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Abstract

Applying ultrathin polyelectrolyte (PE) coatings to porous sub-
strates is an established way of to tailor the separation selectivity of
membranes. The thickness and separation properties of adsorbed PEs
on a charged porous substrate is governed by many variables such as
the ionic strength, pH, and PE charge density. Furthermore, elec-
tric field assisted deposition of PEs onto porous substrates has been
shown to provide additional control over the thickness and separation
properties of the resulting membranes.

However, different electrokinetic transport mechanisms such as
electroosmosis and electrophoresis occur simultaneously. Control over
the transport dynamics of PEs in an electric field is thus essential for
the formation of uniform PE coatings on porous substrates.

In this work, the electroosmotic flow (EOF) through glass cap-
illaries is regulated by coating of the inner surface of the capillaries
with poly(diallyldimethylammonium chloride) (pDADMAC). Depend-
ing on the ionic strength and the valency of the counterions during
the coating procedure the EOF could be reversed or suppressed almost
completely.

Based on this control over the EOF, electrophoretic mobility (µEP )
measurements were performed on poly(allylamine hydrochloride) (PAH)
as model PE. To this end, the experimental setup was first validated
by the measurement of µEP of fluorescein. Subsequently, µEP of PAH
was determined to be 43.9× 10−9 m2V−1 s−1, which is in good agree-
ment with literature values.

The work presented here lays the foundation for introducing PEs
into porous membrane matrices to control the formation of selective
separation layers via electrokinetic transport.
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Samenvatting

Veel delen in de wereld hebben te maken met een tekort aan bruikbaar zoet-
water. Voor het zuiveren van water wordt veelal gebruik gemaakt van mem-
branen. Membranen zijn poreuze materialen die een of meerdere opgeloste
vervuilingen uit water kunnen scheiden. Dit soort membranen kunnen zelfs
gebruikt worden om van zout water drinkbaar zoetwater te maken. Het is
hiervoor belangrijk dat een membraan heel selectief is in het doorlaten van
opgeloste deeltjes. Een manier om de selectiviteit van een membraan aan te
passen is door het aanbrengen van een dunne deklaag die de selectiviteit van
het membraan kan bepalen.

Een bestaande manier van het maken van selectieve deklagen is door
membranen te voorzien van een laag polyelektrolyten. Polyelektrolyten zijn
lange moleculen die erg veel positieve of negatieve ladingen hebben. Door
deze ladingen blijven ze graag aan een oppervlak vastzitten. De manier
waarop polyelektrolyten op een oppervlak vastzitten is afhankelijk van onder
andere hoeveel andere geladen deeltjes, ionen, er aanwezig zijn, welke andere
ionon er aanwezig zijn, en hoe zuur de oplossing is.

Voor het aanbrengen van een laag polyelektrolyten op een membraan kan
gebruik gemaakt worden van een elektrisch veld. Polyelektrolyten zullen zich
in een elektrisch veld verplaatsen van de plus naar de min pool, of andersom.
Dit is afhankelijk van de soort lading van het polyelektrolyt (negatief of
positief). Hoe polyelektrolyten zich precies verplaatsen in een elektrisch veld
is afhankelijk van de sterkte van het elektrisch veld, hoeveel en welke ionon
er aanwezig zijn, hoe zuur de oplossing is, en of het polyelektrolyt zich dicht
bij een vast oppervlak bevindt.

In dit onderzoek is gekeken naar wat het effect is op het verplaatsen van
polyelektrolyten in een elektrisch veld door dunne glazen buisjes genaamd
capillairen. Wanneer een elektrisch veld wordt aangebracht over een capillair
zal de vloeistof erin gaan stromen. Dit is afhankelijk van de aard van het
oppervlak van de capillair. Tegelijkertijd zal het polyelektrolyt zich ook
verplaatsen in het elektrische veld.

Er is gekeken naar hoe verschillende oppervlaktes van de capillair invloed
hebben op de stroming van de vloeistof. Vervolgens is er ook onderzocht hoe
we de verplaatsing van een polyelektrolyt door een capillair kunnen meten.

We ontdekten dat we de stroming van een vloeistof door een capillair
kunnen tegengaan door het oppervlak van de capillair te bedekken met een
laag van polyelektrolyten. Afhankelijk van hoeveel en welke ionen er in de
oplossing aanwezig waren, konden we de stroming een beetje of bijna hele-
maal tegengaan. We hebben hierbij geleerd dat het polyelektrolyt dat we
aanbrengen op het oppervlak zich verschillend aan het oppervlak hecht. De
laag kon afhankelijk van de hoeveelheid en soort ionen aanwezig heel dun of
veel dikker zijn.

We hebben ook kunnen meten hoe snel een polyelektrolyt zich beweegt
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in het elektrisch veld afhankelijk van hoeveel ionon er aanwezig zijn. Hoe
minder andere ionen er aanwezig zijn, hoe sneller het polyelektrolyt zich
verplaatst.

Deze informatie willen we gebruiken om in de toekomst selectieve dekla-
gen aan te brengen op membranen met behulp van elektrische velden.
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1 Introduction

The world’s increasing freshwater scarcity has led to an increased interest in
implementing membrane separation techniques for the removal of contami-
nates from water sources [1–3]. Membranes are semipermeable barriers that
allow for the separation of two or more dissolved species [2, 4]. Membranes
are used in wastewater treatment, water purification, and desalination as a
versatile technology with low operational energy requirements [5, 6].

Applying ultrathin polyelectrolyte (PE) coatings to porous substrates is
an established way to incorporate tunable separation selectivity of mem-
branes [7]. For example, polyelectrolyte coatings can introduce size-selective
separation of uncharged organic molecules [8]. PEs are long polymer chains
that carry many positively or negatively charged groups [9]. Electrostatic in-
teractions allow the adsorption of PEs on porous membranes or the layering
of alternately charged PEs [6].

The adsorption of PEs is dependent on many factors including the charge
density of the PE, ionic strength and pH of the PE solution, and the pore
confinement of the substrate [10]. Electric field assisted adsorption of PEs has
been shown to provide excellent control over the thickness of the adsorbed
PE layer [11, 12]. Furthermore, the amount of adsorbed PE could also be
controlled using an electric field [13–15]. The resulting PE layers were smooth
and homogenous and resulted in increased separation properties and layer
stability compared to PE coatings deposited without an electric field [4, 16,
17]. Electric field assisted build-up of PE layers also increased the adsorption
rate of PEs compared to the conventional dip coating method [4, 12].

Electric field assisted adsorption of PE on a porous substrate relies on
the electrokinetic transport of PEs. This can occur via different mechanisms
such as electroosmosis and electrophoresis. The PE transport depends on
many factors, for instance the electric field strength, the charge density of
the PE, and the ionic strength and pH of the PE solution.

This research was motivated by the idea to use electric field assisted ad-
sorption of PEs to grow separation layers at the interface of bicontinuous
interracially jammed emulsion gels (bijel) (Figure 1). Bijels are made via
self-assembly of silica colloids at the interface of two interwoven immiscible
fluids, resulting in a kinetically stabilized emulsion gel [18]. Electrokinetic
transport phenomena would facilitate the introduction of PEs into the bijel
structure and allow adsorption of the PEs on the colloidal scaffold. To gain
fundamental understanding of the transport dynamics governing the decora-
tion of the bijel scaffold with a PE layer, this work aims to understand and
control the transport of PEs through glass capillaries in an electric field as
a minimal reference system. The use of glass capillaries ensures comparable
surface chemistry to the bijel’s silica scaffold. The role of electroosmosis and
electrophoresis on the transport of charged molecules is investigated.
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Figure 1: (a) SEM image showing the silica scaffold of a bijel fiber. (b)
3D reconstruction of confocal laser scanning microscopy images of a bijel fiber.
Magenta indicates water domains and green indicates the silica scaffold. Images
adapted from [18].

To this end, a capillary flow cell was built to study the electroosmotic flow
(EOF) through glass capillaries coated with poly(diallyldimethylammonium
chloride) (pDADMAC). The EOF was analyzed by tracking the migration
of a neutral dye marker molecule and characterized by calculating the elec-
troosmotic mobility from image analysis. This was complemented by em-
ploying streaming potential measurements to determine the zeta-potential of
the capillaries under different coating conditions, and compared with EOF
simulations.

Applying pDADMAC coatings allowed for control over the magnitude
and direction of the EOF. Divalent counterions were identified to induce
a conformational rearrangement of free and adsorbed pDADMAC. This re-
sulted in a reduction of the zeta-potential and EOF of capillaries coated with
pDADMAC at higher salt concentrations.

From EOF simulations we concluded that diffusion of analytes introduces
a systematic overestimate of the electroosmotic mobility measured from EOF
analysis.

Finally, the electrophoretic mobilities of charged (macro)molecules were
measured using a home-made microscopy setup. Measurements were val-
idated by determining the electrophoretic mobility of fluorescein as a well-
documented reference molecule. The electrophoretic mobility of a model PE,
poly(fluorescein isothiocyanate allylamine hydrochloride) (PAH-FITC), was
determined at different ionic strengths. The absolute electrophoretic mobil-
ities for fluorescein and PAH-FITC were determined to be 38.3 × 10−9 and
43.9× 10−9 m2V−1 s−1 respectively.

The fundamental understanding of electrokinetic transport of PEs pre-
sented here can hopefully serve as a stepping stone for future research into
electric field assisted adsorption of PEs onto the silica scaffold of bijels.
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2 Theoretical background

This chapter introduces the theoretical background on electrokinetic trans-
port phenomena of charged species and polyelectrolytes. After discussing the
general concept of electrokinetic transport phenomena an in depth treatment
of the physical description of electroosmosis, streaming potential, and elec-
trophoresis follows. Polyelectrolytes are defined, and their classification into
weak and strong polyelectrolytes is explained. The adsorption of polyelec-
trolytes on charged substrates will be treated. Finally, the radius of gyration
is discussed to describe the conformation of polyelectrolytes in solution, which
can be measured using static light scattering.

2.1 Electrokinetic transport phenomena

Any charged species will experience a force in an electric field. The charged
species will be accelerated according to Coulomb’s law, which gives the force
acting on two charged species depending on their charge and the distance
between them (Eq. (1)). With F the Coulomb force, ke the Coulomb con-
stant, q1 and q2 the magnitude of the charges, and r the separation between
the charges.

F = ke
q1q2
r2

(1)

For oppositely charged species the forces F1 and F2 point to each other as
the interaction is attractive (Figure 2 (a)). The force acting on a positively
charged particle in a homogeneous electric field of magnitude E is shown in
Figure 2 (b). The direction of the corresponding acceleration a the particle
experiences follows Newton’s law. This basic principle of movement of free
charges as a result of an applied electric field forms the foundation for all
electrokinetic transport phenomena.

Figure 2: (a) Schematic representation of the Coulomb forces F1 and F2 acting
on two oppositely charged particles. The particles represented as a red circle with
a plus sign and a blue circle with a minus sign. The forces act in opposite direction
because the interaction is attractive. (b) Schematic representation of the force
acting on a positively charged particle in a homogeneous electric field, of strength
E. The direction of the acceleration a that follows from Newton’s law is indicated
with the green arrow.
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Electrokinetic transport phenomena refer to a family of phenomena in-
volving electricity and a tangential movement of two phases with respect to
each other [19]. The physical source of these phenomena lies in the so-called
electrical double layer (EDL) that forms when a solid comes in contact with
an electrolyte. The EDL consists of the charged surface at the solid and an
equivalent amount of oppositely charged ions distributed in the solution. In
the distribution of counterions around the solid, two regions can be distin-
guished. The first is a layer of tightly bound ions that have adsorbed to the
charged surface known as the Stern layer (Figure 3) [20, 21]. Further away
from the surface a diffuse region of counterions extends into the bulk. In
the case of a moving surface some counterions in the diffuse region will stay
attached to the surface and move along with it. The rest of the diffuse layer
will not move along with the surface and is sheared off [22]. The bound-
ary that separates these mobile and immobile regions of the diffuse layer
is called the slipping plane (Figure 3). The electric potential at this plane,
which is important to describe all electrokinetic phenomena, is defined as the
zeta-potential (ζ) [19, 23].

Figure 3: (a) Schematic representation of an electric double layer extending
from a positively charged surface. Regions corresponding to the Stern layer,
slipping plane, and bulk electrolyte are indicated. (b) Qualitative graph showing
the electric potential as a function of the distance from the surface. The surface
charge, Stern layer, and slipping plane are indicated. The potential at the slipping
plane is defined as the zeta-potential, ζ.

The change in electric potential of a charged surface in contact with an
electrolyte depends on the distance from the surface (Figure 3 (b)). The
potential at the surface is fixed by the surface charge and decreases linearly
over the thickness of the Stern layer. The Gouy-Chapman model describes
the diffuse layer as an exponentially decaying function [19,24]. The previously
introduced slipping plane is located in the diffuse layer.

It is the motion of the electrolyte relative to the charged surface at the
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slipping plane that controls electrokinetic transport phenomena. These phe-
nomena can be distinguished based on the driving force and the nature of the
solid and liquid phases [25, 26]. In the following, the transport phenomena
electroosmosis, streaming potential, and electrophoresis will be explained.

2.1.1 Electroosmosis

Applying an electric field across an electrolyte solution will cause the
positive ions to move towards the cathode, and the negative ions towards the
anode according to Coulomb’s law. The opposite movement of these ions will
cancel out such that no fluid flow will occur. When the same electrolyte is
now confined in a narrow glass channel an EDL will extend from the surface
into the solution [27,28]. Applying an electric field parallel to the surface will
shear off excess counterions near the surface at the slipping plane (Figure 4).
The movement of these counterions will induce a fluid flow due to drag forces
exerted on the solvent. The fluid flow induced by movement of the ions is
called electroosmosis [19,27,28]. As a consequence, a velocity profile develops
that increases from zero at the wall to a maximum value vEO at the center
of the channel. The resulting velocity profile is called plug flow and the
associated velocity vEO is called the electroosmotic velocity [27].

Figure 4: Schematic representation of electroosmosis in a channel with a neg-
atively charged wall. Excess counterions in the electric double layer and the
direction of their movement in the applied electric field Ez are indicated. The
velocity profile in x-direction of the fluid flow is given.

The velocity profile in the stationary state can be calculated from a force
balance between the Coulomb force and friction forces counteracting on a
volume element in opposite directions. For a rectangular coordinate system
and neglecting any additional forces this balance results in Equation (2) [19,
27].

Ezρ = −ηd
2vz
dx2

(2)
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Ez is the applied electric field parallel to the surface, ρ the charge density,
η the viscosity of the solvent, and vz the velocity in the direction parallel to
the surface. Poisson’s equation, Equation (3), describes the electric potential
ψ that develops for a charge distribution ρ, with ϵ0ϵr the permittivity of the
solution. It can be substituted for the charge density ρ in Equation (2)
resulting in Equation (4).

▽2ψ = − ρ

ϵ0ϵr
(3)

Ezϵ0ϵr
d2ψ

dx2
= η

d2vz
dx2

(4)

Equation (4) can be integrated twice using the boundary conditions:

1. for x = 0: dψ/dx and dvz/dx are zero as both the potential and the
velocity reach a constant value

2. at x = H: ψ = ζ and vz = 0 because x = H is the slipping plane for
which the potential is defined as the zeta-potential

The result of the integration gives the velocity profile in x-direction vz(x)
(Equation (5)). However, here we are interested in the maximum velocity
at the center of the channel, the electroosmotic velocity vEO. In the bulk,
electroneutrality demands ψ = 0, resulting in Equation (6) [19, 27]. The
quantity µEO is called the electroosmotic mobility. It only depends on the
zeta-potential ζ, and the permittivity ϵ0ϵr and viscosity η of the bulk. The
electroosmotic mobility describes the velocity of the fluid under the influence
of an electric field.

vz(x) =
ϵ0ϵr
η
Ez(ψ(x)− ζ) (5)

vEO = −ϵ0ϵrζ
η

Ez = µeoEz (6)

2.1.2 Streaming potential

In the previous section the presence of an EDL caused fluid flow when an
electric field is applied over a narrow channel. The magnitude of the flow
velocity is dependent on the electric field strength and the zeta-potential.
This phenomenon can thus be used to determine the zeta-potential of the
channel wall by measuring the velocity of the fluid. In this work, another
approach to measure the zeta-potential of a confined channel is used. We
make use of the so-called streaming potential.

Consider a glass capillary filled with an electrolyte such as in Figure 5 (a).
When a linear pressure gradient is applied across the channel the electrolyte
will start to flow. This fluid flow results in an ionic convection current (Is)

7



by carrying excess counterion ions in the EDL along. A potential will build
up at the end of the channel which induces an ionic conduction current (Ic)
through the capillary. This conduction current is opposite to the convection
current (Figure 5 (a)) [19,28,29]. The conduction current can induce a fluid
flow due to viscous drag forces in opposite direction to the pressure driven
flow. We prove, however, in Appendix C that the opposing flow is negligible,
and the resulting velocity profile will be parabolic.

Figure 5: (a) Schematic representation of the streaming potential in a channel
with a negatively charged wall. A pressure difference is applied from left to right,
indicated by the velocity profile. The ionic convection current Is and the counter-
acting ionic conduction current Ic are indicated. (b) Schematic representation of
the streaming potential for different pressure differences ∆P . The zeta-potential
follows from the slope of the linear fit.

For the steady-state situation these two currents exactly counterbalance
each other. The convective current Is scales with the pressure and the con-
ductive current Ic with the potential. This gives a proportionality between
the applied pressure and developed potential in the steady-state. Equa-
tion (7) expresses the potential Ustr that develops due to an applied pressure
difference ∆P , with KL the conductivity of the solution [19, 26, 30]. This
potential is known as the streaming potential and can be determined by
measuring the electric potential across the channel using a voltmeter.

Ustr = −ζ ϵ0ϵr
ηKL

∆P (7)

The streaming potential is linearly dependent on the applied pressure dif-
ference. When the streaming potential is measured and plotted for different
pressures the zeta-potential can be calculated from the slope of a linear fit
(Figure 5 (b)). The pressure needs to be controlled, for instance by flowing a
liquid through the channel driven by a syringe pump. The applied pressure
can then be calculated for a round channel according to the Hagen-Poiseuille
equation [31]:

∆P =
8ηLQ

πr4
(8)

8



With η the viscosity of the liquid, L the length of the channel, Q the
volumetric flow rate through the channel, and r the radius of the channel.
The above equations are only valid for laminar flow [29]. Laminar flow occurs
for Reynolds numbers below approximately 2040 [32]. The Reynolds number
(Re) can be calculated for a round channel according to Equation 9 [32–34].
With Re the Reynolds number, ρ the density of the fluid, Q the volumetric
flow rate, D the diameter of the channel, η the viscosity of the fluid, and A
the diameter of the channel.

Re =
ρQD

ηA
(9)

2.1.3 Electrophoresis

Both electroosmosis and streaming potential describe electrokinetic fluid
transport with respect to a stationary solid phase. In contrast, electrophore-
sis refers to electrokinetic mass transport of a dispersed particle or a solute
with respect to a stationary liquid. The movement is driven by an electric
field that acts on the charge of the solute.

In the simplest case electrophoresis is the reverse of electroosmosis. The
mathematical derivation of section 2.1.1 can be transferred by considering
the liquid as stationary and the solid as moving. The velocity of a particle
moving in an electric field (vEP ) follows the same relation as Equation (6),
however, barring the minus sign to indicate the movement of the particle
in opposite direction. This relation gives the Smoluchowski’s equation, with
µEP the electrophoretic mobility [19, 27,35].

vEP =
ϵ0ϵrζ

η
E = µEPE (10)

Equation (10) can also be derived based on a force balance between the
electrostatic Coulomb force acting on the particle and the counteracting fric-
tion force the liquid exerts on the particle. Furthermore, an electrophoretic
retardation force acts on the particle which stems from the movement of
the counterions of the EDL around the particle [19, 27]. These counterions
experience the electric field and will move in the opposite direction as the
particle. The liquid transported by the movement of these ions works against
the motion of the particle (Figure 6) [24,36,37]. The magnitude of the elec-
trophoretic retardation force scales with the ionic strength of the electrolyte.

To understand the impact of the ionic strength on the electrophoretic
retardation we need to introduce the so-called Debye length κ−1. The Debye
length is a property of the EDL that describes the typical length scale over
which the EDL extends into the bulk [19, 27, 37]. A large κ−1 corresponds
to a thick EDL, the diffuse layer extends far into the bulk. A small κ−1

corresponds to a thin EDL, the diffuse layer does not extend far into the
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Figure 6: Schematic representation of the forces acting on a positively charged
particle in a homogeneous electric field for the case of a thin electric double layer
(aκ >> 1) and the case of a thick electric double layer (aκ < 1). The thickness of
the red circle schematically illustrates the thickness of the electric double layer.

bulk. The Debye length can be calculated according to Equation (11) and is
a function of the ionic strength of the solution (Eq. (12)) [19, 27,37].

κ−1 =

√
ϵrϵ0kBT

2e2I
(11)

I =
1

2

∑
ciz

2
i (12)

With kB the Boltzmann constant, T the temperature, e the elementary
charge, ci the molar concentration of ion i, and zi the charge number of ion
i. As follows from Equation (11) a high ionic strength corresponds to a small
Debye length and thus, a thin EDL. In turn, a low ionic strength corresponds
to a large Debye length and a thick EDL. It is important to note that the
thickness of the EDL does not influence the total charge in the EDL. It only
indicates how smeared out the charge is into the bulk.

The influence of the ionic strength on the electrophoretic retardation can
be explained as follows: at high ionic strength (aκ ≫ 1, with a the particle
radius and κ the reciprocal Debye length) the counterions are distributed
closely around the particle (Figure 4). The induced fluid flow opposite to
the particle movement will be focussed around the particle. As a result,
the particle experiences the retardation force strongly. At low ionic strength,
however, (aκ < 1) the counterions will induce a fluid flow less focussed around
the particle. In consequence, the total retardation acting on the particle is
smaller.
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Figure 7: Schematic representation of a negative and positively charged parti-
cle in a channel with a negatively charged wall under the influence of an electric
field. The negatively charged particle experiences the electroosmotic and elec-
trophoretic velocities in opposing directions. This will result in a lower mobility.
The positive particle experiences the electroosmotic and electrophoretic velocities
in the same direction. This will result in a higher mobility.

Finally, electrophoresis and electroosmosis often occur simultaneously.
Depending on the species’ charge and the charge of the confinement these
electrokinetic effects can amplify or attenuate each other (Figure 7). This
increases or decreases the mobility of the charged species.

2.2 Polyelectrolytes

The purpose of this research is to study the electrokinetic transport of poly-
electrolytes (PEs). PEs are polymers for which a large portion of the repeat-
ing units contains a charge or chargeable group [9]. PEs can be of anionic
(polyanion), cationic (polycation), or zwitterionic charge. PEs have charac-
teristic properties compared to uncharged polymers, such as their excellent
water solubility and the strong interaction they form with charged surfaces
and other PEs [6, 38].

Here, we will first make the distinction between weak and strong PEs.
Next, the adsorption of PEs on charged surfaces and multilayer formation
will be discussed.

2.2.1 Weak and strong polyelectrolytes

Many properties of PEs are dependent on the electrostatic interactions they
form. As a result the charge density of the polymer chain is an important
parameter controlling these properties. A distinction can be made between
two different dissociation behaviors of a PE’s charged group, describing the
PE’s charge density behavior.

A weak PE dissociates in response to the pH of the surrounding medium [6,
10,39,40]. An example of a weak PE is poly(methacrylic acid) [40]. Its struc-
ture and dissociation behavior are given in Figure 8 (a) [41]. Strong PEs are
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fully dissociated upon dissolving irrespective of the pH of the surrounding
medium [6,10,39, 40]. An example of a strong PE is poly(styrene sulfonate)
(PSS) (Figure 8 (b)) [40]. The degree of dissociation of PSS would remain
at a constant value of 1 across the full pH range.

Figure 8: (a) Degree of dissociation for the weak PE poly(methacrylic acid)
in dependence of pH, adapted from [41]. (b) Chemical structure of poly(styrene
sulfonate) as example of a strong PE.

2.2.2 Polyelectrolyte adsorption and multilayer formation

PEs preferentially adsorb onto oppositely charged surfaces [42]. The elec-
trostatic interaction between the PE and oppositely charged surface is one of
the driving forces that cause the adsorption [6]. The electrostatic interactions
are screened by the ionic strength of the solution.

At low ionic strength the PE has an extended conformation in solution due
to the many charges along the chain repelling each other (Figure 9 (a) [43–
45]). The solution cannot sufficiently compensate or screen these charges
for the chain to be flexible. As a result the PE will adsorb in an extended
conformation on an oppositely charged surface to compensate as much of its
charge (Figure 9 (b)) [42–44,46,47].

At higher ionic strengths the PE can form more coiled structures, bringing
the repelling charges along its chain closer together (Figure 9 (a)) [43–45,48].
This is possible because the ions in the solution can screen the repelling
charges better. PEs adsorbed at high ionic strength are thus able to form
loops away from the surface into the bulk. This creates a thicker PE layer on
the surface (Figure 9 (b)) [43,44,46,48]. In this regard, scaling laws proposing
the increase of the adsorbed amount of PE (Γ) with the salt concentration
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of solution to be Γ ∝ √
cs have found excellent agreement with experimental

studies [49–51].
The stability of adsorbed PE layers is dependent on the type of PE.

Strong PE coatings have been shown to be stable for up to twenty hours of
continuous rinsing [52–54]. Weak PE coatings, however, degrade significantly
upon continuous rinsing already after two hours [52–54].

Figure 9: (a) Schematic representation of a polycation dissolved in a solution of
increasing ionic strength. (b) Schematic representation of a polycation adsorbed
on a silica surface for varying ionic strength of the bulk solution.

However, electrostatics do not explain the full adsorption behavior of
PEs on charged surfaces. Entropy has been shown to play a crucial role
in the adsorption behavior of PEs [6, 42, 43, 55]. The release of counterions
from the surface and the PE can result in entropic gain that drives the PE
adsorption. On the other hand, the loss of conformational freedom of the PE
upon adsorption can introduce an entropic penalty.

Furthermore, other non-electrostatic interactions between the PE and the
surface are present. This can be concluded from the observation of charge
overcompensation [42, 43, 47, 55]. Charge overcompensation describes the
adsorption of PEs on a surface beyond the point of electroneutrality [46]. This
results in a new charged surface of opposite sign. If electrostatic interactions
would be dominating, charge overcompensation would not occur.

Charge overcompensation is also an essential driving force in the forma-
tion of PE multilayers (PEMs) [56]. PEMs are formed by sequential adsorp-
tion of a polycation and a polyanion onto a charged surface [6,57,58]. PEMs
can be used as thin and selective separation membranes [57, 59,60].
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2.3 Static light scattering

The coiling of a PE in dependence of the ionic strength can be studied by
measuring the radius of gyration (Rg) of the PE. Rg gives the distance from
the center of mass of the polymer at which the entire mass can be assumed
to be concentrated [61]. It is thus a measure of the size of the polymer
and depends e.g. on the molecular weight of the polymer and the type of
solvent [61,62]. Static light scattering (SLS) can be used to determine Rg of
a polymer [63]. In SLS experiments the time-averaged intensity of scattered
light from a sample is measured as a function of the scattering angle [64]. Rg

can be determined from SLS data according to the Guinier approximation
(Eq. (13)) [62,65,66].

I(q) ≃ I(0)e−q2R2
g/3 (13)

q =
4π

λ
sin θ (14)

With I(q) the scattering intensity, I(0) the forward scattering intensity,
and q the scattering vector given by Equation (14), with λ the wavelength
of the incident light, and θ the scattering angle. From Equation (13) it can
be deduced that plotting ln I(q) as a function of q2 gives Rg as the slope of
a linear fit.
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3 Materials and methods

This chapter provides an overview of the chemicals and materials used and
gives a detailed description of all experimental procedures.

3.1 Chemicals, materials, and equipment

Table 1: Overview of all chemicals used, their CAS-numbers, and the suppliers.

Name CAS-number Supplier

Fluorescein sodium salt (fluorescent tracer) 518–47–8 Sigma-Aldrich
Poly(fluorescein isothiocyanate allylamine hydrochlo-
ride) (PAH-FITC) (MW 56 kDa)

71550–12–4 Aldridge

poly(diallyldimethylammonium chloride) (pDADMAC)
(MW <100 kDa, 35 wt % in water)

26062–79–3 Sigma-Aldrich

poly(diallyldimethylammonium chloride) (pDADMAC)
(MW 200–350 kDa, 20 wt % in water)

26062–79–3 Aldrich chemistry

poly(diallyldimethylammonium chloride) (pDADMAC)
(MW 400–500 kDa, 20 wt % in water)

26062–79–3 Aldrich chemistry

Rhodamine B (⩾ 95.0 %∗) 81–88–9 Sigma life sciences
Sodium Chloride (⩾ 99.5 %∗) 7647–14–5 Sigma-Aldrich
Sodium phosphate dibasic (⩾ 99.0 %∗) 7558–79–4 Sigma-Aldrich
Sodium phosphate mononbasic dihydrate (⩾ 99.0 %∗) 13472–35–0 Sigma life sciences
Water (18.2 MΩcm) 7732–18–5 Synergy Millipore
∗) Purity

Table 2: Overview of the analytical equipment used.

Description Specification Supplier

Bright/dark field microscope M205C, Plan 0.5x M-series objective Leica Microsystems
Confocal laser scanning microscope Stellaris 5 Leica Microsystems
Syringe pump Legato 100 kd Scientific
Multimeter UT161D, including software Uni-T
DC power supply ES0300-0.45 Delta Elektronika
pH meter pH 210 Microprocessor pH meter Hanna Instruments
pH probe InLab Expert Pro Mettler Toledo
Conductivity meter SevenExcellence Multiparameter Mettler Toledo
Conductivity probe InLab 731-ISM Mettler Toledo
Static light scattering Home-built setup -
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Table 3: Overview of materials used.

Description Specification Supplier

Round boro capillary 50 µm inner diamter, length 10 cm VitroCom
Square boro capillary 200×200 µm, length 10 cm VitroCom
Rectangular boro capillary 100×2000 µm, length 5 cm VitroCom
Rectangular boro capillary 100×2000 µm, length 10 cm VitroCom
Microscope slide ISO 8031/1, 76×26 mm Epredia
Tubing 20 gauge thin wall PTFE Cole Parmer
Syringe Injekt Luer Solo 2 mL B Braun
Syringe needle 20 gauge, 0.5 inch Metcal
Syringe filter 16592-K Minisart 0.8 µm pore size Sartorius
Septum Precision Seal rubber septum, 19/22

joint
Sigma-Aldrich

T-junction PEEK Tee 0.020 inch inner diameter Upchurch Scientific
Fingertight fitting PEEK fingertight fitting 0.0625 inch in-

ner diameter
Upchurch Scientific

Epoxy glue 6183 Epoxy-Kleber Liqui Moly
UV glue NOA81 Norland
PAP pen (mixture of 1-
bromopropane and ligroin)

Hydrophobic coatings on glass Sigma-Aldrich

3.2 Buffer preparation

A 100 mM phosphate buffer was prepared at pH ±8 by mixing 9.32 mL
of a 1 M Na2HPO4 solution with 0.68 mL of 1 M NaH2PO4 solution, followed
by dilution to 100 mL with MilliQ water. The final pH of the buffer could
be fine-tuned by addition of 0.2 M HCl or 0.2 M NaOH to pH 7.95.

3.3 pDADMAC capillary coating

20 − 35 wt % poly(diallyldimethylammonium chloride) (pDADMAC) stock
solutions were diluted to 0.2 wt % with a 20 mM phosphate buffer solution
(Section 3.2). Coating solutions were prepared by adding 0, 50, 250, 500,
and 750 mM NaCl to 0.2 wt % pDADMAC solutions. Round or rectangular
capillaries were placed upright in a vial containing the coating solution and
filled through capillary forces. After 5 minutes the capillary was flushed
with an electrolyte solution four times. The electrolyte solution used was
dependent on the experiment for which the capillary was used.

16



3.4 Zeta-potential measurements

The zeta-potential of the inner wall of pDADMAC coated and uncoated
capillaries was determined using the streaming potential as described in Sec-
tion 2.1.2. To measure the streaming potential a custom setup was built
(Figure 10). A photograph showing the zeta-potential setup is given in Ap-
pendix A (Figure 33)

Figure 10: (a) Schematic representation of the setup used to measure the
streaming potential of the inner wall of a round capillary. (i) Voltmeter connected
to two copper electrodes; (ii) T-junction with fingertight fittings to connect tub-
ing, a copper electrode, and a capillary; (iii) 50 µm inner diameter round capillary
glued into a 200 µm square capillary for support; (iv) Syringe pump controlling
the pressure by varying the flow rate of the electrolyte; (v) Reservoir filled with
the running electrolyte and sealed using a septum. (b) Schematic showing to
alignment of the two capillaries that are glued together.

A round capillary with 50 µm inner diameter (ID) was glued into a 200 µm
square capillary for reinforcement using UV glue (Figure 10 (b)). The ends
of the round inner capillary were left open. The square outer capillary was
closed off with UV-glue, so flow could only occur through the inner capillary.
Next, these capillaries were glued into a fingertight fitting using epoxy glue.
The fitting was screwed into a T-junction, which allowed the capillary to be
connected leak-free to tubing and a copper electrode. The copper electrode
was glued into a fingertight fitting, sticking out on both sides, and screwed
into the T-junction. The tubing was pulled through a fingertight fitting,
which was screwed into the T-junction. The other end of the tubing was
connected to a 2 mL syringe containing a 2 mM phosphate buffer solution
(KL = 44 mS/m). The syringe was connected to a syringe pump to apply
a pressure. Flow rates were kept low to ensure laminar flow. The capillary
was inserted through a septum into a 3D printed reservoir containing the 2
mM phosphate buffer solution. Finally, a voltmeter was connected to the T-
junction copper electrode, and a copper electrode inserted into the reservoir.

The voltmeter logged the measured potential across the capillary every
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second on a computer. Before and after the syringe pump was turned on
the system was left to equilibrate to a constant potential. The streaming
potential Ustr was calculated as the difference between the equilibrated po-
tential before and after applying a pressure difference across the capillary
(Figure 11). Plotting the streaming potential as a function of the applied
pressure allowed to calculate the zeta-potential from the slope of the linear
fit (Eq. (7)).

Figure 11: Representative data of a streaming potential measurement. The
streaming potential is calculated as the difference between the equilibrated po-
tential before and after applying a pressure.

3.5 Capillary cell setup

To measure electroosmotic and electrophoretic mobilities, a capillary cell was
built. On a glass microscope slide a 5 cm long 2 × 0.1 mm ID rectangular
capillary was glued using epoxy glue (Figure 12 (a)). At either opening of the
capillary a reservoir was built for droplets of the buffer solution. Using epoxy
glue a barrier was made over the capillary to eliminate capillary forces pulling
the liquid underneath the capillary. The other three sides of the reservoir
were given a hydrophobic coating using a PAP pen to contain the droplet.
The glass slide was placed into a 3D printed container which was open on
the top and had supports on the bottom. To hold two copper electrodes
in place a 3D printed frame that fitted over the 3D printed container was
fabricated (Figures 12 (b, c)). The electrodes were inserted through the side
of the frame and bent down to reach into the reservoirs. The electrodes were
kept in place with two screws.
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Figure 12: Schematic showing the capillary cell. (a) Top view of the glass
slide and 3D printed container. (b) Top view of the electrode holder. (c) Side
view of the electrode holder.

This cell setup can furthermore be extended to increase the length over
which electroosmotic or electrophoretic migration is observed. To this end,
two glass slides could be glued together to account for a longer capillary and
the 3D printed parts were redesigned accordingly.

3.6 Electroosmotic mobility measurements

A 5 mg/mL rhodamine B solution containing 20 mM phosphate buffer and
30 mM NaCl was prepared at pH 7.95. Rhodamine B was used as a neutral
marker. Rhodamine B carries a carboxylic acid group with a pKa value of
3.2 [67]. The deprotonated form of rhodamine B is in tautomeric equilibrium
between a zwitterionic and a neutral state (Figure 13) [67]. Both the neutral
and zwitterionic state of rhodamine B cannot migrate electrophoretically. By
performing the measurements at pH 7.95 it is thus ensured that the migration
of rhodamine B is only due to electroosmotic flow.
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Figure 13: Tautomeric equilibrium of deprotonated rhodamine B, adapted
from [67].

The capillary cell was placed under the bright field microscope and the
electrodes were connected to a DC power supply. A voltmeter was used to
read out the applied electric field (Figure 14, see Appendix A Figure 34 for a
photograph of the setup). The two reservoirs were filled with 300 µL of phos-
phate buffer, containing additional 30 mM NaCl to increase the conductivity.
The system was left to equilibrate for 10–15 minutes to eliminate gravity in-
duced flow. Next, the power supply was turned on, and the system was left
to equilibrate for further 10–15 minutes at 1900 V/m (Applied voltage: 100
V). The power supply was turned off and 50 µL was pipetted out of each
reservoir and replaced with 50 µL of the rhodamine B containing solution
resulting in a final rhodamine B concentration of 0.83 mg/mL. The power
supply was turned on again and the measurement was started (E = 1900
V/m). Images were acquired every 10–15 seconds.

Figure 14: Schematic showing the capillary cell setup used during measurement
of the electroosmotic flow through the capillary.
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3.7 Data-analysis

Microscope images were exported to ImageJ and analyzed to extract the
mobility (Figure 15). The mean gray value (MGV) of a line extending over
the width of the capillary was measured for every image. This was done for
three lines separated by a distance ∆x (Figure 15 (a)). The MGV was nor-
malized and plotted over time for the three different positions (Figure 15 (b)).
To calculate the migration time over a distance ∆x the time differences ∆t
were computed. ∆t was defined as the time needed to achieve the same MGV
between two positions separated by a distance ∆x (Figure 15 (b)). These
time differences were typically calculated for 10–50 normalized MGVs. From
the known spacing ∆x and the calculated ∆t, velocities v can be calculated.
Velocities were determined not only for the single spacing (∆x and ∆t), but
also for double-spacing (2∆x and 2∆t). The velocities were averaged, and
the mobility could be calculated using Equation (15) and the applied electric
field E.

µ =
v

E
=

∆x

∆t

1

E
(15)

Figure 15: (a) Microscopy images from measuring the electroosmotic mobility.
Indicated are the positions for the mean gray value (MGV) measurements and
the spacing between them (∆x). The scale bars are 10 mm. (b) A plot of the
normalized mean gray value for the measurement shown in (a). Indicated are
the time differences (∆t) for each position to reach a certain MGV.

3.8 Electroosmotic flow simulations

A 2D COMSOL Multiphysics model with the physics module Transport of
Dilute Species was designed to simulate the electroosmotic flow through a
capillary. A channel geometry was created by a rectangle of 0.1 mm width
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and 33 mm length (Figure 16 (a)). A physics-controlled coarse mesh was
used. The top and bottom walls of the rectangle were assigned an elec-
troosmotic flow boundary condition with the zeta-potential as experimental
parameter. An electric field was set parallel to the top and bottom wall with
a magnitude of 1900 V/m. The right wall of the channel was given an open
boundary condition to allow outflow. The left wall was modelled as reservoir
containing a neutral molecule (Sp.1) representing rhodamine B. Sp.1 was
allowed to be transported by convection and diffusion. The concentration of
Sp.1 in the reservoir was set to 1 M and the diffusion coefficient was set to
4.5 × 10−10 m2 s−1, corresponding to the diffusion coefficient of rhodamine
B [68].

Figure 16: (a) Channel geometry of the COMSOL model. The blue dots
indicate the points where the concentration of Sp.1 was measured. The simulation
was performed using a physics-controlled coarse mesh shown in the inset of (a).
(b) Plot showing the change in concentration of Sp.1 at the blue points in (a).
Legend is the same as given in (c). (c) Plot showing the mean gray value as a
function of time for the blue points given in (a). The lines were calculated by
performing yMGV = −yconc + 1 on the data in (b).

A time-dependent simulation shows the migration of the neutral marker
due to electroosmotic flow. The electroosmotic mobility was calculated from
the model for a given zeta-potential by measuring the concentration of Sp.1
at three different position along the length of the channel Figure 16 (b).
The concentration values were converted to MGV by performing yMGV =

22



−yconc+1 for each value of yconc (Figure 16 (c)). Based on this, MGV analysis
as described in the previous section is used to calculate the electroosmotic
mobility.

3.9 Electrophoretic mobility measurements

3.9.1 Fluorescein

To measure the electrophoretic mobility of fluorescein (FL) the same setup
and procedure was used as in Section 3.6. A stock solution of 10 mg/mL FL
in 20 mM phosphate buffer of pH 7.95 with 30 mM NaCl was prepared. 300
µL of 20 mM phosphate buffer solution with 30 mM NaCl was pipetted into
both reservoirs of the capillary cell setup. The system was left to equilibrate
for 10–15 minutes to eliminate gravity induced flow. Next, an electric field
of 1900 V/m was applied for 10–15 minutes. The electric field was turned
off and 100 µL of the phosphate buffer in the reservoirs was replaced with
100 µL of the FL solution. The electric field was turned on again and the
measurement was started.

Data analysis was performed via MGV analysis as described in Sec-
tion 3.7.

3.9.2 PAH-FITC

Electrophoretic mobility measurements of poly(fluorescein isothiocyanate al-
lylamine hydrochloride) (PAH-FITC) were performed using the setup and
procedure described in section 3.6. A stock solution of 0.5 mg/mL PAH-
FITC in water was prepared at pH 4.2. Measurements were performed in
dark field mode under the microscope using fluorescence to track the migra-
tion of PAH-FITC in the electric field. A 405 nm laser pen was used to excite
PAH-FITC. As running electrolyte an 80 mM NaCl solution at pH 4.2±0.05
was used. The system was equilibrated for the electric field of 1900 V/m.
Next, 100 µL of the NaCl solution in the reservoirs was replaced with 100 µL
of the PAH-FITC solution and the measurement was started.

Data analysis was performed via MGV analysis as described in Sec-
tion 3.7.

3.10 UV/Vis spectroscopy

The fluorescence spectrum of PAH-FITC was recorded using a confocal laser
scanning microscope. Droplets of 0.5 mg/mL PAH-FITC solution were placed
on a glass slide under the microscope. Spectra were recorded by performing
a λ-scan in the range 490− 590 nm with a step size of 3 nm and excitation
wavelength of 488 nm. The z-position of the microscope was kept constant
in the center of the droplet for each measurement.
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3.11 SLS of pDADMAC

Static light scattering (SLS) was employed to measure the radius of gyration
(Rg) of pDADMAC. A custom build SLS setup was used consisting of a
mercury-vapor lamp, optical system, sample holder, and detector (Figure 17).
The optical system includes: filters to regulate the light intensity, color, and
polarization, a slit, and a lens system that focuses the light on the sample.
The sample holder fitted a round glass cuvette. As detector a photomultiplier
tube mounted on a rotating arm was used to measure the scattered light at
different angles.

Figure 17: Schematic representation of the SLS setup used to measure the
radius of gyration of pDADMAC. The dotted red line indicates the emitted light
from the mercury-vapor lamp. The undulating line indicates the scattered light
at angle θ. (i) Mercury-vapor lamp; (ii) Optical system including intensity, color,
and polarization filters, a slit, and lenses; (iii) Sample holder with a round glass
cuvette; (iv) Photomultiplier tube mounted on a rotating arm.

pDADMAC (MW 200–350 kDa) was diluted to 0.2 wt % using NaCl,
and phosphate buffer solutions of ionic strength 1 mM, 10 mM, 50 mM, 100
mM, 500 mM, and 1 M respectively. The samples were filtered through a
syringe filter (0.8 µm pore size) into the round glass cuvette. The scattered
light intensity was measured for 41 angles evenly spaced between θ = 20◦

and θ = 140◦ using light with a wavelength of 578 nm. At every angle the
intensity was averaged over 3 seconds. From the slope of a Guinier plot Rg

was determined.
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4 Results and discussion

In this chapter the findings of this thesis will be discussed. Control of
the electroosmotic flow through the capillary cell is achieved by applying a
pDADMAC coating. The influence of the pDADMAC chain length and the
divalent phosphate buffer on the pDADMAC adsorption were investigated.
Electrophoretic mobility (µEP ) measurements were validated by measuring
µEP of fluorescein and comparing this to literature values. Finally, µEP was
determined for poly(allylamine hydrochloride) as model PE.

4.1 Electroosmotic flow suppression

To allow accurate measurement of electrophoretic mobilities we aimed to
eliminate electroosmotic flow (EOF) through the glass capillaries. To sup-
press EOF through capillaries, the inner glass surface was coated with high
MW pDADMAC (MW 400–500 kDa). The coating was performed for dif-
ferent NaCl concentrations. The electroosmotic mobility µEO was measured
for each coating (Figure 18). The influence of any pressure driven flow is
excluded by examining the velocity profile of the flow, see Appendix B.

For the uncoated capillary an electroosmotic mobility of µEO = 36×10−9

m2V−1 s−1 was determined. This corresponds well to literature values [69].
The pDADMAC coated capillaries showed a reverse in the sign of µEO indi-
cating a flow in opposite direction to the uncoated case. Furthermore, the
absolute value of µEO decreases with increasing NaCl concentration during
the coating.

Figure 18: The electroosmotic mobility (µEO) for an uncoated capillary and
capillaries coated with high MW pDADMAC at different NaCl concentrations.

25



As the electroosmotic mobility is directly dependent on the zeta-potential
(Eq. (6)), the values of µEO can be validated by measurement of the zeta-
potential of the coated capillaries using the streaming potential (Ustr) (Fig-
ure 19 (a)).

The streaming potential was averaged over three measurements for each
pressure. The standard deviation for each data point was calculated. The
standard deviation was then given as a weight for each data point to calcu-
late the linear fit according to Equation (7). The weights were defined as
1/error2 [70,71]. This means that data points with a small error contribute
more to the determination of the linear fit. This also allows to calculate the
error in the slope of the fit.

Figure 19: (a) Measurement of the streaming potential (Ustr) as a function of
the pressure (P ) for an uncoated capillary and capillaries coated with high MW
pDADMAC (MW 400–500 kDa) at different NaCl concentrations. The error bars
indicate the standard deviation of the measurements. The dashed lines are linear
fits based on Equation (7). The measurement errors were used as weights to
determine the linear fit. (b) Zeta-potentials calculated from the slopes of the
linear fits given in (a). (c) µEO calculated from the zeta-potentials in (a). The
legend for (b) and (c) are the same and given in (c)
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From the linear fits (Figure 19 (a)) the zeta-potential was calculated using
Equation (7) (Figure 19 (b)). The zeta-potential of the uncoated capillary
was found to be −35 mV. This corresponds well the zeta-potential of fused-
silica in a sodium phosphate buffer found in literature (ζ = −40 mV) [72].
Next, µEO was calculated from the found zeta-potentials using Equation (6)
(Figure 19 (c)).

A decrease in the absolute value of µEO is observed for increasing NaCl
concentration in the pDADMAC coating procedure. This trend is observed
both from analyzing the EOF, and from streaming potential measurements
(Figure 20). This trend, however, is contrary to what is expected from theo-
retical and experimental data of PE adsorption in literature. The adsorbed
amount of PE is generally expected to increase with ionic strength (Sec-
tion 2.2.2). This would correspond to an increase in charge overcompensation
at higher ionic strength, and in a higher zeta-potential and µEO. Wang et al.
investigated the electroosmotic flow through pDADMAC coated capillaries
(MW 428 kDa) and found an increase of µEO for coatings at higher ionic
strength [69]. Rehmet et al. also report an increase in zeta-potential and ad-
sorbed mass of pDADMAC at higher NaCl concentrations during the coating
of latex particles [73]. Why do we observe a decrease in the zeta-potential
and absolute value of the electrophoretic mobility for coatings at higher salt
concentration?

Figure 20: Comparison of values for µEO capillaries coated with high MW
pDADMAC based on the experimental determination of the EOF and streaming
potential measurements.
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4.1.1 Effect of pDADMAC chain length

Our first hypothesis was that a high MW could affect the pDADMAC adsorp-
tion due to steric hindrance, which blocks adsorption sites. To investigate
the effect of pDADMAC chain length on the suppression of EOF, µEO is de-
termined for capillaries coated with low MW pDADMAC (MW < 100 kDa)
at different NaCl concentrations by analyzing the EOF (Figure 21 (a)). The
measurements were validated by streaming potential measurements to deter-
mine the zeta-potential of the capillaries. From the zeta-potential µEO was
calculated using Equation (6) (Figure 21 (b)).

µEO was lower for almost all coating conditions compared to the high
MW pDADMAC coatings. However, a decrease in absolute value of µEO is
still observed for pDADMAC coatings performed at higher salt concentra-
tions from both EOF analysis and streaming potential measurements. The
electroosmotic mobility thus decreases with increasing NaCl concentration
for both low and high MW pDADMAC coatings. In consequence, the MW
of pDADMAC cannot explain the trend of decreasing µEO with increasing
ionic strength during the coating procedure.

Figure 21: (a) µEO for high and low MW pDADMAC coated capillaries from
EOF analysis. (b) µEO for high and low MW pDADMAC coated capillaries from
streaming potential measurements.

4.1.2 Effect of phosphate buffer

Next, it was hypothesized that the use of the phosphate buffer during mea-
surements could influence the coiling of the adsorbed chain as the phosphate
ion is present as a divalent species (HPO2−

4 ). It can easily be calculated that
at pH 7.95 most of the phosphate ions are present in as HPO2−

4 . Phosphate
has three pKa values: 2.14, 7.20, and 12.34 [72,74,75]. At pH 7.95, which was
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used for the coating experiments, the relevant pKa is 7.20 and the chemical
equilibrium is given by Equation (16).

H2PO
−
4 ⇌ H+ +HPO2−

4 (16)

The percentage of ions present as HPO2−
4 can be calculated from the

definition of the pKa (Eq. (17) [76]) to be 85.5%. With the concentration of
H+ predicted by Equation (18) [76].

pKa =
[H2PO

−
4 ]

[HPO2−
4 ][H+]

(17)

[H+] = 10−pH (18)

To probe the effect of divalent counterions on the EOF through pDAD-
MAC (MW 200–350 kDa) coated capillaries, streaming potential measure-
ments were performed with pDADMAC coated capillaries using a 2 mM NaCl
solution (Figure 22 (a)). The resulting zeta-potentials were used to calculate
values of µEO with Equation (6) (Figure 22 (b)).

Figure 22: (a) Zeta-potentials of uncoated and pDADMAC coated capillaries
measured with a 2 mM NaCl solution. (b) µEO as calculated from the zeta-
potentials in (a). The legend for (a) and (b) are the same and given in (b).

The zeta-potential of the uncoated capillary deviates significantly from
the value found using the phosphate buffer (ζ = −35 mV, Figure 19 (b)).
This can be explained by the lower ionic strength of the 2 mM NaCl solution
as compared to the 2 mM phosphate solution. Figure 22 (b) shows that µEO

increases with increasing ionic strength in the absence of divalent counterions
as suggested in literature [69,73]. This implies that the presence of a divalent
counterion affects the observed EOF of pDADMAC coated capillaries.

Wei et al. showed that PE multilayers (PEMs) show a rapid and re-
versible conformational rearrangement upon exposure to divalent counteri-
ons [77]. They argue that divalent ions displace the monovalent counterions
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in the PEM driven by entropy. The divalent ions, in consequence, facilitate
long-lived attractions between segments of the PE chains. It was shown that
this reduces the thickness of the PEM and even neutralizes the charge of
the PE chains. We propose here that the divalent HPO2−

4 is able to induce
a conformational rearrangement of the adsorbed pDADMAC layer, reduc-
ing the zeta-potential. This effect would be more pronounced at high salt
concentrations which favor the pDADMAC layer to adsorb with loops onto
the surface, as these loops are able to change their conformation more freely
(Figure 23).

Figure 23: (a) Schematic representation of a pDADMAC chain adsorbed on a
charged surface at low salt concentration. Conformational rearrangement of loops
is not possible as the adsorbed pDADMAC adopts an extended conformation at
low salt concentrations. (b) Schematic representation of a pDADMAC chain
adsorbed on a charged surface at high salt concentration. Loops are able to
change their conformation by introducing divalent counterions into the loops.

4.1.3 Conformation of pDADMAC in solution

To probe the effect of divalent counterions on the conformation of adsorbed
pDADMAC we investigate the conformation of pDADMAC in an aqueous
solution in the presence of divalent counterions using Static light scattering
(SLS). The radius of gyration (Rg) was calculated from SLS measurements
using the Guinier approximation (Eq. (13)). This was done for pDADMAC
in NaCl and phosphate buffer solutions of different ionic strength (Figure 24).

Rg of pDADMAC is smaller for a divalent HPO2−
4 counterion compared

to the monovalent chloride at every measured ionic strength between 0.01 M
and 1 M. From this it was concluded that the divalent HPO2−

4 can induce a
conformational change of pDADMAC, allowing the pDADMAC to coil more
at constant ionic strength. This finding is supported by molecular dynamics
simulations of PE chains showing a decrease in Rg for increasing valency of
counterions [78].

However, the values for Rg presented here are much higher than found
in literature for pDADMAC of similar MW (Rg ≈ 20 − 45 nm) [79]. This
indicates that the determined Rg values were likely dominated by larger
clusters of pDADMAC chains, as the scattering intensity of light scales with
the radius of a particle to the sixth power [19,80,81].
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Figure 24: The radius of gyration of pDADMAC (Rg) as a function of the
ionic strength of the PE solution for a monovalent (Cl−) and divalent (HPO2−

4 )
counterion. The dashed lines are guides for the eyes.

To improve the results of these measurements a finer filter could be used
to remove the larger clusters from the sample. Another option would be to
perform dynamic light scattering (DLS) as this technique is able to iden-
tify all clusters of different sizes in a solution. It is expected, however, that
the trend of Figure 24 can nevertheless be transferred to individual polymer
chains. Zhang et al. showed that the reduction in size of poly(styrene sul-
fonate) clusters due to the presence of divalent counterions is of the same
order as the reduction of Rg of individual chains in the presence of divalent
counterions [82].

4.2 Modelling electroosmotic flow

A COMSOLMultiphysics model was correlated with the EOF measurements.

4.2.1 Validation of EOF measurements

EOF simulations were performed using the zeta-potentials as determined
from streaming potential measurements of high MW pDADMAC coated cap-
illaries (Section 4.1). Calculating µEO from the simulations shows that the
model consistently produces higher values for µEO than those found from
streaming potential measurements (Figure 25).

This implies that the EOF introduces a systematic overestimate in the
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determination of µEO. The diffusion of rhodamine B, which was used as a
marker to determine the EOF, potentially affects the accuracy in calculation
of µEO. To investigate this, the COMSOL model is used to probe the effect
of diffusion of rhodamine B on EOF.

Figure 25: Comparison of values for µEO found by analyzing the EOF, stream-
ing potential measurements, and the COMSOL model using the experimentally
determined zeta-potentials.

4.2.2 Dye front broadening due to diffusion

Experimental determination of the EOF using rhodamine B as a marker
showed the front of the dye broadening as it migrated through the capillary.
This is reflected in a decrease in the slope of MGV curves measured along
the capillary (Figure 26 (a)). This broadening of the dye front could also
be observed in EOF simulations with COMSOL (Figure 26 (b)) and is due
to the diffusion of rhodamine B in the capillary. The diffusion coefficient
(Dc) of Sp.1 was varied, while all other input values were constant. This
showed that the slope of the MGV curve decreased for higher values of Dc

(Figure 27).
This finding underscores that broadening of the dye front is a result of dif-

fusion. The broadening will be more pronounced for MGV curves measured
more towards the end of the capillary, as this corresponds to a longer dye
travel time. The longer travel time allows for more diffusion to take place.
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Figure 26: (a) The capillary model in COMSOL indicating the positions where
the MGV was measured along the length of the capillary with the blue dots. (b)
Experimental data of MGV curves measured along the length of the capillary.
The red arrows indicate the slope of the dark blue curve and are placed next to the
blue and light blue curve to visualize the decrease in slope. (c) MGV curves from
a COMSOL showing the decrease in slope for the curves measured further along
the channel. The input of the model corresponds to the experimental conditions
in (a).

Figure 27: (a) MGV curves showing the decrease in slope for higher diffu-
sion coefficients (Dc). The curves were measured at the same position in the
channel and all other input variable were kept constant. (b) Snapshots from
COMSOL simulations showing the broadening of the dye front for increasing Dc

at a constant time of 600 s and a fixed location in the capillary. The color map
corresponds to the MGV.
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4.3 Validation of electrophoretic mobility measurements

Having shown control and suppression of EOF the capillary cell set-up was
used to measure electrophoretic mobilities (µEP ). To validate the determined
µEP , measurements of µEP for Fluorescein (FL) were performed. FL was
chosen as its electrophoretic behavior is well reported in literature [83–87].
µEP measurements of FL were performed at three different ionic strengths
(Table 4). The pH was kept constant at pH 7.95 using a phosphate buffer.
The capillary was coated with pDADMAC (MW 400–500 kDa, 500 mM
NaCl). The capillary was flushed with 2 M NaOH after each measurement,
after which the coating was reapplied. The observed µEP was corrected for
EOF by measuring this separately for each experiment giving µEP,corrected

Table 4: Observed electrophoretic mobility µEP,observed of fluorescein for differ-
ent ionic strength. µEP,observed was corrected for electroosmotic flow by adding
µEO to µEP,observed, giving µEP,corrected.

I (mM) µEP,observed
∗ µEO

∗ µEP,corrected
∗

24.4 23.6 -2.7 20.9

48.8 7.4 - 7.4

97.6 6.3 - 6.3
∗) ×10−9 m2 V−1 s−1

Literature values for µEP of FL range from 33 to 40×10−9 m2V−1 s−1 [83–
87]. The values of µEP,corrected are out of this range. However, two factors
need to be considered carefully:

First, the literature values correspond to a dianionic state of FL. FL
has two pKa values corresponding to the deprotonation of an acid group
and a hydroxyl group. The charge of FL determines the Coulomb force
acting on the molecule and in turn influences the electrophoretic transport
behavior. The dissociation of the protons is dependent on the pH. As shown
in Figure 28, a neutral state at low pH, a monoanionic state around neutral
pH, and a dianionic state at high pH (pH > 8) can be identified [67,83,88,89].
The electrophoretic mobility measurements presented here were controlled at
pH 7.95. It can thus be assumed that the reported µEP,corrected in Table 4
correspond to the dianionic state of FL.

Second, reported values for µEP correspond to the absolute electrophoretic
mobility (µEP,abs). This value is defined as the mobility of a species at zero
ionic strength [83, 90]. As it is experimentally not feasible to achieve such
low salt concentrations, we need to extrapolate µEP,abs from measurements
at higher ionic strengths.

Various theoretical, empirical, and approximate models have been pro-
posed to describe the influence of the ionic strength on µEP [84,90–92]. Li et
al. proposed the empirical relation in Equation (19) which corrects the abso-
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Figure 28: Chemical structure of fluorescein at different pH values. From left
to right the pH increases corresponding with a neutral species, monoanionic state,
and a dianionic state. The pKa values for the corresponding proton dissociation
are given [67,88,89].

lute mobility for the ionic strength [92]. This is based on a theoretical model
given by Onsager and Fuoss [93] which was corrected by Pitts to account for
the finite size of ions [94].

µobs = µabs − A

√
I

1 +B
√
I

(19)

With µobs the observed value for the electrophoretic mobility at a given
ionic strength, and µabs the absolute value at zero ionic strength. A is a
constant depending on the nature of the electrolyte solution and temperature
which is taken as a fit parameter [91, 92]. B is a constant that accounts the
finite size of the ions and depends on the ionic radii of all ions present [90,92].
B has a value between 1− 2 [92]. We have chosen to set it to a value of 1.3
as this gave the best result for our fit.

The absolute mobility µEP,abs can now be determined for FL by plotting
µEP,corrected against

√
I/(1 + 1.3

√
I) (Figure 29). |µEP,abs| then follows from

the intercept of the linear fit with the y-axis. We report the absolute value,
neglecting the sign of the mobility which indicates towards which electrode
FL migrates.
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Figure 29: The electrophoretic mobility |µEP | of fluorescein in dependence of
ionic strength. The circles represent the measured data points. The linear fit is
given by equation (19).

Extrapolating the linear fit to zero ionic strength gives |µEP,abs| ≈ 38.3×
10−9m2V−1 s−1 for FL (Figure 29). This is in agreement with literature
values [83–87]. The µEP measurements were only performed once. As a result
the correlation coefficient R2 for the linear fit is only 0.76 and no indication
for the spread of |µEP,abs| can be provided. It is, however, expected that the
linearization of Equation (19) holds and that R2 will improve with repetitive
measurements.

We have shown that reliable electrophoretic mobility measurements can
be performed using the capillary cell setup. pH dependent dissociation of the
analyte should be taken into account, and correction for the ionic strength
using Equation (19) yield the absolute electrophoretic mobility |µEP,abs|.

4.4 Electrophoretic mobility measurements

µEP measurements were performed on a model PE using the validated method
described in the previous section. Poly(allylamine hydrochloride) (PAH) was
chosen as model PE. The structure and protonation behavior of PAH are
given in Figure 30 (a) [41]. PAH is colorless when dissolved in water [95].
Fluorescently labeled PAH, poly(fluorescein isothiocyanate allylamine hy-
drochloride) (PAH-FITC), allows for the determination of µEP using the
capillary cell (Figure 30 (b)). To this end, first the experimental conditions
were optimized for the fluorescence and solubility of PAH-FITC.
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Figure 30: (a) Structure of poly(allylamine hydrochloride) and degree of pro-
tonation as function of pH, adapted from [41]. (b) Structure of poly(fluorescein
isothiocyanate allylamine hydrochloride) with m : n = 50 : 1.

4.4.1 Experimental considerations

To determine optimized experimental conditions for measuring µEP of PAH-
FITC the fluorescence of PAH-FITC was investigated as a function of the
pH (Figure 31 (a)). The fluorescence spectrum of PAH-FITC shows a peak
intensity around 518 nm. Plotting the normalized intensity at 518 nm against
the pH shows a maximum fluorescence intensity between pH 8−11 (Figure 31
(a)).

The fluorescence of PAH-FITC and dissolved FL is similar in the range
from acidic pH to pH 10 (Figure 31 (a, b)). FL fluorescence intensity plateaus
above pH 10 [96,97]. For PAH-FITC the fluorescence intensity drops at more
basic pH.

To explain the fluorescence behavior of PAH-FITC, the solubility of PAH-
FITC needs to be considered. At low pH the degree of dissociation is of PAH
is high. The chain is highly charged and can interact with polar solvents
like water (Figure 31 (c)). This corresponds to a high solubility. However,
the conjugated FITC group will be neutrally charged (Figure 31 (c)). At
pH > 10, PAH is almost completely uncharged and not able to form polar
interactions with water while the FITC is charged at this pH (Figure 31 (d)).
As the FITC label is only attached to one in every 50 monomers the PAH
chain will likely dominate the solubility behavior.

From both the fluorescence signal and solubility of PAH-FITC in water, a
pH range of 4− 5 was chosen for the determination of µEP . In this pH range
the PAH chain is fully charged enhancing the solubility. The fluorescence is
between 40%− 50% of the relative maximum intensity.
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Figure 31: (a) Normalized fluorescence intensity of PAH-FITC at different
pH values. Excitation wavelength 488 nm. Fluorescence emission detected at
518 nm. The open circles represent the measured data, the dashed line is a guide
for the eyes. The inset shows photographs of PAH-FITC solutions at the pH of
the data points upon UV-light excitation at 254 nm. (b) Fluorescence intensity
of FL as function of the pH. Adapted from [96]. (c) Protonation PAH-FITC at
low pH. (d) Dissociation of PAH-FITC at high pH.

4.4.2 Electrophoretic mobility of PAH-FITC

The absolute mobility µEP,abs for the fully charged PAH-FITC was deter-
mined using the same procedure as described in section 4.3 (Figure 32). The
ionic strength was adjusted by diluting the background electrolyte to 20 and
40 mM. Including the contribution of PAH-FITC, the final ionic strengths
are given in Table 5. The pH of the background electrolyte was checked
before each measurement. The values for µEP were corrected for EOF by
measuring this separately after each run.

µEP,corrected was plotted against
√
I/(1+1.3

√
I) according to Equation (19)

(Figure 32). Extrapolating the linear fit (R2 = 0.96) to zero ionic strength
gives an absolute electrophoretic mobility of |µEP,abs| = 43.9×10−9 m2V−1 s−1.
We again report the absolute value of µEP,abs which neglects the direction of
the migration in the electric field. However, PAH-FITC migrated in opposite
direction to FL in the applied electric field, corresponding to the different
sign of their charges.
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Table 5: Observed electrophoretic mobility µEP,observed of PAH-FITC for dif-
ferent ionic strength. µEP,observed was corrected for electroosmotic flow by adding
µEO to µEP,observed, giving µEP,corrected.

I (mM) µEP,observed
∗ µEO

∗ µEP,corrected
∗

25.4 20.33 -3.44 23.77

45.4 21.79 - 21.79

109.6 8.91 -1.15 10.06
∗) ×10−9 m2 V−1 s−1

Figure 32: The electrophoretic mobility |µEP | of PAH-FITC in dependence of
the ionic strength. The circles represent the data points. The linear fit is given
by Equation (19).

µEP,abs values for PEs are not readily available in literature. However,
reported values of |µEP,abs| = 40− 50× 10−9 m2V−1 s−1 are known for PAH,
which is in agreement with the value reported here [45,98].

Comparing |µEP | values reported for other PEs can further validate our
findings. |µEP | of poly(2-acrylamido-2-methyl-1-propane sulfonic acid) (pAMPS,
MWavg 3× 105 − 106 g/mol) ranges from 50− 40× 10−9 m2V−1 s−1 for ionic
strengths of 0 − 100 mM [99]. pAMPS is a strong polyelectrolyte, meaning
that it has a high charge density like PAH-FITC at the experimental pH of
4.2. Swords et al. investigated the EOF through a capillary coated with a
PAH/PSS multilayer. Under the assumption that electrophoresis is treated as
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the reverse of electroosmosis in their study, the found electroosmotic mobili-
ties may be indicative for |µEP | for the top PE layer. Swords et al. report val-
ues for |µEO| ranging from 35 to 45×10−9 m2V−1 s−1 for a 3-layer PAH/PSS
coating with PAH as top layer in the pH range 7.1− 5.1 [100]. Lastly, vari-
ous authors have found values for |µEP | from 10 to 30× 10−9 m2V−1 s−1 for
poly(acrylic acid) depending on the degree of dissociation [101–103].

The determined |µEP,abs| for PAH-FITC of 43.9 × 10−9 m2V−1 s−1 cor-
responds to the above-mentioned literature values of |µEP,abs| for PAH, and
is in the same order of magnitude as other examples of |µEP | for PEs in
literature. However, repetitive measurements are needed to further validate
the electrophoretic mobility for PAH-FITC.
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5 Conclusions

In this thesis electrokinetic transport of polyelectrolytes (PEs) through cap-
illaries was investigated.

Control over the electroosmotic flow (EOF) through capillaries was achieved
by applying a pDADMAC coating. Measurements of the electroosmotic mo-
bility (µEO) showed that µEO decreases with increasing ionic strength during
the coating procedure. This trend was independent of the molecular weight
of pDADMAC in the range 100–500 kDa. To regulate the EOF, the phos-
phate buffer played an important role. From static light scattering exper-
iments it was concluded that the divalent hydrogen phosphate can induce
a conformational rearrangement of the pDADMAC chain. This reduces the
zeta-potential of the pDADMAC coated capillary, resulting in a reduction of
the EOF.

Streaming potential measurements resulted in systematically lower µEO

compared to EOF analysis. A numerical simulation of the EOF was used
to explain the deviation of µEO between the EOF and streaming potential
measurements. We found that the diffusion of the analyte introduces a sys-
tematic overestimate in the analysis of the EOF through a capillary.

A capillary cell was designed that allowed to accurately determine elec-
trophoretic mobilities (µEP ). Electrophoretic mobility measurements were
validated by analyzing µEP for fluorescein at different ionic strengths. An
absolute electrophoretic mobility of |µEP,abs| = 38.3 × 10−9m2V−1 s−1 was
found. This is in agreement with literature, allowing for the determination
of |µEP,abs| of a PE.

Poly(fluorescein isothiocyanate allylamine hydrochloride) (PAH-FITC)
was used as a model PE. The absolute electrophoretic mobility of PAH-
FITC was determined to be |µEP,abs| = 43.9 × 10−9 m2V−1 s−1. This is in
agreement with reported values in literature.

This work has provided a validated experimental setup to study elec-
trokinetic transport of PEs in a controlled manner. It is a stepping stone
to future research on electric field assisted PE(-multilayer) assembly onto
porous substrates.
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6 Outlook

In future work the adsorption of pDADMAC in the presence of divalent coun-
terions should be further investigated by dynamic light scattering (DLS) ex-
periments of pDADMAC dissolved in the presence of monovalent and divalent
counterions. This could further validate the proposed mechanism conforma-
tional rearrangement of adsorbed pDADMAC in the presence of divalent
counterions. Measurements of electrophoretic mobilities of polyelectrolytes
(PEs) can be performed to characterize the electrophoretic migration of PEs
for varying pH and charge density of the PE.

The effect of deposition of alternately charged PEs on the electrokinetic
transport behavior of PEs should be investigated. This knowledge could be
used to govern the assembly of homogeneous and selective PE separation
layers on and in porous substrates.
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Appendix A

Photos of experimental setups

Figure 33: Photograph of the setup used to measure the streaming potential
of the inner wall of a round capillary. (i) Voltmeter connected to two copper
electrodes; (ii) T-junction with fingertight fittings to connect tubing, a copper
electrode, and a capillary; (iii) 50 µm inner diameter round capillary glued into a
200 µm square capillary for support; (iv) Syringe pump controlling the pressure
by varying the flow rate of the electrolyte; (v) Reservoir filled with the running
electrolyte and sealed using a septum.
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Figure 34: (a) Photograph showing the capillary cell setup used during mea-
surement of the EOF through the capillary. (i) Microscope; (ii) DC power sup-
ply; (iii) Voltmeter connected to the DC power supply and the capillary cell; (iv)
Capillary cell connected to the DC power supply and voltmeter. (b) Close-up
showing a top-view of (iv). (1) A 2 × 0.1 mm rectangular capillary; (2) Copper
electrodes; (3) Screws to fasten the copper electrodes to the frame.
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Appendix B

Velocity profile of electroosmotic flow experiments

Figure 35: (a) Snapshots from COMSOL showing the migration of a dye
through a channel under the influence of a parabolic velocity profile. (b) The
parabolic velocity profile used in the COMSOL simulation from (a). (c) The
migration of rhodamine B through a glass silica capillary under the influence of
an electric field. (d) MGVs measured from (c). The colors correspond to the
height in the capillary were the MGV was measured as given by the colored dots
in (c). (e) Velocities at different heights in the capillary in (c) calculated from
(b). The velocity is constant across the height of the channel.

The expected velocity profile for electroosmotic flow (EOF) is a plug flow as
given in Figure 4. However, experimental data of the migration of rhodamine
B through capillaries in an electric field often showed the dye-front to have
a parabolic shape (Figure 35 (c)). From this it might be concluded that
the velocity profile is also parabolic, which is associated with pressure driven
flow.

Here, we argue that the velocity profile of the EOF experiments is indeed
a plug flow. To this end a COMSOL simulations was performed to simulate
the migration of a dye through a channel under the influence of a parabolic
velocity profile (Figure 35 (a)). One end of the channel was given a fully
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developed flow boundary condition with an average velocity of 0.068 mm/s.
This value corresponds to the velocity measured from the migration of rho-
damine B through a glass capillary under the influence of an electric field
(E = 1900 V/m, Figure 35 (c)). The resulting parabolic velocity profile of
the simulation is given in Figure 35 (b).

The dye-front under the influence of a parabolic velocity profile indeed
shows a parabolic shape (Figure 35 (a)). However, the difference in velocity at
different heights in the channel results in the shape of the dye-front smearing
out across the channel over time. This is not observed while performing
EOF experiments. The shape of the dye-front stays constant over time,
indicating that the velocity at different heights in the capillary is the same.
This corresponds to a plug flow.

To strengthen this qualitative observation, the MGV of the experiment in
Figure 35 (c) was measured at three different positions along the channel for
three different heights in the channel (Figure 35 (d)). From this the velocity
at the top, center, and bottom of the capillary was determined as described
in Section 3.7. This gave the velocities presented in Figure 35 (e), which
are clearly constant across the height of the channel indicating a plug flow.
The apparent parabolic shape of the dye-front during EOF experiments is
ascribed to entrance effects of the dye entering the channel.
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Appendix C

COMSOL simulations showing the velocity pro-

file during streaming potential measurements

During streaming potential measurements a pressure is applied across a nar-
row channel resulting in fluid flow through the channel. Pressure driven flow
is associated with a parabolic velocity profile. However, during streaming po-
tential measurements an electric potential develops across the channel that
induces an ionic current in opposing direction to the pressure driven flow.
It can be expected that the ions of this current induce a flow due to drag
forces exerted by the ions on the fluid. This flow will be in opposite direction
with respect to the pressure driven flow. Here, a COMSOL Multiphysics
model is used to understand the interplay between these two fluid flows dur-
ing streaming potential measurements and the resulting velocity profile will
be solved.

Model geometry, boundary conditions, and meshing

To simulate a streaming potential measurement a 2D axis-symmetrical COM-
SOL model was built consisting of a 10 µm long channel of radius r = 500
nm. A reservoir was built at either end of the channel with a radius of R = 6
µm and a height of 6 µm (Figure 36 (a)). The laminar flow module was used
to simulate pressure driven flow through the channel. The transport of diluted
species (TDS) module was used to simulate the transport of two monovalent
ions of charge z = ±1 through the channel. The AC/DC module was used to
simulate the surface charge of the inner wall of the channel and the electric
potential that develops during the measurement. Table 6 summarizes the
boundary conditions for each segment given in Figure 36 (a).

To simulate the streaming potential that develops across the channel it is
necessary to capture the complexity of the electric double layer that extends
from the charged wall in the model. This is done by dividing the channel
in two regions: r < 485 nm and 485 < r < 500 nm (Figure 36 (b)). This
allows to refine the mesh COMSOL uses for its calculation to sub-nanometer
mesh elements near the inner wall while keeping the computational time low
(Figure 36 (d)). A physics-controlled extra fine mesh was used for the rest
of the channel and the reservoirs were give a physics-controlled normal mesh
(Figure 36 (c)).
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Figure 36: (a) Geometry used to simulate streaming potentials using COM-
SOL. The corners of the model are labeled A−H and the boundary conditions
applied to each segment are given in table 6. (b) Close-up of the entrance of the
channel showing the two regions inside the channel. (c) Overview of the meshed
model geometry. (d) Close-up of the entrance of the channel showing the refined
mesh near the wall of the surface.

Table 6: Boundary conditions for the segments given in Figure 36 (a) for each
module used to simulate streaming potentials.

Segment Laminar flow TDS AC/DC

AB Axial symmetry Axial symmetry Axial symmetry

BC Oulet (P = 0) Outflow Ground (V = 0)

CD Wall (no slip) No flux Ground (V = 0)

DE Wall (no slip) No flux Zero charge

EF Wall (no slip) No flux Surface charge density
(−2 µC/cm2)

FG Wall (no slip) No flux Zero charge

GH Wall (no slip) No flux Ground (V = 0)

HA Inlet (P = 10, 15, 20, 30 kPa) Inlet (c = 1 mM for z = ±1) Ground (V = 0)
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Velocity profile

The COMSOL model described above was used to investigate the velocity
profile during streaming potential measurements. Figure 37 (a) gives a sur-
face plot of the velocity inside the channel when applying a pressure of 15
kPa. The radial velocity profile is plotted in Figure 37 (b) and shows a
parabolic profile.

From this it could be concluded that the model does not accurately simu-
late the streaming potential, however this is not the case. Figure 37 (c) shows
a surface plot of the electric potential that develops across the channel when
applying a 15 kPa inlet pressure. Clearly a streaming potential is simulated.
The model is also able to capture the electric double layer that extends from
the charged surface into the solution as shown in Figure 37 (d).

Figure 37: (a) Surface plot of the velocity in the channel of the COMSOL
model for an inlet pressure of 15 kPa. (b) Radial velocity profile corresponding
to (a). (c) Surface plot of the electric potential showing the streaming potential
that develops across the channel. (d) A surface plot of the electric potential
showing a close-up of the entrance of the channel near the channel wall. The
model is able to capture the electric double layer that extends from the charged
surface into the bulk.

It was concluded that any flow induced by the movement of ions due
to the development of a streaming potential is negligible. An estimate was
made of the velocity of the counter flow to confirm this. The counter flow is
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expected to be an electroosmotic plug flow, which by approximation shows
a constant velocity across the radius of the channel. The magnitude of the
velocity can be calculated if the electroosmotic mobility is known. To this
end, the potential across the segment AB was plotted for different inlet
pressures (Figure 38 (a)). The streaming potential was calculated by taking
the difference between the maximum and the minimum value of the potential
across segment AB. The streaming potentials were plotted against the inlet
pressures and from the slope of the linear fit a zeta-potential of ζ = −9 mV
was calculated using Equation (7). From this, an electroosmotic mobility of
µEO = 6.37× 10−9 m2V−1 s−1 was calculated using Equation (6).

The velocity of the electroosmotic counter flow can now be calculated for
an inlet pressure of 15 kPa. At this pressure a streaming potential of Ustr =
8.2 mV develops across the channel, giving an electric field of E = 823 V/m.
It follows from Equation (6) that this gives a counter flow with a velocity of
vcounter = 5.2× 10−6 m/s. This is far less than 1% of the maximum velocity
of the pressure driven flow at 15 kPa: (5.2 × 10−6/0.09) × 100% = 0.006%.
It can thus be concluded that the velocity profile during streaming potential
measurements is completely dominated by the pressure driven flow and any
counter flow can be neglected.

This also becomes apparent when the model is used to simulate purely
pressure driven flow, without any transport of species and electric potentials.
Comparing the radial velocity profile of this pressure driven flow at 15 kPa
with the velocity profile found for streaming potential simulations shows that
they are indistinguishable (Figure 39).

Figure 38: (a) The electric potential U across the segment AB for different
inlet pressures. The streaming potential Ustr was determined from the difference
between the maximum and minimum value of the potential across segment AB
indicated by the dashed red lines for P = 30 kPa. (b) The streaming potentials
determined from (a) plotted against the inlet pressure. From the slope of the
linear fit the zeta-potential is calculated.
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Figure 39: Comparison between the simulated radial velocity profiles of pres-
sure driven flow through a channel with and without the development of a stream-
ing potential. The inlet pressure for both simulations was 15 kPa.
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