reverse process occurs: a
depletion zone is formed. Cited from [19].
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Another important contribution in the electrical current is surface conduction, that is conduction
in the diffuse double layer and the Stern layer. Contrary to what is normally assumed, the Stern
layer does not seem to be entirely immobile. According to Lyklema et al., the ion mobility of this
layer can reach up to 89% of the corresponding bulk value, depending on concentrations and pH,
among other things [22]. Conduction in the Stern layer is called anomalous surface conduction.
Stein et al. quantify this further, saying the electrical conduction of a nanochannel saturates at a
sufficiently low concentration (typically smaller than 10mM), indicating a large role for surface
conduction at those low concentrations [23]. This can show up in the electrical current when the
channel is drained from fluid and only fluid at the walls and corners of the channel is left. All of
this would mean the current would not drop to near zero but retain a specific value.

Lastly, we have to consider that the actual electrodes in the solution interact with the fluid.
Depending on their material, they can produce H, or O, gas when potentials are applied. When
the electrodes are small enough, this should pose no problem since the generated quantities of
the gasses are so low they will directly dissolve in the solution (though they could then diffuse to
other places). Additionally, the interface between electrode and solution also forms a double
layer, with its own capacitance, which may take a certain time to charge up when a voltage is
applied. However, this can also work the other way around: a small distortion from the system
can influence the potential and thereby the current measured at one of the electrode. This
would result in measuring errors. Such effects indeed will occur with a polarizable electrode such
as a gold electrode and it can be resolved by choosing a non-polarisable electrode such as a
silver/silver chloride electrode.

Furthermore, inappropriate shielding may cause charges in the solutions to move when a
charged object comes nearby. This can be anything from radiation to a human being standing
close to the fluid. When charges move, they effectively form an electrical current and therefore
interfere with the measurement, which may cause (significant) noise. This is called capacitive
charging and can be prevented by shielding of all the fluid by a conductor connected to ground.

2.6 Putting everything together: electrocavitation

In previous sections the behaviour of a fluid in a channel with a conductivity step is considered.
The main result is that a large negative pressure arises when a voltage is correctly applied. Yet a
liquid under such a negative pressure is metastable; in time it will change spontaneously to its
two-phase system: liquid plus vapour. The pressure will then rise to the equilibrium vapour
pressure. The spontaneous formation of vapour in a stressed liquid is called cavitation and this
process is also reversible. The investigation into this phenomenon starts at the basic theory of
nucleation. At first, homogeneous cavitation in a bulk liquid is considered, meaning
heterogeneous cavitation triggered by walls or impurities is not taken into account.

The reversible formation of a cavity of a certain volume V requires energy equal to P-V where P
is the pressure of the liquid. When the liquid is under tension, the energy P-V is negative.
Formation of a liquid-vapour interface bounding the bubble requires energy equal to o)A where
oy, is the liquid-vapour interface or surface tension and A is the area of the interface. The energy
needed to fill the bubble reversibly with vapour of pressure P, is negative and equal to —P,-V,
with V being its volume. The total energy associated with the reversible formation of a spherical
vapour bubble with radius r can now be derived [24].
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E=0,A+PV—PRV
2 43
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In liquids under very high negative pressures, P, is negligible compared to P and the equation
simplifies to:

4
E = 4nr?op, + §m"3P

The energy E is plotted versus r in Figure 2.8 for a negative value of P.
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Figure 2.8: The energy of a bubble forming under tension versus its radius. Bubbles with a radius smaller than r;
will need free energy for further growth; those with a larger radius grow freely. The turning point resembles a
barrier. When the pressure gets lower still, both r.,;; and E, will become smaller since they both inversely depend on
the pressure. At one point they get so small the liquid becomes metastable and will cavitate at the slightest thermal
fluctuation [24].

The curve has a maximum at E,=1670,,/3P? for bubbles with radius r.;=-20/P. This energy acts
as a de facto energy barrier that has to be overcome for the bubble to grow spontaneously.
Bubbles with radii less than r.; require free energy for further growth, while those with radii
larger than r.; grow freely with decreasing free energy. Since bubbles only grow one atom at a
time (that is, not all at once), it is evident that bubbles with radii smaller than r.; will usually
disappear without reaching the critical radius [24].

Going back to the nanochannels with a very low pressure, the energy barrier and critical radius
will become so low that the liquid in the channel becomes metastable. Any thermal fluctuation
can then cause cavitation. When this occurs it can be noticed in two ways. The first is optical,
where bubble formation in the channel is visible. The second is by looking at the electrical



18 Chapter 2: Electrocavitaton: bottom-up

current. Since the channel can be seen as a series resistor, the highest resistance determines the
current. In case of cavitation this means the highest resistance is at the location of cavitation,
where the channel contains no more fluid, except the Stern layer at the walls that causes surface
conduction. This would show in the value of the current dropping dramatically after a cavitation
event. Because this platform is a novel method to generate cavitation, it is dubbed
electrocavitation.

Note that the cavitation in the nanochannel can also be heterogeneous. This could be caused by
surfactant molecules, which reduce the energy cost associated with the creation of a liquid-
vapour interface or impurities in the solution that change the local structure of the water [9]. In
relation to Figure 2.8 this means that that both the energy barrier and critical radius will be
lower. Pre-existing bubbles stuck at the surface of the channel can also function as cavitation
nuclei.

The electrocavitation platform described in the previous sections can also be used to investigate
specific species and their behaviour in water. Different species in the solution alter the structure
in water, by influencing its bonding and H-bridges. A documented example is the Hofmeister
series consisting of saline ions, as shown in Figure 2.9. The hypothesis is that so-called
kosmotropes from the left end of the spectrum enhance the H-bond network of water and that
chaotropes disorder it. They were originally used to classify the degree of solvability of proteins
in a saline solution. It must be noted, however, that this theory is controversial in the scientific
community, although it is generally accepted that salts have a disordering effect on the H-
bonding network [25]. Electrocavitation may be able to provide further evidence of its validity.

citrate’ === sulfate-> phosphate?-> OH-> F-> Cl-> Br-> "> NO; > ClO

N(CH,)}t > NH} > Cs*> Rb*> K" > Na* > Li* > H" > Ca®* > Mg** > Al

"KOSMOTROPES” |:|:|:|:| "CHAOTROPES"

Figure 2.9: Hofmeister series. Combinations of anions and cations on the left are said to enhance the bonding
structure of water whereas the ions on the right are said to disrupt it. In electrocavitation this would mean that
solutions of kosmotropes would cavitate less quickly than solutions of chaotropes [25].
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Before presenting the results the way they are achieved and retrieved has to be made clear. This
chapter gives an overview of all the used equipment, devices and solutions. It also presents a
framework in which the measurements are performed, including a schematic overview of what
happens so outcomes can be better interpreted.

3.1 The nanochannels and their fabrication

First of all, the nanochannels used in all experiments have to be created. This is done in the
cleanroom of the University of Twente. A mask with the channels was designed by Janssen in
CleWin [20], as shown in Figure 3.1. It is then used in the cleanroom to create the channels in a
4-inch borofloat glass wafer using lithography. A special photoresistive substance is put on the
wafer and spread out. The wafer is then put in a device where it is exposed to light with a
specific wavelength through the mask. The photoresistive substance on the part that has been
exposed will react and the other part will not. The wafer is then put in a bath to ‘develop’ where
all the exposed photoresist will dissolve and disappear. This of course depends on the kind of
photoresist and the mask; it could well be the other way around. Finally, the wafer is put in a
bath of hydrofluoric acid (HF) for a few minutes to etch away glass only at the parts where the
wafer has been exposed to the light (or the other way around in other cases). This creates the
channels. The wafer is then cleaned. Along with a dummy wafer it is sent to Leiden University
where at the mechanical workshop holes are supersonically drilled in the wafer for the inlets
that are connected to the nanochannel. Lastly, the wafers are sent back to the University of
Twente where they are subjected to a bonding and annealing step. The exact height of the
channel is determined by the use of a Dektak 8 mechanical surface profiler (Veeco Instruments
Inc. Plainview, USA).

Each wafer contains 19 single channel chips, of which six are 20um wide, seven are 10um wide
and six are 5um wide. All channels have rulers and a unique identifier. To obtain the results for
this thesis, only the 10um wide channels are utilised. The height is equal over the whole wafer
and varies around 50nm. The length should be 35mm everywhere though because of
misalignment of the drilling it may be longer or shorter. This is checked optically through a
microscope. The characteristics of all the chips used for this thesis are given in Table 3.1.

Table 3.1: The specifics of each wafer and chip used for the experiments.

Wafer number Chip number Channel height [nm] Channel length [mm]
1 10.5 45 35.58
2 10.2 53 35.45
2 10.4 53 35.60
2 10.5 53 35.60

19
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Figure 3.1: Wafer layout for 19 single channel chips, of which six are 5um wide, seven are 10um wide and six are
20pm wide. All have rulers and a unique identifier [20].

3.2 The setup to perform electrocavitation
To actually measure and influence electrocavitation, the nanochannels have to be placed in a
setup where they can be optically monitored, a potential applied, the electrical current
measured and new liquids pumped through. The setup is pictured in Figure 3.2. The main
apparatus is an Olympus BX51WI microscope with which bright field and fluorescence imaging is
performed. The microscope is equipped with a long pass filter cube (488nm excitation, 518nm
emission) and a 610 times magnification lens, numerical aperture 0.25 (Olympus Corporation,
Tokyo, Japan). Images and movies can be recorded during experiments using a Hamamatsu
Orca-ER CCD camera and included HoKaWa software (HAMAMATSU Photonics K.K., Japan) for
reference and checking purposes. A custom-built chip interface provides tubing inlets from the
top and below, aligned with the chip’s access holes. A more detailed cross section of this
interface can be found in Figure 3.3. The table with the platform can be moved to optically check
out various sections of the wafer and nanochannels. This is used to determine the precise length
of the nanochannel by looking at the exact beginning and end of the channel. It is also used to
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note the exact position of cavitation, if it takes place. The liquids are pumped through the holes
of the wafer by the syringe pump shown in the picture; a Standard Infusion Only Pump 22 With
Standard Syringe Holder (Harvard Apparatus, USA). This pump can also be controlled through
the measurement PC to which the camera is also connected. The voltage source, which is used
to apply voltages of up to 3kV over the channel is a HSV488 6000D power supply (LabSmith inc.,
Livermore, USA) and is controlled by a LabView script. This same script is used to start and stop
measurements. Data is gathered by the ground electrode, which is connected to a current-to-
voltage (IV) converter and then to a DAC-PCI card at the PC. This IV converter converts the
current into a voltage and amplifies it by a factor 10 for the PCl-card. A specific voltage source
provides the IV converter circuit with the necessary voltages (+2.5V and -2.5V). The PCl-card has
an input range of about -2.2V to +2.2V, which translates to a current between -22nA and 22nA.
Digital (pre)processing and analysis of the data is performed using Matlab (MathWorks Inc.,
Natick, USA). The syringes, tubing and waste containers are extensively shielded and connected
to ground.

Figure 3.2: Picture of the setup. The syringes can be seen loaded in the pump below. The wafer with the
nanochannels is loaded onto the platform. The microscope and camera can be used to inspect the channels and
wafer optically. Figure 3.3 contains a close-up cross section of the platform enclosed by the red rectangle.
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Specific enhancements have been made to the setup during this project. First of all, the gold
electrodes have been replaced by silver/silver chloride electrodes (see Figure 3.3 and chapter
2.5). This makes the setup more electrochemically stable and thereby also the measured
electrical current. Secondly, the syringes were shielded more extensively than before and the
outlet tubing and waste container were also shielded. The influence of these modifications on
measurement stability was immediately visible. Before, holding an electrically charged item, e.g.
a hand, close to the tubing would directly influence the measured current because of charge
build-up at the wall of the tubing. Since the electrical current I=dQ/dt, where Q is charge,
influencing the charge at a position close to the current measurement electrode directly results
in a different current. This is shown schematically in Figure 3.4. Finally, the voltage source turned
out to be very noisy so a 50Hz low-pass filter was put directly behind it, greatly reducing the
(high frequency) noise from the source, which also showed up in the measured electrical
current. This filter introduces a delay in the response in the order of tenths of seconds. However,
the events in the cavitation experiments are in the order of seconds so this is considered not to
be a problem. During the adjustments made to the setup, certain fluidic leaks started to show up
and had to be closed. The overall result is a more electrically and fluidically stable system.

Ultrasonically drilled holes in top and bottom wafer

Nanochannel (optical view)

O-ring Chemically inert, non conducting plastic
*= Tubing

Ground & current amplifier 4
HV connector (silver)

Figure 3.3: Cross section of the platform containing the wafer. The wafer can be aligned such that one chip with one
nanochannel can be selected, as is the case on the picture. The drilled holes are then aligned with the teflon tubing
through which new liquid can be pumped in the direction indicated by the blue arrows. The liquid can make its way
into the nanochannel by either capillary filling or by applying a voltage between the High Voltage (HV) connector
(on the right) and ground (on the left), causing an EOF. These two connectors are connected to the power source by
a coax-cable. The nanochannels can be optically viewed from above as indicated by the arrow. Elastic O-rings are
manually placed into the setup to prevent any leakage. The bottom two are placed first, followed by the wafer and
then the top layer with another two O-rings is screwed on top. Silver/silver chloride electrodes have replaced the
gold HV and ground electrodes. The ends of the electrode, that actually stick into the solution, are chloridised
(picture adapted from [20]).
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Nanochannel

current amplifier . Nonshielded tubing

Figure 3.4: Holding an electrically charged object (e.g. an electrostatically charged hand) in the vicinity of non-
shielded tubing filled with a salty solutions attracts the oppositely charged ions in that solution to the walls of the
tubing. This net movement of charge induces an electrical current |, in the solution, which is measured by the
current amplifier in superposition with the conduction current I, from the experiments in the nanochannel. This
gives a drift on the measured electrical current.

Prior to cavitation experiments, the setup is cleaned with ethanol. The O-rings are kept in a 50-
50 water/ethanol solution to keep them clean. The whole setup is flushed with deionised water
before other liquids are introduced. Channels are optically checked for any defects or particles.
After a day of doing experiments, the channels are flushed with water and the wafer is placed in
an oven overnight .The oven program consists of 8 hours ramping up to 400°C, 2 hours at 400°C
and two hours of ramping down to room temperature. All the channels are now cleared of
liquid, improving reproducibility between measurements.

3.3 The used solutions and their preparation
Now that there is a setup to perform electrocavitation and current measurements, it needs to be

provided with solutions to be able to perform electrocavitation. Solutions used are given in
Table 3.2.

Table 3.2: The solutions used in the experiments. Note that not all these solutions are used for electrocavitation.
Some of them are only used to determine the EOF velocity and thereby the {-potential in a channel.

Salt used Concentration lonic strength [mM] Approximate conductivity
[mM] [mS/cm]
NaHepes 5 5 0.39
Nacl 9 9 1.35
10 10 1.35
100 100 12.29
NaNO; 10 10 1.13
100 100 11.65
Na;C;H;0(COO0);(citrate) 10 6 3.03

100 600 20.78
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One thing that comes to mind when looking at the used salts is that they all use sodium (Na*) as
a counterion. This is chosen deliberately for the whole double layer to consist of Na*-ions only
and no other ions so it is more uniform and more likely to have a constant {-potential over the
whole length of the channel. When the {-potential is lower than about -25mV, which is likely, it
depends proportionally on the square root of the ionic strength in Molar, that are also given in
Table 3.2.

Each solution is prepared by solving the necessary amount of salt in 250m| water, taken from a
milliQ apparatus. The solutions are then titrated with sodium hydroxide (NaOH) until they reach
a pH of 9.5. The reason for this specific pH is that the {-potential in a glass nanochannel for this
pH value is more negative and stable than for a lower pH (see chapter 2.2 for more details). The
solution is constantly monitored by a Hanna HI 4521 pH meter (HANNA instruments Inc.
Woonsocket, USA) and stirred during the titration process. The quantities used to get the pH on
9.5 are logged in order to quickly spot irregularities. When the pH of 9.5 is reached, the exact
value is noted and the conductivity measured. Sometimes fluorescein is added to the Hepes
solution to provide a visual aid for reference and checking purposes. None of the actual
cavitation experiments, however, were carried out with fluorescein present. The fluorescein, if
used, is always added with a concentration of 0.1mM. After preparation, part of the solution is
put in a 30mL vial and degassed using a vacuum pump. A syringe is filled with the solution from
the vial so it is then ready to use. A more detailed description of the whole solution preparation
and all settings used can be found in Apppendix A.

The main reason to not use a buffer to set the pH is that this changes the ions present in the
solution and could thereby easily influence the cavitation process, as this directly influences
conductivity but also the double layer. A side-effect of not using a buffer, is that the pH is very
sensitive to dissolving CO,, which happens constantly when the solution is exposed to air and
causes lowering of the pH. CO, also severely hampers the self-sharpening effect of the front.
This also means the solution has to be fresh and quickly used in experiments after it has been
prepared. By storing the solution under nitrogen gas this can be partly circumvented, as there
should be no CO, present then to react with the solution. The solution can then still be used
after a few days, making experiments a bit more practical. This practice is therefore applied in
the experiments carried out for this thesis.

3.4 Measurements performed using the setup
After describing the channels, setup and used solutions all ingredients are there to perform the
electrocavitation measurements. First of all, the setup has to be checked on whether it is
functioning correctly. Ideally to achieve this, a specific range of voltages will be applied resulting
in a linearly responding electrical current. This is achieved by plugging a resistor into the holes
where the fluid normally is. Normal resistors cannot be used since they are not resistant to the
high voltages used in the electrocavitation experiments. Therefore special high resistance, high
voltage resistors from Hymeg are used (Hymeg Corporation, Addison, USA). They are available in
1GQ, 10GQ and 100GQ. Since the first two give a current above the resolution of the
measurement card when voltages above a few hundred Volts are applied, the last one is used.
This way, the influence of adjustments and improvements of the setup can be quickly seen by
comparing current measurements on the resistor before and after the enhancements. Voltages
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are applied in a step-wise fashion of about one minute each. The increments between steps are
between 100V and 1000V. The polarity is also regularly reversed.

To determine the T-potential, which is needed to calculate the local negative pressure, the EOF
velocity needs to be determined (see chapter 2.2). By applying a relatively low voltage (under
500V), the low conductivity solution will be replaced by the high conductivity solution upon
which the electrical current increases or reversely the high conductivity solution will be replaced
by the low conductivity solution resulting in a lower current. If the voltage is applied long
enough (a few minutes) the entire channel will be filled with one or the other and the current
will stabilise. The time this takes can be determined from the electrical current measurements.
The EOF velocity is then equal to the channel length divided by this time. The Z-potential can
then be derived directly from the applied field and measured velocity (see equation in chapter
2.2). To check whether the two Z-potentials in high and low conductivity solution are similar, the
polarity can be reversed and the EOF velocity in the other direction can then be measured. The
linearity of the current between start and end depends on the conductivity difference as
described by Mugele et al. [21]. The species used in these measurements are generally the same
as in the cavitation experiments and the measurements are repeated for each channel used. A
schematic overview of these measurements is shown in Figure 3.5 part C and D. Marking the
Hepes solution with fluorescein can also make it easier to check whether the EOF velocity is
constant.

The cavitation experiments, then, are performed as shown in Figure 3.5 part C, D and E. First the
channel is filled entirely by EOF with low conductivity solution by applying 500V over the channel
for 60 or 90 seconds (part C). The voltage is then lowered to OV for 20 seconds and liquid is
pumped through the holes on the side, refreshing the solutions at the entrances of the
nanochannel. The pump rate is 30uL/minute for 10 seconds. The voltage is now reversed to -
1000V, -2000V or -3000V for 60 seconds. The high conductivity solution will now move into the
channel by EOF (part D). The pressure can now become so low that the solution cavitates (part
E). Besides optically, this can also be determined electrically since the current will decrease
dramatically after a cavitation event. The cavitation time can be taken directly from the current
measurements. The position is determined optically as usually one of the solution fronts remains
intact and in place, though it has to be verified whether the cavitation position coincides with
the front position. This can be done by making a theoretical plot of the front position vs. time,
based on the measured Z-potential, plotting the measured cavitation positions and times into
this plot and check whether they coincide with the theoretical position of the front. The voltage
is then turned off again for 20 seconds and the channel starts to fill by capillary action while new
fluid is pumped through the holes on the sides. The cycle is then repeated by setting the voltage
to 500V again for 60 or 90 seconds. Each experiment consists of four cycles.
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A (ground side) B (High Voltage side)
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Figure 3.5: Schematic overview of electrocavitation experiments. A) the channel starts empty. B) low conductivity
(green) fluid is introduced at well B and starts to fill the nanochannel by capillary action. C) both wells are flushed at
0V with fresh solution to remove contamination (bubbles from filling or from previous experiments and
concentration polarization). Next, 500V is applied for 60 or 90 seconds, to ensure the whole channel is filled with
low conductivity solution and that bubbles are removed. D) both wells are flushed again at 0V. This time -1000V, -
2000V or -3000V is applied for 60 seconds. High conductivity solution (blue) starts replacing the low conductivity
solution by EOF. E) cavitation may take place. If it does, the position is determined optically and the time from the
electrical current measurements. The cycle then starts at C) again. Each experiment consists of four cycles.

The solutions used in cavitation experiments are NaHepes 5mM (low conductivity) and NaCl
10mM (high conductivity), NaCl 10mM and 100mM, NaNO; 10mM and 100mM and
Na;C;Hs0(CO0); 10mM and 100mM. When a cavitation event occurs, the view from the
microscope is as in Figure 3.6.

Figure 3.6: A cavitation event. In this case the low conductivity fluid is drained to the right. The difference between
the two shots is one frame of 0.2s. The front remains intact at 13.72mm. The front may not be the same as the
cavitation position; this has to be verified by checking the theoretical position of the front vs. the cavitation
position and time.
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This chapter delivers and discusses results based on the theory and methodology of the previous
chapters. The improvements made to the setup are examined, EOF measurements are
performed to determine the {-potential and electrocavitation measurements are presented and
discussed in relation to the achieved minimum pressure. Finally, an investigation into using salts
from the Hofmeister series is carried out.

4.1 Current measurements before and after improvements
First of all the results of the improvements to the setup made during this project are presented.
Step-wise increments of the voltage have been applied over a 100GQ resistor. The results are
shown in Figure 4.1. The measurements before adjustments are on the left, those after
adjustments on the right. The reduction of the noise is the most obvious difference, especially at
negative voltages. This gives the measured current a higher accuracy. The peaks in the signal
have also disappeared. It must however be noted that the signal still contains some noise,
specifically at negative voltages. The improvement is most likely caused by the 50Hz filter, which
blocks a lot of noise coming from the power source. The additional shielding and change of
electrode material will not have much of an effect on these kind of measurements, since no
fluids are involved. The effect of the 50Hz filter can be found back in the current response, which
takes longer to reach its maximum.

100GChm resistor measurements, before improvements 100GOhm resistor measurements, after improvements
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Figure 4.1: Electrical current measurements performed on a 100GQ resistor before (on the left) and after (on the
right) improvements of the setup were made. The noise after the improvements is significantly less than before;
there is however still some noise at negative voltages.

Additionally, electrocavitation experiments are performed before and after the adjustments,
leading to a drastic change, see Figure 4.2. Again, the noise decreases drastically. Moreover,
whereas the left signal is almost useless in determining the exact cavitation time due to the
erratic drift obscuring other signals (see section 4.3), the right picture is clearer and more stable.
This is most likely due to the replacement of the electrodes by non-polarisable electrodes and
the additional shielding, which takes all the random frequency drift out of the signal. This is a
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significant achievement as it greatly enhances the results because the cavitation time can now
be determined much more precisely.

Cavitation experiments, before improvements Cavitation experiments, after improvements
T T T T T T T
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Figure 4.2: Electrocavitation experiments of four cycles performed before (on the left) and after (on the right)
improvements to the setup were made. Note the reduction of noise and the lack of a random drifting current.

4.2 EOF measurements to determine the {-potential
Now that it is verified that the setup produces reliable electrical current measurements, actual
measurements on electrocavitation can start. Before that, though, the {-potential for each used
channel has to be determined in order to interpret electrocavitation measurements and
calculate the minimum pressure. This is done for every channel used for electrocavitation
experiments, immediately prior to experiments. The {-potential is assumed to be constant in the
whole channel.

As described in chapter 3, these measurements are performed by applying a low enough voltage
(usually 200V or -200V) so the solution does not cavitate and the high conductivity solution is
replaced by the low conductivity solution or vice versa. An example is shown in Figure 4.3. Here,
the higher conductivity NaCl 10mM solution is replaced by the lower conductivity 9mM NacCl
solution. The current stabilises when the replacement of one by the other is completed, in this
case the replacement of 10mM solution by 9mM solution. The exact length of the channel
divided by the time this takes is then the EOF velocity. The {-potential can be derived directly
from this velocity using the formula for EOF velocity from section 2.2. The main disadvantage of
using these lower voltages is that the signal becomes more susceptible to noise, also visible in
this example. This makes it harder to determine the exact time and thereby the Z-potential
which can then no longer be determined precisely.

EOF-measurements with NaCl 10mM and Hepes 5mM solution are also conducted. However, in
those measurements it is usually less clear when the current stabilises at the lower or higher
level, making it even harder to determine the replacement time and related C-potential. Still,
values for the replacement time were found to be similar with those found in the other
experiments (where 10mM NacCl is replaced by 9mM NaCl). The value of the {-potential was
found to be around -60mV with values up to -65mV and down to -55mV. This is lower than
expected since for solutions of about 10mM at pH 9.5, a {-potential of about -85mV is predicted
by theory (see section 2.2).
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EOF experiment to determin potential: replace 10mM NaCl by 9mM NaCl
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Figure 4.3: EOF experiment to determine the {-potential. At the start, the channel is filled with 10mM NaCl solution.
200V is applied over the channel and the 10mM NaCl solution starts to be replaced by 9mM NaCl solution and the
current lowers and stabilises as the whole channel fills up by EOF with 9mM NaCl solution. The time this takes
(about 160 seconds in this case) is the replacement time and is used to determine the EOF velocity and the -
potential. A recurring noise signal is present on the current.
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4.3 Electrocavitation experiments

After taking care of determining the T-potential the electrocavitation experiments can be
performed. This is done according to the protocol described in section 3.4. In this case, the 5mM
Hepes solution is introduced at the High Voltage (B) side and the 10mM NaCl solution at the
ground (A) side. This means that for positive voltages, Hepes solution will be transported into
the channel and replace the higher conductivity NaCl solution and the current will decrease. For
negative voltages Hepes solution will be replaced by NaCl solution and at high enough voltages
cavitation will occur. At a cavitation event, the position is determined optically and will be noted.
The cavitation time is determined from the current measurement. How to do this is shown first
for a cavitation measurement at -1kV. Next, a cavitation experiment at -3kV is shown for
reference. A plot of the cavitation position versus the cavitation time follows them. Finally, the
same points are plotted in a pressure plot generated using the measured C-potential where for
each point (position and time) represents the corresponding pressure is shown as predicted by
theory.

An example of an electrocavitation current measurement is shown in Figure 4.4. It is one of the
four cycles of which an experiment consists. It is a representative measurement since all other
measurements show the same characteristics as this measurement. The applied voltage is
positive at first, so the Hepes solution will start refilling the emptied (from a previous cavitation
event) channel both by capillary forces and EOF. This causes the current to rise as the
conductivity greatly increases from very low (i.e. empty channel) to that of the Hepes solution
(part A). At one point, depending on where the cavitation in the previous experiment took place,
the channel will be fully filled with solution again. Now the EOF front starts to fill the remainder
of the channel that was still filled with NaCl solution. This lowers the current since the Hepes
solution has a lower conductivity than the NaCl solution (part B). As the whole channel gets filled
with Hepes, the current stabilises. The voltage is then turned off to pump and refresh the two
solutions through the holes (part C). Next, -1kV is applied over the channel. The channel starts
filling with NaCl solution again, letting the current rise (part D). At one point the pressure
becomes too low so the solution cavitates (part E), the channel drains and a residual electrical
current remains, mostly likely due to surface conduction (part F). The voltage is turned off and
the channel fills up by capillary action while new solution is pumped through the holes. The cycle
then starts again. Measurements like these are performed in all three channels at three
voltages: -1kV, -2kV and 3kV. Every time, the cavitation positions and times are noted down.

The cavitation position is noted as the place where the front remains after cavitation. Many
optical experiments have confirmed that this is almost the same place as cavitation takes place,
within a distance of 50um maximum. This 50um, or 0.05mm will then be the error rate on the
cavitation position. The cavitation time from the electrical current measurements is slightly
influenced by the 50Hz-filter and reading errors, the error rate there is taken as 0.1s.
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Figure 4.4: An electrocavitation measurement at channel 10.5 at -1kV, one cycle. A full measurement consists of
four cycles. A) first, the emptied channel (by a previous cavitation event) is refilled by both capillary action and EOF,
which raises the current. B) at one point the channel is filled again and the EOF ‘takes over’, replacing the remaining
high conductivity NaCl solution with lower conductivity Hepes solution, which then lowers and later when the
whole channel is filled with Hepes solution, stabilises the current. C) the voltage is turned off to pump fresh NaCl
and Hepes solutions through the holes. D) the voltage is reversed to -1kV. NaCl solution starts to replace Hepes
solution by EOF, the current rises until the solution cavitates. E) the time at the moment the solution cavitates
minus the time the voltage is turned on is the cavitation time and is noted. This current measurement contains an
exact measurement for this time, making it very useful. F) next, the channel quickly drains to one side (the front
remains intact at the NaCl solution side), drastically lowering the current. The current stabilises at a level most
likely caused by surface conduction, as the Stern layer remains in place. Not that there is a small positive offset in
the current.

An experiments at higher voltages (-3kV) is shown in Figure 4.5. There are two main differences
from measurements at -1kV. First, the solution cavitates faster (time wise) since the EOF velocity
is higher (three times as high, theoretically). Second, the absolute levels of the currents are
much higher. This is to be expected, as the resistance remains the same while the applied
voltage triples.
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Figure 4.5: An electrocavitation measurement at channel 10.5 at -3kV, one cycle. The main differences with the
experiment at -1kV are the cavitation time, which is generally lowe,r and the currents, which are generally higher.

All the cavitation positions and times in the three different channels and under the three
different voltages are collected and plotted versus each other, as shown in Figure 4.6. All axes
are made equal to be able to quickly compare measurements in a fair way. Two classes of
measurements appear: those where there is a strong linear relation between cavitation position
and time (subfigures B, C, D and H) and those where the cavitation occurs at more or less the
same position over and over again with a large reproducibility (subfigures A, E, F and I).

In the plots where the cavitation time and position appear to have a strong linear relation, this
behaviour is independent of channel used or voltage applied. This suggests that the solution in
those experiments cavitates at the same position relative to the moving front every single time.
Depending on the origin, this could even mean that cavitation does take place precisely at the
moving front. The linearity also seems to scale with the applied voltage, as predicted by theory.
With the measured {-potential a more precise image of the front and the resulting pressures can
be calculated and drawn in a figure, as will be shown later.

In all the measurements where the cavitation position and time change between experiments,
the cavitation position moves further into the channel over time and after each experiment,
which we noted by the sequence of numbers next to the data points in some of the subfigures of
Figure 4.6. This suggests there may be local anomalies in the channels that either disappear or
move through the channel after each experiment, making cavitation increasingly difficult. These
could be tiny bubbles stuck at the surface or discontinuities in the {-potential caused by surface
defects or particles, though the latter is unlikely in the case of decreasing pressures. In one of
the measurement series (subfigure C), the solution stops cavitating altogether after one cycle,
suggesting that the minimum pressures reached in this channel are not sufficient anymore to
make the solution cavitate. This will be treated in more detail further on in this section.
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In other measurement series the cavitation, on the other hand, seems to occur at the same
place over and over again. With those measurements it is hard to establish a linear relationship.
Generally, though, the time of cavitation is the same at each cavitation event, which is a
confirmation of the reproducibility. It also happens regularly that there is some variance in the
position and time of cavitation but not wide enough to analyse them further. The reason for this
repeated occurrence could be that the anomaly that causes it remains in place after each
experiment and does not move.

Adapting the axis for each applied voltage can provide a more detailed view of the cavitation at
the specific voltage. This is done in Figure 4.7, which gives a more nuanced view on some of the
experiments, specifically experiments G and H. In those two experiments a mix of the two
aforementioned effects seems to take place. The figures also show that the cavitation positions
and time scale linearly with the applied voltage and that for the same voltage more or less the
same gradient in position vs. time is found between channels. There are deviations though, for
example subfigure B which shows quite a different gradient than subfigures A and C (that are
obtained at the same voltage). Also, the measurements at -2kV seem to be at the same position
regardless of channel used (except for subfigure D).
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Channel 10.5
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Figure 4.6: Electrocavitation experiments. The cavitation position in mm is plotted on the y-axis and the cavitation
time in seconds on the x-axis. All the time-axes are scaled to 30 seconds so all the experiments can be more easily
compared. Every column represents experiments in the same channel (10.2, 10.4 or 10.5) while on every row
experiments using the same voltage are shown (-1kV, -2kV or -3kV). Error bars are included but seem to be only
slightly relevant when the experiment times are short, i.e. at high voltages, since the errors are independent of
applied voltage. It is quite obvious that there are two classes of experiments: those where the cavitation position
and time change after every experiment or every few experiments (experiments B, C, D and H) and those where the
cavitation moments do not change between experiments (A, E, F, I). The slopes of the fit curves seem to increase
linearly with the applied voltage. The numbers next to the data points show the order in which these points were

obtained.
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Figure 4.7: Electrocavitation experiments. These are the same experiments as in Figure 4.6 but the axes have been

adapted to facilitate different behaviour for different voltages. Now it appears more explicitly that experiment D

also shows linear behaviour. The linearity of experiment C also becomes more pronounced.
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Experiment C delivered some interesting results. After this experiment the solution would not
cavitate anymore in a new experiment with four cycles. This could mean that the achieved
pressure is no longer low enough to make the solution cavitate. The channel was next ‘reset’ by
flushing the Hepes solution through it at a high voltage (3kV). Electrocavitation experiments
were repeated and led to the results plotted in Figure 4.8. Now the solution cavitates again but
the position does not change between experiments. The flushing at 3kV may have brought
something into the channel that causes it to keep cavitating at the same position.
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Figure 4.8: Repeated experiments in channel 10.5 at -3kV. Now the solution cavitates once again but the cavitation
position barely changes over time.

As stated earlier, using the {-potential retrieved from EOF measurements, a prediction of the
movement of the front can be made and plotted, as well as a plot of all the pressures at every
possible cavitation position and time. The results of cavitation experiments can then be plotted
into this graph to see whether cavitation really does take place at the front between the two
solutions and what the cavitation pressures are. This has been done and is shown in Figure 4.9.

It seems that the data from experiment C coincides with the theoretical position of the front,
which would mean that the cavitation takes place at the interface between the two solutions
moving with the same velocity as the EOF, and can therefore be predicted. The lowest pressure
achieved appears to be at data point number four, which corresponds with a pressure of -1320
bar. The plot is generated using a {-potential of -60mV, which may differ by as much as 10% (see
section 4.2). Taking this 10% error into account, the pressure could be between -1190 and -1450
bar, potentially beating the world record of -1400 bar, though that is in pure water [4]. The -
potential for these calculations is also assumed to be equal along the channel, which probably
does not hold in practice. The errors on the time and position also influence the exact value by a
few tens of bar, though this error is much less than the error caused by the error in the -
potential estimate. It is interesting that cavitation in the last event (point number 4) seems to
take place after the point of lowest pressure has already been passed. This could (again) point to
the assumption of homogenous -potential along the channel not holding up.
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The resulting pressure as a function of front distance and time in the channel.
Applied Voltage: -3kV, Kh=0.135 S/m, Kl= 0.0387 S/m zeta= -60mV
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Figure 4.9: Position of front vs. time and all the resulting pressures. This graph is generated for a {-potential of -
60mV, an applied voltage of -3kV and solution conductivities of K,=0.135 S/m and K;=0.0387 S/m and is based on
various channel properties. The number next to each point represents the order of experiments. The pressures at
the plotted points are (from left to right): -280, -720, -1050 and -1320 bar. Due to uncertainty in the {-potential of
10% they can also vary about 10%.

4.4 Hofmeister series experiments

For all the previous electrocavitation experiments, Hepes 5mM solution and NaCl 10mM
solution were used. However, different salts and solutions can also be used to investigate their
effect on the cavitation pressure. One way to do this is to use salts from the Hofmeister series,
as explained in section 2.6. Three ions in the series are used for solutions, as described in section
3.3. Electrocavitation experiments at -1kV are performed with those solutions. The results of one
of the current measurements from those experiments are shown in Figure 4.10. It is a
measurement using 10mM NaCl on the HV electrode side and 100mM NaCl on the ground
electrode side.

In the picture it can be seen that the electrical current behaves very unexpectedly. Instead of
decreasing after cavitation it only decreases for a very short time and then increases strongly.
This is confirmed by optical images where it can be seen that the channel does not drain to one
side as usual. Instead, it forms plugs at the lower conductivity side and the vapour slowly makes
its way into the front. Moreover, when the voltage is turned off, the channel does not always fill
itself by capillary action, indicating that the vapour bubbles in the liquid might actually be air
bubbles instead. Where the air would come from is hard to say, maybe the solutions are not
prepared well enough. However, sometimes the refilling of the channel does happen, in case for
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instance in cycle 3 and 4 in Figure 4.10. The higher currents in general are most likely caused by
the conductivity of the 100mM NaCl solution which is significantly higher than the usually used
10mM NaCl solution for the high conductivity solution.

Electrocawvtation experiment using 10mM NaCl and 100mM NacCl solutions
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Figure 4.10: Electrocavitation experiments performed in channel 10.5 at -1kV with 10mM and 100mM NacCl
solution. The measurements are very different from earlier measurements. Cavitation events cannot be detected
accurately and instead of decreasing the current increases. Additionally, in cycle 1 and 2 the channel does not seem
to refill properly.

From these measurements, it is very hard draw any conclusions about the cavitation happening
in a quantitative way. Both the cavitation position and time cannot be determined in any precise
way. The reason for this may be that there is no sharp front since the ions used in both solutions
are the same they can diffuse freely and there will be no self-sharpening effect. This may explain
why there is no front after cavitation since it is diffused.

Unfortunately, nothing could be concluded about the way the ions in the Hofmeister series
affect electrocavitation from these measurements and the ones on the other solutions (sodium
nitrate and sodium citrate). However, the cavitation event happening can still be seen in the
current by the small decrease. This offers hope that with some adjustments viable
electrocavitation experiments are still possible. For instance, one of the solutions (for example
the low conductivity solution) could be used for all experiments while the other solution is
varied between ions. This way, there will be different ions in the solution once again, hopefully
leading to a sharper front and better determination of the cavitation characteristics.
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In this chapter the findings of this thesis are summarised and related to the research problems
and aims, thereby drawing conclusions. Furthermore, possible drawbacks of the used approach
are discussed and suggestions for future research introduced.

5.1 Research aim and findings
The goal of this research is to investigate the fundamental behaviour of water in nanofluidic
channels by means of electrocavitation. The main characteristics of this method consist of using
two solutions to create a conductivity step in a nanochannel and apply an axial voltage. This
incites cavitation under the right circumstances. Four aims were formulated to achieve the
mentioned goal.

The first aim was to enhance the electrocavitation measurements with electrical current
measurements. A few major adjustments to the setup, as described in chapter 2 and 3, have
been made to realise this enhancement. The sources of the noise and instability that earlier
plagued the current measurements were located and eliminated. The resulting, new, measuring
of the electrical current proved to be very stable and precise. This added extremely valuable and
useful information to the electrocavitation experiments, giving much more precise information
about the cavitation time and a means to determine the {-potential.

The second goal was to reproduce and confirm previously carried out measurements and
strengthen them with the newly available electrical current measurements. Also this part of the
research has been carried out successfully. Several measurements at the previously used voltage
of -1000V are performed and their current measurements and cavitation characteristics
presented in chapter 4. These results confirmed predictions made by theory about the physics
involved. They also confirmed earlier preliminary results and found the interesting outcome that
cavitation always takes place at the front between the two solutions.

The third objective was to find an as low as possible cavitation pressure and try to break the
world record of -140Mpa (-1400bar) in pure water [4]. There are strong indications that also this
goal is achieved. Applying a voltage on the channel of -3000V resulted in first finding a cavitation
pressure of -1320 bar, though with an error margin of 10%. Moreover, in a consecutive
experiment the solution did not cavitate at all, suggesting the minimum pressure had reached
less than -1600 bar, the calculated minimum pressure in the system. This achievement makes
this method very competitive compared to other conventional methods to achieve low
pressures in water. Whether the cavitation witnessed was heterogeneous or homogenous is
hard to pin down exactly. Looking at the measurement results it could well be that the solution
cavitates at a heterogeneity in the channel (e.g. a nanobubble), which subsequently disappears
or moves a bit further, eventually disappearing altogether.

The final experimental target to replace the normally used salts in the solutions by salts from
both sides of the Hofmeister series spectrum and performing cavitation experiments has been
carried out. Unfortunately this yielded no reliable results so nothing about their supposed
disruptive or enhancing effect on the bonding behaviour of water can be said.
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5.2 Limitations and discussion
The conclusions presented in the previous section have some drawbacks, due to either the
scope of the research or insights gathered during the research.

The C-potential turned out to be crucial to link the measured cavitation positions and times to
pressures. It is therefore rather inconvenient that it is not possible to determine it very precisely.
This adds uncertainty to the calculated pressures, making it harder to pin down the exact value
of the cavitation pressure. Moreover, the -potential is most likely not equal all over the channel,
and taking this into account would change the theoretical pressure in the channel. The
theoretical model currently already takes a different {-potential for each solution into account.
This could explain why the cavitation at the lowest pressure in Figure 4.9 occurs past the
theoretical point of lowest possible pressure at the front. When different Z-potentials in the
channel are taken into account, this point may not be past the lowest pressure at all.

Related to this are measuring errors in the cavitation position. This position is now located
optically. With a solid determination of the T-potential the cavitation position can also be
retrieved straight from the current measurement, though only when cavitation occurs at the
front. As the {-potential would be known, the EOF velocity would also be known, so a specific
cavitation time could be linked directly to a cavitation position, since cavitation takes place at
the front between the two solutions, at least at the cases considered here.

One of the biggest strengths of the used setup is that it is created exclusively for
electrocavitation measurements. This is at the same time also its biggest weakness. Because
every part is custom-made it is very hard and time consuming to repair, replace or even monitor
different parts of the setup. A setup that is more modular so that components or parts can more
easily be replaced will be easier to use and it will be easier to update specific parts, for example
by retail components.

5.3 Contribution of this thesis
The research presented in this thesis adds scientific knowledge to the field of nanofluidics and
the behaviour of aqueous solutions of salts in water under tension.

First, this thesis proves that the use of the developed setup as a platform for electrocavitation
and research on the cavitation of water is feasible. It verifies the theory previously mapped out
and confirms predictions and measurements that were seen before. Moreover, the platform
affirms its feasibility by producing reliable, reproducible results that were never achieved before,
adding an extra valariable namely the electrical current. It has therefore potential enhance our
knowledge about the fundamental behaviour of certain salts dissolved in water.

Second, this thesis provides a whole new set of measurements performed on electrocavitation.
It also includes a preliminary interpretation of the results from those measurements.

From a more practical point of view this thesis contributes knowledge that helps conduct precise
measurements on a nanoscale and in nanochannels. The electrical current, which is in the order
of nanoampeéres, can be measured very precisely and is adequate to pin down certain events
happening in a nanochannel. This experience can be used outside the context of
electrocavitation as well.
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54 Recommendations for future research
This thesis finishes with suggestions for further research into electrocavitation and the field of
nanofluidics.

First of all the ¢-potential could be determined more precisely by applying the fitting method as
described by Mugele et al. [21]. This way, the EOF current measurements should turn into a
straight line, making it easier to determine their characteristics. Moreover, the EOF velocity and
C-potential can then be retrieved directly from the filling current in the cavitation experiment,
which is performed at higher voltages than EOF determining experiments (500V vs. 200V). The
setup gives more precise results for this range of voltages.

More research can be performed in running tests with salt solutions from the Hofmeister series.
This thesis showed a promising start into this. By changing the solutions actual results can be
obtained. First, the concentrations could be lower so the currents are less high and maybe less
erratic. More importantly, to reduce diffusion of the front one of the solutions in every
experiment can be kept constant, for example at 10mM NaCl, while the other solution is rotated
with for example sodium nitrate or sodium citrate. This way, different ions are present in the
solution, leading to the self-sharpening effect of the front. The results acquired using this
method would have to be corrected for the conductivity difference between the two solutions
before they can be compared to determine if the used salts indeed influence the cavitation
process.

Last but not least, specific parameters in the setup could be changed. For instance, the channel
height could be lower, leading to a lower (cavitation) pressure in the channel. Additionally, the
voltage source can be replaced by a less noisy one and one that can deliver higher voltages.
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Appendix A: Preparation protocol

Experimental setup electrocavitation version: H Experiment day:
| Preparation day .......

- Checklist
o NaCl 146.1 mg (ultrapure)
Hepes 297.875 mg (99%)
Service pH meter
Get MilliQ water
Check for pipet-tips
NaOH 1 mol/L & 5 mol/L
Fl solution, 1 mmol/L
Rinse NaCl and Hepes glassware, 4 times: 2x water, 1x methanol, 1x water
Check presence conductivity standard
o Syringes present?
- Clean and dismantle setup
o check function & flush with H20 before disassembly
o O-ringsin 50/50 H20 EtOH
o clean interface with ethanol
- Assemble interface hardware as much as possible
o Interface base
o Connect camera
o Check enough space free on hard disk
o Electronics
- Place chip in oven, 8 h to 400C, 2h @400C, 2h to RT.

O O O 0O O O O O

Il Measurement day ........

- Dissolve Hepes.... mg.../ ../ .. andNaCl .. mg .../ .../ ..each in 250mL(8:45)

- Openoven

- Calibrate pH meter and conductivity meter

- Adjust pH to 9.5 of solutionswith NaOH, log the titration amount, degass, store under

nitrogen. (10:15)

- Take chip from oven and perform channel check
o Select clean chip, or note any particles/irregularities note number and wafer
o Note a backup, to make sure

- Assemble setup (11:00)

Remove o-rings from cleaning solution

Place o-rings

Place chip on interface and close

Introduce ..... in... to fill chip, observe velocity (movie) 11:15

Align focus of chip

Take pictures of any bubbles when filled

Enter liquid..... in well ... (Recommended lunch break here)

A, ground O-------O B, HV

O O O O O O O
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