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Abstract

Nowadays, there are various electrokinetic phenomena which are utilized in a wide range of

applications, ranging from microfluidics and colloid and interface science to electrochemistry.

However, even after 200 years of research on electrokinetic phenomena, there are still open

questions with respect to fundamental understanding. The focus of this thesis is on three

different phenomena, i.e., streaming potential, streaming current and electroosmosis. Hence,

the thesis is divided in two parts:

The first part focuses on the applicability of the classical Helmholtz-Smoluchowski the-

ory on streaming potential and streaming current measurements of poly(methyl methacry-

late) (PMMA) wafers, to infer the zeta potential of this substrate in contact with liquids

of defined pH and ionic strength. In detail, we perform electrical impedance spectroscopy

measurements to infer the electrical resistance in a PMMA microchannel and derive novel

correlations for the electrokinetic characterization of the substrate. We conclude that con-

vection can have a significant impact on the electrical double layer configuration which is

reflected by changes in the surfaces conductivity.

The second part of the thesis is concerned with electroosmotic flows in porous substrates

where we develop a phenomenological correlation which is based on dimensional reasoning.

A large set of experiments is carried out using a relatively simple and cost-effective setup

including different sintered packed beds of borosilicate microspheres. A centre-of-mass

model of the experimental setup allows for the interpretation of various effects. Streaming

current measurements result in a correlation for the zeta potential of borosilicate depending

on ionic strength and pH of the liquid. Finally, a quantitative expression for electroosmotic

flow in packed beds of granular material is derived from the experiments. This correlation

can be employed with other materials as well.

i



Co-Authorship

The work presented in this thesis was accomplished under the supervision of Dr. Dominik

P. J. Barz, who provided continual feedback and corrections to the manuscript. He also

provided additional contributions by drafting a few sections of the articles and then fur-

ther revising them critically for important intellectual content. All the work related to

conception, design of experiments, acquisition of data, analysis and interpretation of data

was performed in a substantial way under my supervisor’s guidelines. The manuscript will

further be improved to provide a final format to be published into a journal article.

ii



Acknowledgments

Apart from my own endeavours, the final form of this thesis depended on the guidelines

and encouragement provided by many other persons. Therefore, I would like to express my

deepest appreciations to all those people including my thesis supervisor Dr. Dominik P. J.

Barz whose constant valuable suggestions led to the successful completion of this research

work. Without his guidelines and continuous help, this work would not have been a reality.

The kind of support he provided far beyond his regular supervision duties, undoubtedly

deserves a great appreciation from me.

I would also like to express my sincere thank to all the undergraduate students - Abhi-

nandan Garg, Vishvek Babbar, Jasleen Arora and Matthew Kenney for helping me to collect

experimental data. Technical help provided by Queen’s supporting staff - Steven Hodgson

and Kelly Sedore for setting up laboratory items is highly appreciated. Suggestions and

help provided by graduate students Hamid Falahati and Rio Festarini also helped me in a

great way from time to time. In addition, I would also like to thank NSERC Canada and

Dupont Canada for their continued financial support.

Lastly, I would like to thank my parents, wife and brothers for their advice and support in

adjusting to this new cultural environment and for encouraging me throughout my research

work.

iii



Table of contents

Abstract i

Co-Authorship ii

Acknowledgments iii

Table of Contents iv

List of Tables vi

List of Figures vii

List of Abbreviations x

List of Symbols xi

Nomenclature xii

Chapter 1: Introduction 1
1.1 Electrical double layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Stern layer structure and surface conductivity . . . . . . . . . . . . 4
1.2 Streaming current and streaming potential . . . . . . . . . . . . . . . . . . . 7

1.2.1 Some important considerations for the measurement of streaming cur-
rent and streaming potential. . . . . . . . . . . . . . . . . . . . . . . 7

1.2.2 Electrical impedance spectroscopy for in-situ cell characterization . . 8
1.3 Electroosmosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3.1 Joule heating during EOF . . . . . . . . . . . . . . . . . . . . . . . . 11
1.4 Motivation for the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.4.1 Streaming potential and streaming current . . . . . . . . . . . . . . 12
1.4.2 Electroosmosis in porous structures . . . . . . . . . . . . . . . . . . 13

1.5 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Chapter 2: Streaming potential revisited: The influence of convection
on the surface conductivity 15

2.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4 Experimental methods and materials . . . . . . . . . . . . . . . . . . . . . . 25

2.4.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.4.2 Streaming potential/current protocol . . . . . . . . . . . . . . . . . . 26
2.4.3 Electrical impedance spectroscopy . . . . . . . . . . . . . . . . . . . 27

iv



2.5 Experimental results and discussion . . . . . . . . . . . . . . . . . . . . . . 29
2.5.1 Electrical impedance spectroscopy experiments . . . . . . . . . . . . 29
2.5.2 Electrokinetic experiments . . . . . . . . . . . . . . . . . . . . . . . . 38

Streaming current . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
Streaming potential . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

Chapter 3: Electroosmotic flow through packed beds of particulate ma-
terials 46

3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.3 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3.1 Dimensional analysis of electroosmotic flow through packed beds . . 50
3.3.2 Center-of-mass-model of the fluidic experimental setup . . . . . . . 56

3.4 Experimental methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.4.1 Electroosmosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.4.2 Streaming current . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
Experimental protocol . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.5 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.5.1 Streaming current . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.5.2 Packed bed parameters . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.5.3 Electroosmosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.6 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

Chapter 4: Conclusions and Recommendations 87
4.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.1.1 Streaming potential and streaming current . . . . . . . . . . . . . . 87
4.1.2 Electroosmosis in porous structures . . . . . . . . . . . . . . . . . . 88

4.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.2.1 Streaming potential and streaming current . . . . . . . . . . . . . . 89
4.2.2 Electroosmosis in porous structures . . . . . . . . . . . . . . . . . . 89

Bibliography 91

v



List of Tables

2.1 Electron transfer resistance and exchange current density of an Ag/AgCl

electrode in aqueous NaCl electrolytes measured by EIS. . . . . . . . . . . 30

3.1 Experimental parameter range of the electroosmosis experiments. . . . . . . 68

3.2 Particle size ratios and weight fractions for different packed beds. . . . . . . 74

vi



List of Figures

1.1 Sketch of an electric double layer according to the GCS model. . . . . . . . 3

2.1 Schematic of the electrokinetic cell (EKC) used in this work to measure the

electrokinetic phenomena of streaming potential and streaming current. The

dimensions are not to scale. . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2 Equivalent electrical circuits for (a) SC measurements; (b) SP measurements;

(c) EIS (left) with a typical Nyquist plot (right) measured in a microchannel

of height h2 = 60µm and ionic strength I = 0.5mM . . . . . . . . . . . . . 20

2.3 Microchannel resistance times the channel height vs. the ionic strength for

stagnant liquids (Re = 0). The inset shows the collapse of the low ionic

strength data if scaled appropriately. . . . . . . . . . . . . . . . . . . . . . 31

2.4 Relative change of the microchannel resistance per Reynolds number: (a) for

different channel heights vs. the ionic strength; (b) scaled with the absolute

logarithmic ionic strength vs. the channel height. . . . . . . . . . . . . . . . 33

2.5 (a) Surface conductivity versus the ionic strength of the aqueous electrolyte;

(b) Dukhin numbers from in-situ and ex-situ measurements vs. the mi-

crochannel height for stagnant liquids (Re = 0). . . . . . . . . . . . . . . . . 35

2.6 (a) Microchannel resistance and (b) Dukhin number vs. the Reynolds number

in a microchannel of height h2 = 60µm for aqueous electrolytes of various

ionic strengths. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.7 ZP vs. ionic strength for (a) measured in a microchannel with h2 = 60µm

based on linear and quadratic data regression; and (b) for different mi-

crochannel heights and a median Reynolds number. . . . . . . . . . . . . . . 40

vii



2.8 Zeta Potential vs. ionic strength: (a) measured in a microchannel with h2 =

60µm and different Reynolds numbers; (b) for different microchannel heights

and Re = 0; (c) for different microchannel heights and the median Reynolds

numbers of the experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1 (a) Experimental setup for liquid interface tracking to measure the EOF

velocity; (b) Schematic of the fluidic experimental used for the translational

centre-of–mass model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.2 Schematic of the experimental setup utilized for the electroosmotic flow ex-

periments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.3 (a) Sketch of the streaming current setup; (b) Design of the streaming current

measurement cell. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.4 Zeta potential normalized with the negative logarithm of the ionic strength

as a function of the pH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.5 Porosity of the packed bed vs. the effective particle diameter of the particle

mixtures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.6 M factor vs. the effective particle diameter of the packed beds. . . . . . . . 76

3.7 Porosity vs. the hydraulic diameter of the packed beds. . . . . . . . . . . . 76

3.8 Specific surface area vs. the effective particle diameter of the packed beds. . 77

3.9 Hydraulic diameter vs. effective particle diameter of the packed beds. . . . 78

3.10 Typical outcome of an EOF experiment showing the dimensionless position of

the air/liquid capillary interface and the accordingly computed dimensionless

superficial EO velocities based on a pure continuity approach as well as based

on centre-of-mass model of the fluidic setup eq. (3.18). . . . . . . . . . . . . 80

3.11 Magnitude of the electroosmotic Smoluchowski no. Sm. vs. the Packed Bed

no. PB for constant values of the Rice Whitehead no. RW. . . . . . . . . . 81

viii



3.12 Electroosmotic Smoluchowski no. vs. the Rice Whitehead no. for different

Packed Bed no. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.13 Electroosmotic Smoluchowski no. vs. the product of the Rice Whitehead no.

and Packed Bed no. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

ix



List of Abbreviations

AC Alternating current

DC Direct current

DI De–ionized

DL Diffuse layer

EDL Electrical Double Layer

EEC Equivalent electrical circuit

EIS Electrical impedance spectroscopy

EKC Electrokinetic cell

EO Electroosmosis

EOF Electroosmotic flow

EOP Electroosmotic pump

HS Helmholtz-Smoluchowski

LDEP Laser doppler electrophoresis

ODE Ordinary differential equation

PFA Perfluoroalkoxy alkane

PMMA Poly(methyl methacrylate)

PTFE Polytetrafluoroethylene

RC Resistance-Capacitance

SC Streaming current

SL Stagnant layer

SP Streaming potential

ZP Zeta potential

x



List of Symbols

∆ϕSP Streaming potential [m2kgs−3A−1]

Ωi Dimensionless group numbers for capillary force balance [ - ]

Φ Dimensional analysis correlation function [ - ]

Π Preliminary dimensionless group [ - ]

β Charge transfer coefficient [ - ]

δ Ratio of particle diameters [ - ]

ε Electrical permittivity of the medium [m−3kg−1s4A2]

µ Viscosity of the medium [m−1kgs−1]

ψ Porosity of the packed bed [ - ]

ρ Density of the medium [m−3kg]

σB Bulk conductivity [m−3kg−1s3A2]

σS Surface conductivity [m−3kg−1s3A2]

σo Surface tension of the liquid/air interface [kgs−2]

σDL Diffuse layer surface conductivity [m−3kg−1s3A2]

θ Contact angle of the liquid/air interface[rad]

θD Dynamic contact angle of the liquid/air interface[rad]

θe Static equilibrium contact angle of the liquid/air interface[rad]

ϕi Electrical potential [m2kgs−3A−1]

ζ Zeta potential of the substrate [m2kgs−3A−1]

xi



Nomenclature

Axy/p Cross-section area of section xy or element p [m2]

Ci Capacitance of element i [m−2kg−1s4A2]

D Large particle diameter [m]

Du Dukhin number, σS/(σBh2) [ - ]

E Electric field strength [mkgs−3A−1]

F Faraday constant, 96485.33 [sAmol−1]

Fj Force term due to j effect [mkgs−2]

I Ionic strength [m−3mol]

IC Conduction current [A]

ISC Streaming current [A]

K1 Proportional constant in Blake-Kozeny equation [ - ]

M Factor for wall effect [ - ]

PB Packed-Bed number [ - ]

Pc Wetted perimeter of channel/pore cross section [m]

RW Rice-Whitehead number [ - ]

RT Electron transfer resistance [m2kgs−3A−2]

Rg Universal gas constant, 8.314 [m2kgs−2K−1mol−1]

Ri Ohmic resistance of element i [m2kgs−3A−2]

R2B Bulk resistance [m2kgs−3A−2]

R2S Surface resistance [m2kgs−3A−2]

Rµ Viscous flow resistance [m−4kgs−4]

Re Reynolds number, (ρvD)/µ [ - ]

SL Wetted surface area per bed length [m]

Sv Surface area per unit volume [m−1]

Sm Electroosmotic Smoluchowski Number [ - ]

Veof Dimensionless EOF velocity [ - ]

xii



Vxy Volume of the xy compartment of the 1D EOF set-up [m3]

Zif Dimensionless z–coordinate of the liquid/air interface [ - ]

∆R2 Resistance change [m2kgs−3A−2]

∆p Pressure difference [m−1kgs−2]

∆pxy Pressure difference due to xy process [m−1kgs−2]

T̄ Absolute temperature [K]

Ū AC voltage [m2kgs−3A−1]

Z̄ Impedance [m2kgs−3A−2]

z̄i Valency of the ion i [ - ]

V̇eof EO volumetric flow rate [m3s−1]

V̇ Volumetric flow rate [m3s−1]

ci Concentration of the ion i [m−3mol]

cp Index for capillary[ - ]

d Small particle diameter [m]

dh Hydraulic diameter [m]

di Diameter of the particle size i [m]

dp Effective particle diameter [m]

dpb Diameter of the packed bed [m]

dx,i Inner diameter of the x component [m]

el Electrode index [ - ]

f Frequency [s−1]

g Gravity constant, 9.81 [ms−2]

h2 Microchannel height [m]

heq Equilibrium height in the capillary [m]

jS Surface current density [m−1A]

jo Exchange current density [m−2A]

xiii



l2 Microchannel length [m]

lD Debye length of the medium [m]

lxy Length of the xy compartment of the 1D EOF set-up [m]

m Number of physical dimensions [ - ]

n Number of physical quantities [ - ]

q Correlation function for dimensional analysis [ - ]

rx,o Outer radius of the x component [m]

rxy Radius of the xy component [m]

rv Index for Reservoir [ - ]

t Time [s]

tr Charge relaxation time [s]

v Velocity of the liquid in capillary [ms−1]

v+, v− Absolute ion mobility of cation and anion [kg−1s2A]

vd Small particle volume fraction [ - ]

veof Superficial electroosmotic velocity [ms−1]

vis Index for viscous term [ - ]

w2 Microchannel width [m]

wi Weight fraction of particle size i [ - ]

x Downstream direction in micro channel [ m ]

xi Number fraction of the particle size i [ - ]

z Coordinate system w.r.t. bottom of the capillary [m]

zc z–coordinate of the center of mass of the capillary system [m]

zif z–coordinate of the liquid/air interface [m]

zxy z–coordinate of the xy compartment of the 1D EOF setup [m]

xiv



Chapter 1

Introduction

The purpose of this introduction is to establish an overarching framework for our research.

Hence, here we give a brief introduction into selected fundamental aspects of the involved

phenomena which are not entirely covered in the manuscript parts of this thesis.

Research on electrokinetic phenomena dates back to the beginning of the 19th century,

when F. F. Reuss, for the first time carried out experiments which were published in 1809.

Reuss used a U-tube which was filled with a plug of clay and observed a flow when he applied

a voltage across the plug. In terms of modern terminology, these electrically-induced flow

experiments are the first known study of the electrokinetic phenomenon of electroosmosis.

Also, the discovery of the phenomenon of electrophoresis , i.e., the migration of charged

species (here the clay particles) under the influence of a voltage, can also be attributed to

the work of Reuss.

Later, Gustav Wiedemann published a paper in 1852 to quantitatively describe elec-

troosmosis (as noted by Wall et al. [1]). This was more than a half century before the

Smoluchowski equation was established, which is nowadays considered as one of the origi-

nal equations for electrokinetics. The next important discovery in the field of electrokinetics

came in 1859, when the physicist Georg Quincke observed the generation of an electrical

potential when water was pumped through plugs of porous material, the so-called streaming

potential. These different observations required a universal theory, which was introduced

by the concept of a space charge in the liquid adjacent to the charged solid surface. That

is, there is a liquid volume (space) where there is an excess of charges (counter-ions), which

are oppositely charged to those of the surface.

This space charge theory is considered the foundation for the concept of the electri-

cal double layer (EDL) which was first quantitatively described by H. von Helmholtz in

1879. Helmholtz used the concept of a capacitor to describe the characteristics of the space

1



charge. By 1880, all the "classical" electrokinetic phenomena - electroosmosis, electrophore-

sis, streaming potential/current and sedimentation potential were discovered [1]. Brief

details about the early history of these phenomena can be obtained from review articles

published in the last years[1, 2].

1.1 Electrical double layer

The introduction of the electrical double layer concept allowed for the explanation of elec-

trokinetic phenomena as well as other effects like aggregation of charged particles due to

electrostatic interactions. The capacitor based model of Helmholtz was later expanded

by Gouy 1910, who introduced the concept of a diffusive charge layer. The same con-

cept was independently proposed by D. L. Chapman in 1913 [1]. Hence, the model is

commonly referred to as the Gouy-Chapman (GC) model. Essentially, the diffusive layer

theory proposes that the distribution of the ions in the EDL is due to the equilibrium of the

(attractive/repulsive) electrostatic forces and the dispersive influence of thermal diffusion

(Brownian motion). That is, the distribution in the EDL can be described by a Boltzmann

approach. Nowadays, a modified GC model is commonly used which was introduced by

Stern in 1924. Stern proposed that adjacent to the surface, the electrostatic interactions

must have a stronger influence and there must be a layer of somewhat immobile ions adja-

cent to the diffusive layer. This model is called the Gouy-Chapman-Stern (GCS) model.

Figure 1.1 illustrates the configuration of this EDL model. Essentially, at the wall there

is a layer of immobile adsorbed counter-ions (Stern layer). Adjacent to that, there is a

layer of counter-ions with a decreased mobility which is usually referred to as the shear

plane. The next layer is the diffusive layer. This layer consists not only of counter-ions

but also has a considerable fraction of co-ions. All these liquid layers do not fulfill the

electro-neutrality condition, in contrast to the bulk liquid. The potentials associated with

the different layers are illustrated in figure 1.1 as well. At the surface, the potential is

2
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Figure 1.1: Sketch of an electric double layer according to the GCS model.

called surface potential and solely describes the presence of the surface charges. This value

can usually not be measured. The potential at the Stern layer is accordingly called Stern

potential and describes the influence of the surface charge diminished (shielded) by the layer

of adsorbed ions. Finally, the potential at the shear plane, which is the central quantity in

electrokinetics, is called zeta potential and is the only potential which can be determined by

the measurement of electrokinetic phenomena. Another important parameter of an EDL is

the so-called Debye length which gives an estimation of the thickness of the diffuse layer. A

quantitative correlation for the Debye length can be derived from the Poisson-Boltzmann

equation.

Previous decades have seen different interpretations of the electric double layer theory

together with experimental and analytical studies, but the most largely accepted model is

still the Gouy-Chapman-Stern (GCS) model because of its simplicity and analytical ap-

proach, as stated by Henderson et al. [3]. In the following, we review some literature which

3



is concerned with the surface conductivity and the influence of the Stern layer since these

are important aspects for the first part of this thesis. The reviewed work is generally con-

cerned with surfaces of colloidal particles; but it also applies to the planar surfaces that we

utilize in this thesis.

1.1.1 Stern layer structure and surface conductivity

Lyklema et al. [4] provides a review on different aspects of surface conductivity in elec-

trokinetics. The surface conductance is defined as an excess local charge which originates

due to the presence of the EDL. Since only mobile charges can contribute to the surface

conductivity, the surface conductivity provides information about the dynamic properties of

the EDL. The Dukhin number (Du) is a dimensionless parameter which defines the relative

importance of the surface conductivity compared to the bulk conductivity of the liquid. The

Du number depends on the zeta potential, the concentration of the electrolyte solution and

typical geometrical dimensions such as the particle diameter or the channel height. Biker-

man first introduced an analytical equation to calculate the surface conductivity, however,

it was based on the structure of the diffuse layer only (as cited by [5]).

In the GCS model, the Stern layer is considered as a static layer of adsorbed ions along

with solvent molecules which are present due to chemical and physical interactions between

the electrolyte solution and the surface. This layer is usually assumed to be unaffected by

the liquid movement, contrary to the liquid and ions within the diffuse layer which move

in the presence of an electric field, pressure or ion concentration gradient. However, there

is literature which claims that the Stern layer consists of charges with a decreased but still

present mobility. Consequently, if there are somewhat mobile ions in the Stern layer, they

should move under the influence of an electrical field likewise to the ions in the diffuse layer.

Hence, the surface conductivity results from a combination of both the diffuse and the

inner layers of the EDL. An early approach to include the stagnant layer contribution was

4



made by Urban [6] who discussed the effect of surface conductivity on various electroki-

netic phenomena and developed an equation for the surface conductivity including the ion

transport in the Stern layer.

Saville et al. [7] observed discrepancies for the zeta potential values of polymer lattices,

obtained from the measurement of the suspension conductivity and the electrophoretic mo-

bility which could not be explained by the change in the fluid viscosity and the dielectric

constant in the Stern layer. He proposed a model which is based on a lateral ion transport

in the Stern layer. As noted by Saville et al. [7], there were also some earlier attempts by

Henry (1948), Dukhin (1983) and van der Put (1983) where they consider the effect of sur-

face conductivity respectively on electrophoretic mobility, dielectric properties of colloidal

suspensions and observed electrokinetic data on porous plugs. But most of these models

either lacked the details regarding the ion transport processes involved in the Stern layer

or were modeled in an approximate way. The dynamic model proposed by the Saville et al.

considers the existence of an equilibrium between the ions in the diffuse layer and those in

the Stern layer. Therefore, the polarization of ions in one layer affects the ion distribution

in the other layer. This mathematical model of Stern layer ion transport, which was later

applied successfully to interpret their own experimental results [8], was explained on the

basis of ion-conduction inside the Stern layer due to an applied electric field as well as ion

diffusion due to a concentration gradient. Inspired by Saville et al.’s work, L.R. White et al.

[9] developed a new model where the effect of the ion transport in the Stern layer of colloidal

particles is treated in a different fashion. They studied the overall effect of the Stern layer

ion transport in conjunction with adsorption models on the electrophoretic mobility and on

the electrical conductivity. They take into account the specific surface interaction forces in

the Stern layer as well as the viscous, electrostatic and thermodynamic forces acting on the

ions while modeling a mobile Stern layer structure.

In their paper concerned with the properties of the stagnant (Stern) layer, Lyklema et

al. [10] emphasized the importance of ionic conduction in the stagnant layer for different
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electrokinetic phenomena. They observed only a slight difference between the tangential

mobilities of counter-ions in the bulk to those in the stagnant layer which they also found in

agreement with the experimental evidence [4]. Based on molecular dynamics simulations,

they studied the mobilities of ions under the influence of an external electric field and

observed that the contribution of the stagnant layer to the charge transport in the bulk

cannot be neglected. It was found that the (stagnant layer) ions move in parallel to the

solid surface and remain comparatively slow but not static.

R.J. Hunter [11] analyzed the importance of the stagnant layer conduction while studying

different electrokinetic phenomena of colloidal particles. They predict that the stagnant

layer conduction occurs in some but not all systems; an assumption which is based on their

low frequency surface conduction measurements. However, the author admits that this

technique is not simple and can result in considerable errors.

Joly et al. [12] simulate the hydrodynamics of the EDL as a function of the wettability

of different charged planar surfaces. A major deviation from the model of a static Stern

layer is observed in the case of non-wetting surfaces where the electrokinetic effects becomes

highly pronounced due to the occurrence of a velocity slip at the solid surface which results

in an increased zeta potential value.

To summarize, there is literature which claims that the Stern layer is not entirely stag-

nant. That is, the ions in this layer have a finite mobility and contribute to the effect of

surface conductivity. However, there are discrepancies regarding the relevance of this Stern

layer conduction. Also, the majority of the work is of a theoretical nature and concerned

with single particles and there are only limited experimental results which support these

sophisticated theories. In the first part of this thesis, we focus on the streaming current and

the streaming potential method to infer the zeta potentials of Poly(methyl methacrylate)

(PMMA) wafers and consider the surface conductivity. Hence, we proceed this thesis by

a further discussion of the streaming current and the streaming potential. For the sake of

simplification, we restrict the discussion to microchannels.
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1.2 Streaming current and streaming potential

The streaming current is the convective current which is generated in the EDL due to

the transport of counter-ions induced by an external force field, such as a pressure gradient,

which induces a liquid flow. To calculate the streaming current, the current density i.e. the

product of liquid velocity and charge density, is integrated over the whole cross sectional

area of the channel. The streaming current is usually observed to be proportional to the

applied pressure gradient for a given liquid concentration. The streaming current can only

be measured if two electrodes are inserted in the channel. The electrodes are connected

through a very low resistance external circuit; i.e., in short circuit condition.

The streaming potential phenomenon also arises when a liquid is forced to move

through the channel. If the electrodes are connected to a voltmeter having high resistance,

i.e., rather an open circuit condition, the streaming current results in a local accumulation

of charge which must be accompanied by a spatial potential difference which is called

streaming potential. The generation of the streaming potential across the channel results

in a conduction current. The assumption that the conduction current occurs only in the

bulk liquid, results in erroneous values for the zeta potential measurements. Therefore, the

surface conductivity term should be included in the total conduction [13].

1.2.1 Some important considerations for the measurement of streaming

current and streaming potential.

As mentioned by van Wagenen [14], a critical condition to measure the streaming potential

values accurately is to establish a steady, developed laminar flow in the channel. The author

achieved all these conditions by developing a parallel, flat plate configuration. This "micro

slit" essentially has dimensions that allows, to good approximation, for the application

of a one dimensional flow. This novel cell configuration proved its importance for the

measurement of zeta potential values in the subsequent years compared to other streaming
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measurement methods which included long capillary tubes, porous plugs of micro-particles

or fibers. Considering the importance of this cell design in a very accurate quantitative

surface characterization, it has been used by several researchers with slight modifications

[15–17]. In this work, we also use a similar cell configuration.

As mentioned by Voigt [18], during the measurements of streaming potential and stream-

ing current on surfaces covered with charged layers, the surface conduction is usually ne-

glected for solutions having a concentration more than 10−3M − 10−4M due to decrease in

EDL thickness. Though this is done for surfaces having moderate potentials and for bulk

liquid volumes which are sufficiently large compared to the surface area.

Another problem with respect to the measurement of the streaming potential is the

so-called electrode polarization as pointed out by Korpi et al. [19], which can alter the

streaming potential values to a significant degree. Electrode polarization occurs if charges

accumulate in the vicinity of the electrode. If these charges are not consumed by an electrode

reaction, a potential gradient induces a conductive current which falsifies the measurement

of the streaming potential. Therefore, in the current work, we use reversible Ag/AgCl

electrodes which are frequently renewed while using both low and high salt concentrations.

1.2.2 Electrical impedance spectroscopy for in-situ cell characterization

It is important to understand all the electrical processes which are involved in the measuring

of streaming current and potential. Therefore, we employ electrical impedance spectroscopy

(EIS) to investigate various electrical quantities such as the electrode charge transfer re-

sistance and the ohmic resistance of the solutions. EIS has found applications in studying

different processes such as corrosion as well as electrochemical reactions in batteries and

fuels cells [20]. While performing EIS measurements, a potentiostat can be used either in

a two electrode mode or in a three electrode mode depending on the requirement. For

the work done in the first part of this thesis, we perform various EIS measurements using

two electrodes where one electrode functions as the working electrode and the other one as
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the counter electrode. Here, a constant small AC voltage is applied over a wide range of

frequencies without creating any adverse effects on other processes. This applied voltage re-

sults in the generation of an AC current signal. The impedance of the circuits is determined

by dividing the applied voltage by the current generated at the same frequency.

The results of an EIS experiment can be represented in two ways; a Nyquist plot or

a Bode plot. In Nyquist plots, the real and imaginary parts of the impedance values are

plotted on the X-axis and on the Y-axis, respectively. Each point on the curve represents

the total impedance of the system. Unlike Nyquist plots, the Bode plot gives the absolute

values of the total impedance and the phase shift on log-log charts versus the respective

frequency values.

The EIS measurements can be fitted to an equivalent electrical circuit diagram, where

different circuit elements such as resistors, capacitors and inductors can be modeled de-

pending on the physical, electrochemical behavior of the system. In the first part of this

thesis, we use a Nyquist plot to calculate different impedance values of the measurement

cell measured at various experimental conditions.

We are not aware of any work which employs EIS for the electrical characterization

but that of Ariza et al. [21]. In this work, the authors performed the electrokinetic char-

acterization of active layers of nano filtration membranes to calculate parameters such as

ion transport numbers, fixed charge concentration, solution resistance and zeta potential

by streaming potential measurements. Here, they fit equivalent circuits for the obtained

impedance curves showing three sub-circuits with each having resistance and capacitor in

parallel. These three circuits represent elements for the electrolyte solution, the active layer

of the membrane and the membrane porous sub-layer, each calculated for a different fre-

quency range. However, the results of the soft and complex membrane surface cannot easily

be transferred to the rigid microchannel that we use in our work.
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1.3 Electroosmosis

In the second part of this thesis, we investigate electroosmosis in packed beds of granular

(spherical) material for different experimental conditions. Here, we briefly discuss some

relevant phenomena -

The term electroosmosis refers to the induced motion of a (bulk) liquid when an exter-

nal electric field is applied tangentially to the EDL. That is, the electrical field drives the ions

in the EDL and the liquid outside of the EDL is dragged by viscous interactions. Electroos-

mosis can be utilized to pump liquids with an absence of moving/mechanical parts which

is especially beneficial for small scale applications. This and other advantages compared to

conventional pumps result in a broad range of potential applications in microfluidics such

as point-of-care testing [22], drug delivery [23] as well as energy applications such as micro

fuel cells [24, 25]. In this regard, the utilization of porous structures in micro- and nano-

scale devices is especially beneficial since relatively high flow rates along with high pump

pressures can be induced. Here, the major advantage of utilizing porous structures lies in

the large (active) interface area per unit volume which makes the electrokinetic phenomena

more prominent. The Smoluchowski equation can be used to calculate the electroosmotic

velocity in a pore where the channel size is large enough to ignore the EDL distortion due to

the applied electric field and therefore, electric and hydrodynamic field lines are considered

parallel [26]. But in the case of pores with sophisticated and/or unknown pore geometries,

it becomes quite difficult to infer the change in the electric field and velocity profile quan-

titatively on a microscopic level where the EDL overlap might also take place. Hence, we

carry out several EOF experiments to observe these phenomena on a macroscopic level by

applying external electric fields to porous beds having different structural characteristics.
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1.3.1 Joule heating during EOF

Electrokinetic flow is considered to be a significantly improved way of generating flow of

liquids and samples in microfluidic devices as compared to pressure regulated flows. But

the inevitable effect of Joule heating related to the application of the electric field creates

flow disturbances due to non-uniform temperature distributions. Here, the heat generation

occurs due to the flow of an electric current through the liquid electrolyte which has a

resistive value depending on its ionic concentration and the dimensions of the channel. The

heat generated is proportional to the square of the current flowing through the channel. The

amount of heat also linearly scales with the duration of the electric field (electroosmotic

flow). The induced temperature gradient influences most properties of the liquid such as

permittivity, density and viscosity. Usually, the electroosmotic flow profile is considered

as a plug-like velocity profile but in the presence of Joule heating it deviates from that,

which can have negative impacts for lab-on-a-chip analytics [27]. Several numerical and

analytical investigations have been done to predict the influence of Joule heating in single

microchannels. Xuan [27] developed an analytical model to show the effect of Joule heating

not only on heat and mass transport but also on momentum and species transport in

capillaries. The temperature gradient induces an additional flow with concave and convex

flow patterns, depending on the flow conditions.

Another important phenomenon related to the application of high electric fields is the

pH change which can have a significant effect on micro channel flow. Laszlo et al. [28]

observed a change in pH due to electrochemical hydrolysis of water at the electrodes during

the generation of electrokinetic flow. The authors predict a strong dependency of the

EOF on the pH of the electrolyte in case of silica and glass surfaces. This change can be

suppressed by renewing the electrolyte regularly or by adding a sufficient amount of buffer

solution. Other researchers like Bello et al. [29] also support this observation by simulation

of the electric current in capillary electrophoresis and its influence on the pH value and the
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composition of the electrolyte. The accompanying experiments by Bello et al. show a good

agreement with the results predicted by theory. In the case of capillary electrophoresis, the

pH change affects the electrochromatographic separation by changing the migration time

through variation in EOF as well as by directly changing the mobilities of the pH sensitive

ions.

It is clear from the above analysis that Joule heating as well as electrode reactions in

micro channels can have a significant influence on the EOF as well as on the species separa-

tion efficiency by altering the temperature and the pH profile of the solution. A prediction

of these effects in porous beds is difficult since they depend on different parameters such as

the porous structure, the electrolyte concentration and the applied electric field. Therefore,

in this work, we aim to perform experiments in a parameter range which ensures that our

results are unaffected by Joule heating and pH changes.

1.4 Motivation for the thesis

The thesis is divided into two major objectives which are both related to electrokinetic

phenomena but from a different perspective. Hence, we discuss both motivations separately

as given below.

1.4.1 Streaming potential and streaming current

The motivation for the first paper comes from a review of streaming potential and streaming

current literature where we realized the following:

• Almost all work on the electrokinetic characterization of solid substrates using stream-

ing current and/or streaming potential measures the electrical features of the setup

and/or electrolyte with an ex-situ experiment. That is, the conductivity of the elec-

trolyte is measured in a separate measurement cell and at rest. Therefore, we perform

in-situ electrical property measurements for different flow conditions in the current
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research.

• The effect of surface conductivity on the overall conductivity under different flow

conditions has been investigated earlier to some extent. However, these works utilize

direct current (DC) or low frequency alternating current (AC) methods. Therefore

for the first time, we apply high frequency AC conditions to characterize electrical

properties of the medium and the solid substrate to exclude parasitic capacitive effects.

• Silver/silver chloride electrodes are generally considered as reversible. However, this

statements stems from electrochemistry where the electrolytes are present in consid-

erable concentrations. Contrary, the electrolytes are much diluted in electrokinetic

measurements. We investigate whether the reversibility assumption still holds.

1.4.2 Electroosmosis in porous structures

The Motivation for the second paper, which is concerned with electroosmosis in porous

structures, originates from:

• There is a lack of correlations for electroosmosis in porous substrates which correlates

the flow to the liquid parameter and the characteristics of the packed beds. Such

a correlation is required for the design of electroosmotic pumps which have various

applications.

• The method of capillary interface tracking to measure electroosmosis has been used

earlier. However, these works equalized the capillary flow and the electroosmotic flow

rate. We utilize a centre-of-mass-model which incorporates physical effects such as

hydrostatic pressure to obtain an improved influence on the nature of the packed bed

flow. Moreover, this model also clearly shows when we have an influence of Joule

heating which is another issue which is mainly neglected in literature.
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1.5 Thesis Outline

The thesis consists of two major objectives both related to the electrokinetic phenomena.

The first part of the thesis, which is concerned with the streaming current/potential phe-

nomena, has already been submitted for publication while the second part, concerned with

electroosmosis, is in draft format state for submission. Hence, the thesis is organized as

followed:

After a brief and general introduction into electrokinetics, we present the respective

work on streaming current and potential. This part is structured in a specific introduction,

theory, experimental methods and materials, results and a conclusions section. Then, we

present the work on electroosmosis in packed beds which comprises a specific introduction,

theory, experimental methodology, results and conclusions. We conclude this with the some

final remarks and some recommendations for future work.
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Chapter 2

Streaming potential revisited: The influence of

convection on the surface conductivity

2.1 Abstract

Electrokinetic phenomena play an important role in the electrical characterization of sur-

faces. In terms of planar or porous substrates, streaming potential and/or streaming current

measurements can be used to determine the zeta potential of the substrates in contact with

aqueous electrolytes. In this work, we perform electrical impedance spectroscopy measure-

ments to infer the electrical resistance in a microchannel with the same conditions as for

a streaming potential experiment. Novel correlations are derived to relate the streaming

current and streaming potential to the Reynolds number of the channel flow. Our results

not only quantify the influence of surface conductivity, and here especially the contribution

of the stagnant layer, but also reveal that channel resistance and therefore zeta potential

are influenced by the flow in the case of low ionic strengths. We conclude that convection

can have a significant impact on the electrical double layer configuration which is reflected

by changes in the surface conductivity.

2.2 Introduction

The formation of an electrical double layer (EDL) occurs when a surface, featuring electrical

charges which are characterized by the so-called zeta potential (ZP), is in contact with a

liquid which contains mobile charges. The surface charges attract counter-ions in the liquid

which constitutes an interfacial layer with an electrical net charge; contrary to the liquid

bulk which remains electrically neutral. Electrokinetic phenomena arise due to interaction

of an EDL and an external force field such as pressure or electrical potential gradient.
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Comprehensive review is available, e.g. in [26, 30].

There has been a renaissance of electrokinetics research which is mainly based on

two motivations. On the one hand, novel phenomena such as alternating current (AC)-

electroosmosis [31] have been discovered after a century of research in the field. On the

other hand, various microfluidic concepts utilize electrokinetic phenomena, c.f. [32]. Ad-

ditionally, the conversion of mechanical into electrical energy in nanofluidic channels has

recently attracted increased interest [33, 34]. More traditionally, electrokinetic phenomena

play an important role in the electrical characterization of surfaces; the motivation ranges

from geophysical research over material to colloid and interface science. The electrokinetic

phenomenon streaming potential (SP) results from a liquid flow along a stationary surface

featuring an EDL. The convection of the EDL induces a streaming current (SC) which, vice

versa, generates an electrical potential difference which can be conveniently measured, i.e.

the SP.

The classical correlation which was developed to relate SP and SC to the ZP is the

Helmholtz-Smoluchowski (HS) theory [35]. Nowadays, SP measurements are performed with

various cell designs including microchannels formed by two parallel flat plates [14], microflu-

idic on-chip devices [36], asymmetric cells [15], cells coupled with fluorescence microscopy

[37] or rotating disk electrodes [38]. Despite some progress/variations in cell designs, the

vast majority of SP experiments utilize the classic HS correlation (cf. [37, 39–43]).

However, even the early work on SP noted that the classical HS theory has several

shortcomings. Essentially, it does not account for the so-called surface conductivity, even

though Smoluchowski himself pointed out that an excess of ions near a charged surface

makes a definite contribution to the overall conductivity [44]. Hence, considerable errors

can occur if the conductance (resistance) of the setup is calculated based on the bulk

conductivity. The term bulk conductivity (resistivity) implies that the specific conductivity

is not influenced by the boundaries of the measuring volume and, hence, it is measured

ex-situ in large volumes such as beakers. In this article, we use the terms ex-situ and
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in-situ for resistance measurements outside and inside of the SP cell, respectively. An

early approach to include the effect of surface conductivity is the so-called Fairbrother-

Mastin procedure [45]. Here, in-situ resistance measurements for liquids of low and high

ionic strengths are employed with a modified HS equation to include the effect of surface

conductivity. Generally, these in-situ resistance measurements are performed with direct

current (DC) or very rarely with alternating current (AC) methods of very low frequencies.

Additionally, the review of the literature reveals that the resistance is generally measured

with resting liquids and not under experimental flow conditions (cf. e.g. [16, 39, 46, 47]).

We discuss below that this can considerably alter the results. One exception is the work of

Werner et al. who performed consecutive SP and SC measurements [48]. The ratio of SP

and SC gives the in-situ cell resistance for experimental conditions but averaged over the

investigated flow range.

There are several literature sources that claim that the HS correlation tends to give

imprecise ZPs for other reasons than surface conductivity as summarized e.g. in [30].

This is in contrast to the work of Overbeek who, based on the Onsager relation, claimed

that one electrokinetic experiment is sufficient to infer all other phenomena [49]. That

is, the result of a SP experiment is equivalent to the result of an electroosmotic or SC

experiment. This is practically not observed since each electrokinetic methods has its very

own experimental difficulties and their influence on the results can be significant as shown

for PMMA in our previous work [50]. Joule heating in electroosmotic experiments can

considerably impact the electroosmotic mobility and thus falsifies the ZP inferred from it.

SC measurements are challenging since the currents are on the order of nA and asymmetry

potentials induce unwanted conduction currents. SP measurements at low ionic strengths

and narrow gaps require electrical equipment with extremely high internal impedance to

obtain reliable results [26].

There are also several works which, based on dimensional reasoning, assert that the SP

gradient (and therefore the ZP) depends on the flow conditions as discussed in [47, 51, 52].
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The same situation is claimed by Lu et al. based on a different motivation. In their work,

a non-linear decay of the SP in the downstream direction of their measurement cell is

found and explained with a convective influence on the EDL [53]. Such a behaviour would

question the applicability of the HS correlation to obtain even approximate results, since

respective flow parameters are not included and all ZPs which are commonly reported from

SP experiments would be only apparent ZPs.

Motivated by these open questions, we perform SP and SC experiments in PMMA

microchannels having different channel heights. For a better comparability of the different

microchannel experiments, we derive novel correlations for the electrokinetic phenomena

depending on the Reynolds number of the channel flow. In contrast to others, we measure

the electrical characteristics of the aqueous electrolytes in-situ and under experimental

conditions by employing electrical impedance spectroscopy (EIS). The application of this

method allows for an evaluation of the influence of surface conductivity and that of the flow

on the ZP. Additionally, we investigate the reversibility of the commonly used silver/silver

chloride (Ag/AgCl) electrodes, especially for low ionic strength liquids.

The chapter is structured as follows: First, we review the theory of SC and SP and derive

correlations which relate the phenomena to the Reynolds number. We also discuss some

aspects of surface conductivity. Second, we describe the experimental methodology used in

this work. Third, we present the experimental results of the electrical and electrokinetic

experiments. Finally, the chapter is completed with some concluding remarks.

2.3 Theory

In this section, we briefly introduce the general theory of SC and SP. Figure 2.1 shows a

sketch of the electrokinetic cell (EKC) used in this work which illustrates the underlying

physicochemical phenomena. The EKC consists of two reservoirs (indexed 1,3) with incor-

porated electrodes which are connected by a microchannel (indexed 2). The microchannel

18



V

EDL

EDL

∆p

+ + + ++ + +

+ + + ++ + + +

ISC

+

-

+

+ +-
-

- - -

IC

Flow Flow

ϕ3

++

++

++

3

2

1

+
+

+ +-

- --

+

+
+

+ -

-+ +

+

- - -

-x

y
z

+

Bulk

orA Z or
-

ϕ1

Figure 2.1: Schematic of the electrokinetic cell (EKC) used in this work to measure the
electrokinetic phenomena of streaming potential and streaming current. The
dimensions are not to scale.

is formed by two parallel plates, made from the substrate to be characterized. The mi-

crochannel consists of width w2, length l2 and height h2; such that l2 > w2 � h2. The EDL

at the interface liquid/microchannel wall is characterized by the ZP ζ. A pressure difference

∆p drives the liquid through the channel. This generates a convective charge transport in

the EDL which is called SC ISC . If we operate the EKC in a open circuit mode, a po-

tential difference between the reservoirs is built up. This potential difference is called SP

∆ϕSP = ϕ1−ϕ3 which, in turn, induces the conduction current IC between the electrodes.

Whether we measure SC or SP depends on the electrical instrument connected to the EKC.

This is indicated by the different symbols which connect the electrodes; i.e., amperemeter,

and voltmeter and an "impedance meter" used for the electrical characterization.

For further description, we analyze the equivalent electrical circuits (EEC) for the dif-

ferent operation modes as given in fig. 2.2. The main motivation here is that the EEC of

the SP/SC does not correspond to the one for the electrical characterization. Generally, the

SC and SP circuits are similar and consist of an internal and external circuit. The internal

circuit, indicated by the dotted-dashed line, comprises a current source symbolizing the SC.
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Figure 2.2: Equivalent electrical circuits for (a) SC measurements; (b) SP measurements;
(c) EIS (left) with a typical Nyquist plot (right) measured in a microchannel of
height h2 = 60µm and ionic strength I = 0.5mM

Additionally, there is an internal resistor Ri which is required to generate the SP. The outer

circuit consists of the electrical elements symbolizing electrodes and microchannel. We com-

puted that there is practically no influence of the liquid reservoirs on the electrical problem.

A well-accepted model for electrodes is a RC element, where the electron transfer resistance

is modelled with an ohmic resistor while the electrode’s EDL is considered a capacitor, both

arranged in parallel [54]. We make the reasonable assumption that R1 = R3 = Rel and

C1 = C3 = Cel. The ionic path in the microchannel is modelled with ohmic resistors. Here,

we distinguish between the resistor of the bulk liquid R2B and surface R2S . If we measure

the SC, an amperemeter is connected to the electrodes which has practically no internal

resistance as depicted in fig. 2.2(a). Hence, the entire SC flows through the electrodes and
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the conduction current is practically zero since the microchannel resistance is much higher

than that of the amperemeter. For SP measurements, illustrated in part (b), we connect a

voltmeter to the EKC. The voltmeter should have an internal resistance much higher than

that of the channel. Then, the SC in conjunction with the internal resistor Ri induces the

SP between the terminals (reservoirs) 1 and 3. Practically, no current flows through the

electrodes and the voltmeter. The SP induces the conduction current which goes through

the microchannel resistors R2B and R2S .

The situation changes when we perform an in-situ electrical characterization of the EKC

using electrical impedance spectroscopy (EIS) as given in fig. 2.2(c) (left). Essentially, we

apply an alternating excitation across the EKC and measure the alternating answer for

different excitation frequencies. A typical result is given as well in fig. 2.2(c) (right). We

discuss the method in more detail in section 2.4.3 and give here only a brief summary.

For fairly conductive electrolytes, EIS allows for a separate determination of the total mi-

crochannel resistor R2 = 1/(1/R2B + 1/R2S) and the electrode resistor Rel. However, for

electrolytes with a very low ion content, there is the so-called bulk capacitance C2 arranged

in parallel to R2 (dashed line) and only the total external resistance R2 + 2Rel can be

measured.

To summarize the EEC analysis: The current paths in the EKC depend on the con-

nected instrument. For SC measurements, the SC goes through the electrodes while for SP

the conduction current goes through the microchannel but not through the electrodes. EIS

only allows for the measurement of the total microchannel resistance but not for the single

contributions of bulk and surface. For low ionic strengths, the electrode transfer resistance

is included in the measured resistance.

We now derive the electrokinetic and hydrodynamic correlations in the EKC where we

generally follow the standard assumptions as e.g. given in [13]. However, we deviate in

some points: (i) We do not use the pressure difference since we perform experiments with
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different channel heights. Hence, we relate the electrokinetic phenomena to the Reynolds

number, which expresses hydrodynamics independent of the channel geometries. (ii) The

hydrodynamic correlations are given independent of channel’s cross section to ensure a gen-

eral applicability for laminar flows in arbitrary geometries. (iii) The correlations (gradients)

are given in a differential form and are not limited to a linear order. We also do not ac-

count for diffusive transport which has significant contributions in colloidal and membrane

systems as described in e.g. [55, 56].

A differential SC in a microchannel of arbitrary cross section Ac, using a linearized

velocity profile in the EDL, can be written as

dISC = −Ac
εζ

µ
d

(
dp

dx

)
. (2.1)

Here, ε is the liquid permittivity; µ is the dynamic viscosity; and d(dp/dx) is a differential

change of the pressure gradient in flow direction x. The differential pressure gradient can be

expressed in terms of a differential volumetric flow rate according to d( dpdx) = RµdV̇ , where

the viscous flow resistance Rµ depends on the cross section of the microchannel. Using

the velocity amplitude u0 of an equivalent plug flow, the hydraulic diameter dh = 4Ac/Pc,

where Pc is the wetted perimeter of the cross section, and the liquid density ρ, we can

write the differential Reynolds number in a channel of arbitrary cross section as dRe =

4ρ/(µRµPc) d( dpdx). After some rearrangements, we obtain

dISC = −A
2
cRµ
dh

εζ

ρ
dRe (2.2)

for the differential SC in a channel of arbitrary cross section depending on the differential

Reynolds number. Equation (2.2) can be employed to obtain the ZP from measurements of

ISC vs. Re.

For a steady state and no current flowing through the electrodes (cf. fig. 2.2(b)), the
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differential SC corresponds to the negative differential conduction current which can also

be expressed using Ohm’s law. That is,

dISC = −dIC = d

(
dϕ

dR

)
≈ d

(∆ϕSP
R2

)
(2.3)

where the gradient of the electrical potential with respect to the ohmic resistance dϕ/dR can

also be approximated with the ratio of SP and total microchannel resistance. After inserting

eq. (2.2) in (2.3), integration over the channel length l2 and further rearrangements, we

obtain the general expression

ζ = dh
A2
c

ρ/ε

RµR2

d∆ϕSP
dRe

(2.4)

which relates the ZP to the gradient of the SP with respect to the Reynolds number.

The presence of the viscous resistance Rµ indicates that this electrokinetic phenomenon

originates from the viscous drag of the electrical charge in the EDL. To obtain a correlation

for a specific channel, the geometric parameters have to be customized. In this work, we

use a microchannel of rectangular cross section of area Ac = w2h2. The correlation between

volumetric flow rate and pressure gradient is an infinite analytical series solution where the

flow resistance can be approximated as Rµ ≈ 12µ
h3

2w2
[57]. Inserting the geometric parameters

in eq. (2.4), we obtain

ζ = h2
2

6 (h2 + w2)
ρ

εµ

1
R2

d∆ϕSP
dRe

. (2.5)

Note that the correlation depends on the channel resistance R2 that we measure in-situ

under the same conditions as for the SP experiments.

The classical HS theory considers only the bulk liquid resistance in the microchannel

R2B = l2
w2h2

1
σB

. Hence, the HS equivalent of eq. (2.5) is

ζ = h3
2w2

6l2 (h2 + w2)
ρσB
εµ

d∆ϕSP
dRe

. (2.6)
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The modification of the classical HS correlation incorporates the surface conductivity

(surface resistance R2S) arising from the EDL at the interfaces. The ions in the EDL have

a different concentration than those of the bulk; the mobility may differ as well. This

phenomenon is quantified in terms of the surface conductivity σS which is the surface

equivalent to the bulk conductivity σB. Whatever the ion distribution in the EDL, σS can

always be defined through the 2D analog of Ohm’s law; i.e. jS = −σS dϕdx where jS is the

surface current density in A/m [26]. The influence of the surface conduction is usually

expressed by the dimensionless Dukhin number Du = σS/(σBh2). We realize that the

surface conductivity is scaled with the channel height, i.e., it becomes prominent for very

narrow channels as well as for low ionic strengths. Finally, considering the relations above,

we use the ohmic resistance R2 ≡ 1
1/R2B+1/R2S

and obtain the equivalent modified HS eq.

which accounts for the surface conductance of the upper and lower channel wall according

to

ζ = h3
2w2

6l2 (h2 + w2)
ρσB
εµ

(1 + 2Du) d∆ϕSP
dRe

. (2.7)

The present perception is that the surface conductivity can have contributions owing to

the diffusive layer (DL) charge, adjacent to the plane of shear, and to the stagnant layer

(SL) charge; it is σS = σDL + σSL (cf. e.g. [58]). The DL contribution was first derived for

symmetric electrolytes by Bikerman in 1933 (as cited in [5]) as

σDL =
√

8εRgT̄ I
(

ν+
A(ζ)− 1 −

ν−
A(ζ) + 1 + 4εRgT̄

z̄Fµ

1
A(ζ)2 − 1

)
(2.8)

where Rg is the universal Gas constant; ν+ and ν− are the absolute values of the ion mobility

of cation and anion, respectively; and I and T̄ are the ionic strength and the absolute

temperature of the symmetric electrolyte. The function A(ζ) = coth
(
z̄F ζ

4RgT̄

)
derives from

the analytical solution of the charge distribution at an infinite plate and contains the valency

z̄ and the Faraday constant F . This expression includes the contribution of migration

and that of electroosmosis which results in an additional mobility of the charges. The
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expression is valid for negative surface charges. In the case of positive ones, the cationic

and anionic mobilities have to be exchanged. The stagnant layer conductivity σSL may

include a contribution due to the specifically adsorbed charge and another one due to the

part of the DL that may reside behind the plane of shear [26]. The charge on the solid

surface is generally assumed to be immobile and, hence, does not contribute to σS [26].

Further comprehensive treatise of surface conductivity is available, e.g. in [58].

2.4 Experimental methods and materials

This section describes details of the experimental setup, materials and methods that we use

in this work.

2.4.1 Experimental setup

The experimental setup consists of the electrokinetic cell (EKC) and several fluidic and

electrical components (sketch of the setup is given in chapter 3). The EKC is connected

to a polyethylene vessel containing the aqueous electrolyte. This vessel can be charged

with a controlled pressure by a nitrogen gas cylinder (Ultra High Purity 99.999%, MEGS,

Canada) to pump the aqueous solution through the EKC. The pressure drop across the EKC

is measured by two pressure gauges. Two Ag/AgCl electrodes are inserted in the EKC for

the measurement of electrical signals. Electrodes are made from silver wires (99.99% trace

metals, Sigma-Aldrich, Canada) by anodic deposition of silver chloride in a 3.0M KCl

solution (ACS reagent grade, Sigma-Aldrich, Canada) at a current density of 1mA/cm2

for 45 minutes. The electrodes are connected to a potentiostat (PGSTAT302N, Metrohm

Autolab B.V., The Netherlands) which allows for the measurement of electrical signals; the

input impedance of the instrument is > 1TΩ.

The custom-build EKC is constructed from two Teflon® blocks containing fluidic and

electrical connections, liquid reservoirs and allows for the incorporation of two test wafers
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of dimensions 70mm× 30mm× 1.5mm to form the microchannel. We use test wafers made

from PMMA sheets since a comprehensive data set which can be used for verification is

available from our previous work [50]; however, any material can be tested as long as it

features the specified dimensions. Gaskets are used inside the PTFE blocks to form a well-

defined gap between the PMMA wafers. Microchannel geometries used in this work are of

length l2 = 7cm, width w2 = 2.5cm while heights ranging from h2 ' 5..300µm are achieved

depending on the gaskets. Two types of gaskets are used: (i) rigid (spacer) gaskets made

of PTFE sheets or Kapton® (Polyimide) which give microchannel heights of h2 & 50µm

and h2 . 50µm, respectively; (ii) soft gaskets of latex rubber which are used for sealing

purposes.

2.4.2 Streaming potential/current protocol

SP and SC measurements are carried out using the following procedure. First, PMMA

wafers are cleaned using a cleaning procedure as described in [15]. PMMA wafers and gas-

kets are then installed in the EKC and the assembled device is connected to the setup. Four

different microchannel heights (h2 = 6, 60, 175, 300µm) are used in this work. Verification

of the microchannel height is done each time the cell is assembled by using electrical and

hydrodynamic resistance measurements. The observed accuracies are around 30% and 10%

for h2 < 100µm and h2 > 100µm, respectively. Electrolyte solutions are prepared using

NaCl (ACS reagent, Sigma-Aldrich, CA) dissolved in a DI water matrix (σ / 1µS/cm).

The limit for the lowest ionic strength that we prepare is I ≈ 0.002mM where we consider

the contribution of the carbonic acid equilibrium to the water matrix. There is no buffer

reagents added to adjust the pH value since there is no influence of the pH value on the

ZP of PMMA in an acidic and neutral regime (cf. [50]). Hence, the electrolytes’ pH value

is around 5.5± 1. Ex-situ conductivity and pH testings are performed using a modular pH

and conductivity meter (Mettler-Toledo, SevenMulti, Switzerland). Subsequently, the elec-

trolyte solution is filled in the vessel which is then pressurized by the nitrogen gas. Before
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each experiment, the respective electrolyte is pumped through the EKC for 30 minutes at

a pressure difference of ∆p = 25kPa. The actual experiment is undertaken by adjusting

pressure differences in the range of 10kPa to 75kPa; the measurement of the electrokinetic

phenomenon is done for 60 seconds at a constant pressure. We use the corresponding time-

averaged value for data evaluation. For each ionic strength, 5 pressure values are applied

to obtain a correlation between SP or SC and Reynolds number of the flow. Note, that the

available range of Reynolds numbers depends on the microchannel height. For the largest

and smallest height, the investigated range is Re ≈ 0..4000 and Re ≈ 0..0.04, respectively.

To minimize the asymmetry potential, the electrodes are short-circuited between two con-

secutive measurements. Furthermore, the electrodes are renewed between measurements of

different ionic strengths or when the asymmetry potential becomes quite significant.

2.4.3 Electrical impedance spectroscopy

We measure the channel resistance in-situ under operation conditions by employing EIS.

The impedance Z̄ = R+ jX is a measure of the ability of an electrical circuit to resist the

passage of an alternating current. It consists of time-independent, linear elements expressed

by an ohmic resistor (real part) R and the reactance (imaginary part) X which describes the

time-dependent behaviour of non-linear elements such as capacitors or inductors. It can be

determined by applying an alternating voltage Ū to the EKC and measuring the resulting

alternating current Ī. The impedance is defined likewise to Ohm’s Law as Z̄ = Ū/Ī. If the

EEC contains non-linear elements, the current and impedance feature a phase shift. For

EIS, the impedance is scanned for a range of excitation frequencies which often allows for

specification of the single EEC elements. The use of EIS, as opposed to DC measurements,

has a number of advantages. AC signals at appropriate frequencies eliminate the parasitic

influence of liquid viscous relaxation and other capacitive elements in the setup. A typical

example is the electrode capacitance (cf. fig. 2.2), but also those of plugs and cables which

can considerably influence the results if DC or AC voltages of low frequencies are used.
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Additionally, DC or low frequency measurements may induce electrochemical reactions at

the electrodes which considerably alter pH and ionic strength of the liquid; information on

EIS can be found in e.g. [59]. For further evaluation, the charge relaxation time tr = ε/σ,

i.e., the ratio of the liquid permittivity and conductivity, can be used. The relaxation time

is the time scale at which free charges relax from the liquid bulk to the outer boundaries

[60]; it is a measure of how long it takes for a perturbated electrical system to become

polarized by conduction processes. We estimate that we require frequencies higher than

f � 1/tr ' 100kHz to exclude polarization effects in case of very low ionic strengths.

Essentially, we measure impedances in the EKC for resting liquids and various flows in a

frequency range of f ∼ 0..106Hz. The impedance data are interpreted based on the EEC in

conjunction with Nyquist plots as given in fig. 2.2(c). A Nyquist plot contains impedance

data for the measured frequency range; the imaginary and real parts are plotted on the

y-axis and x-axis, respectively. The Nyquist plots measured in this work are full or partial

semicircles depending on the scanned frequency range; this is in accordance to the theory

as given by the EEC. A full semicircle crosses the x-axis at f = 0 and at f →∞.

In the case of high ionic strengths, scans are performed over the entire frequency range.

In this case, there is no significant influence of the bulk capacitance C2 and the electrode

capacitors Cel are short-circuited at high excitation frequencies. Hence, the x-intercept at

f → ∞ corresponds to the total ohmic resistance of the microchannel R2. The interpre-

tation is more demanding for very low ionic strength liquids. For this case, the aqueous

electrolyte is more or less pure water and behaves more like a dielectric than a conductive

liquid. An alternating electrical field re-orientates the polar water molecules resulting in

a displacement current. Hence, a fraction of the high-frequency alternating current goes

through C2 and bypasses R2. The x-intercept value at f → ∞ does not correspond to R2

anymore. The interpretation of the EEC gives that the x-intercept value at f = 0 corre-

sponds to the total ohmic resistance R2 + 2Rel of the external circuit. Though, this value
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cannot be directly measured since the already discussed parasitic capacitive effects occur

at low frequencies gives very scattered data. In this case, we measure only in a medium to

high frequency range and fit the EIS data to a semicircle correlation. The fit is used to infer

R2 + 2Rel from the x-intercept at f = 0. Consequently, further experiments are required to

obtain Rel which then allows for the identification of R2.

Hence, we use a modified setup where the EKC is replaced by narrow glass capillaries of

different lengths l = 3, 6.8, 9.4cm. The capillaries are connected to the setup by T-junctions

with Ag/AgCl electrodes incorporated. Defined electrolyte solutions are pumped through

the capillaries and the respective impedances are measured. The plot of impedance, at

constant Reynolds number and ionic strength, vs. the capillary length reveals a linear

correlation. We extrapolate the capillary length to l = 0 to find the impedance of the

two T-junctions. The ohmic resistance of the electrolyte solution in the T-junction can be

neglected to good approximation. Hence, the resistance at l = 0 corresponds to that of

both electrodes for the given ionic strength.

2.5 Experimental results and discussion

The experimental results are given in two subsections, namely EIS and electrokinetic ex-

periments. All results are given in the form of mean values and their standard deviations,

based on at least three replicates or on standard errors.

2.5.1 Electrical impedance spectroscopy experiments

The first set of experiments is performed to determine the ohmic resistor Rel depending

on the ionic strength of the aqueous NaCl electrolyte. The results are given in table 2.1

as electron transfer resistance RT = RelAel where Ael is the wetted electrode area. The

data shows that the lower the ionic strength, the higher the electrode transfer resistance. A
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Ionic strength I/mMElectron transfer resistance RT /(Ωm2)Exchange current density j0/(A/cm2)
0.002 129.686± 14.557 1.947 · 10−8 ± 11%
0.01 12.554± 1.982 2.011 · 10−7 ± 16%
0.1 1.804± 0.302 1.400 · 10−6 ± 17%
1 0.060± 0.014 4.226 · 10−4 ± 23%
10 0.023± 0.003 1.110 · 10−4 ± 13%
50 0.002± 0.0002 1.656 · 10−3 ± 10%

Table 2.1: Electron transfer resistance and exchange current density of an Ag/AgCl elec-
trode in aqueous NaCl electrolytes measured by EIS.

regression yields the logarithmic correlation log
(
RT

Ωm2

)
= −1.023 log

(
I

mol/L

)
−4.001. Table

2.1 also gives the corresponding exchange current densities – a measure for the electrode

reversibility – which are calculated the standard way (cf. [54]). For example, a mercury-

sulphate electrode features an exchange current density of j0
0 = 10−12A/cm2 at standard

state and is therefore highly polarizable [54]. In terms of a SC experiment, such an elec-

trode cannot be employed since it does not take up the electrical charges which build up

in the electrode EDL even at high overpotentials. In contrast, a Ag/AgCl electrode at

standard state features j0
0 = 13.4A/cm2 and is therefore considered as fully reversible [54].

This means that the SC is entirely consumed by the electrodes at overpotentials which are

practically zero and there is no unwanted potential difference which induces a conduction

current. However, an electrokinetic experiment is generally conducted under conditions not

comparable to the standard state and the data in table 2.1 indicate that a Ag/AgCl elec-

trode at low ionic strengths is far away from being fully reversible. A fact that is mainly

neglected in the respective literature. The question arises whether this induces a significant

conduction current during SC measurements or not. To answer this question, we estimate

the potential difference between the electrodes using the Butler-Volmer eq. in conjunction

with the equilibrium current densities in table 2.1 and a charge transfer coefficient (symme-

try factor) of β = 0.3. We estimate that the influence on the SC is on the order of or less

than . 1%. Hence, the influence of the non-ideal electrodes can be neglected with respect
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to the higher standard deviations of our measurements. Though, we assume that the errors

become significant for worn out electrodes and low chloride concentrations underlining the

importance to renew the electrodes on a frequent basis.
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Figure 2.3: Microchannel resistance times the channel height vs. the ionic strength for
stagnant liquids (Re = 0). The inset shows the collapse of the low ionic strength
data if scaled appropriately.

In terms of SP measurements, we subtract the electrode resistances from the total resis-

tance of the external circuit that we measure using in-situ EIS. Figure 2.3 shows the results

of various microchannels for stagnant liquids (Re = 0). In detail, we plot the product of

microchannel’s resistance and height versus the ionic strength of the NaCl solution, both on

a logarithmic scale. We also show the corresponding values inferred from ex-situ measure-

ments; i.e., we use the bulk conductivities σB and compute the corresponding resistances

based on the microchannel geometries. Then, the motivation for this representation be-

comes clear. The correlation between the product of ex-situ resistance and channel height

and ionic strength is linear as indicated by the solid line. The situation is different for
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the resistances which are measured in-situ. While we find a similar linear relationship for

intermediate to high ionic strengths, we find generally lower values for all investigated mi-

crochannels at low ionic strengths of I . 0.1mM . Generally, the lower the ionic strength

and the smaller the channel height, the higher is the deviation from the ex-situ results. Fig-

ure 2.3 also contains an inset which demonstrates that the I . 0.1mM data collapses onto

a single curve, to a good approximation, if the resistances are multiplied with an adequate

scale f(h2). Hence, a regression can be performed using two correlations which depend on

the range of the ionic strength; we obtain

R2,0(h2, I)
MΩ ≈


l2

w2h2
l
σB

for I & 1mM(
I

mol/L

)−0.272

0.0041 h2
µm

+0.2865
for I . 0.1mM.

(2.9)

Further EIS experiments are performed for various Reynolds number flows. For some

conditions (discussed below), we observe that the resistance changes linearly with the

Reynolds numbers, to a good approximation. Detailed results are given in figure 2.4(a)

in the form of relative resistance change per Reynolds number ∆R2/Re vs. ionic strength.

Here, relative means that the absolute changes per Reynolds number are scaled with the

respective resistance for stagnant liquids R2,0. The connections between the data points

are for the sake of a better illustration. A twofold behaviour of ∆R2/Re in terms of the

ionic strength can be found. Generally, ∆R2/Re at a given channel height remains more

or less constant for I . 0.1mM . For I & 0.1mM , we observe a decrease of ∆R2/Re with

an increasing ionic strength. We also notice that the smaller the channel height the higher

∆R2/Re; the difference can be several orders of magnitudes. In this context, we should

recall that there are considerably different Reynolds number regimes for the different chan-

nel heights. Essentially, the change of the microchannel resistance is rather insignificant
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Figure 2.4: Relative change of the microchannel resistance per Reynolds number: (a) for
different channel heights vs. the ionic strength; (b) scaled with the absolute
logarithmic ionic strength vs. the channel height.

for large channels and high ionic strengths. A specific example, which demonstrates the

absolute resistance for different Reynolds numbers, is discussed below. To find an empirical

correlation for the relevant data, we scale ∆R2/Re with the magnitude of the logarithmic
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ionic strength and plot it vs. the channel height, both on a logarithmic scale. Figure 2.4(b)

demonstrates that the data collapses onto two different curves, depending on the range

of the ionic strength. The slope of the curves is almost identical; the difference is in the

y-intercept Finally, we use the collapsed data to derive an empirical correlation for the mi-

crochannel resistance as a function of ionic strength, channel height and Reynolds number

consisting of eq. (2.9) and the flow correction term

f2(h, I,Re) =



0 for I > 1mM

102.415
(
h
µm

)−3.28 ∣∣∣log
(

I
mol/L

)∣∣∣Re for I ∼ 1mM

103.39
(
h
µm

)−3.117 ∣∣∣log
(

I
mol/L

)∣∣∣Re for I . 0.1mM

(2.10)

according to
R2(h, I,Re)

MΩ ≈ R2,0(h, I) (1 + f2(h, I,Re) ) . (2.11)

Note that eq. (2.11) is a reasonable quantitative correlation for most of the investigated

range while it gives only qualitative results for the transition between low and high ionic

strengths.

To summarize our findings from the EIS experiments: For intermediate to high ionic

strengths, there is no significant difference between in-situ and ex-situ measured microchan-

nel resistances. For low ionic strengths, in-situ measurements reveal even for larger channels

significantly lower values as well as a dependency on the channel flow.

We employ eq. (2.11) to obtain a deeper insight into the EIS results. First, we inves-

tigate the limiting case of a microchannel of vanishing height, i.e. h2 → 0. For I & 1mM

the channel resistance approaches infinity. For I . 1mM a finite value is observed which

depends on the ionic strength and the Reynolds number. Recall that for decreasing mi-

crochannel height, the influence of the surface conductivity increases whereas the influence
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of the bulk liquid decreases. Consequently, the surface conductivity can be derived from

the inverse resistance at h2 → 0. Figure 2.5(a) gives the so inferred surface conductivity
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Figure 2.5: (a) Surface conductivity versus the ionic strength of the aqueous electrolyte; (b)
Dukhin numbers from in-situ and ex-situ measurements vs. the microchannel
height for stagnant liquids (Re = 0).

σS of the PMMA surface (dotted line) versus the ionic strength and for a stagnant liquid,

35



both plotted on a logarithmic scale. For the sake of comparison, the Bikerman surface

conductivity σDL is given as well. In detail, we compute σDL based on eq. (2.8) using

ZPs from four SC experiments as described below. Generally, we find that both surface

conductivities linearly increase with an increasing ionic strength, even the slopes are fairly

similar. The main difference is on the magnitude. While the measured surface conductivity

is on the order of nano-Siemens, the Bikerman surface conductivity which accounts only for

the diffusive layer is about one order of magnitude less. This would mean that the surface

conductivity is mainly determined by the stagnant layer while the double layer contribution

is almost negligible. This observation is consistent with the work of Werner et al. [48]

and Leroy and Revil [61] who measured the surface conductivity of fluor-polymers and clay

minerals, respectively. Both studies found high surface conductivities in the nano-Siemens

regime and attributed the main contribution to the stagnant (inner Helmholtz plane) Stern

Layer. Nevertheless, the question arises whether there are further phenomena contributing

to the surface conductivity which are yet to be identified.

We use the surface conductivities to calculate Dukhin numbers as defined in section 2.3.

Figure 2.5(b) shows the Dukhin numbers based on in-situ and ex-situ (i.e., bulk conductivity

in conjunction with eq. (2.8)) measurements vs. the channel height and for various ionic

strengths. Generally, the Dukhin number increases with decreasing channel heights and

decreasing ionic strengths. In terms of the ex-situ data, a significant surface conductivity

influence is only predicted for channel heights of h2 . 100µm. In contrast, the in-situ

data reveals that even for the largest channel height, Dukhin numbers of Du ∼ 0.1 for the

low ionic strengths are found. For the smallest channels and lowest ionic strengths, even

Dukhin numbers of Du & 10 occur.

To summarize, the influence of the surface conductivity can only be neglected for rela-

tively large channels of height h2 & 100µm along with ionic strengths of I & 1mM .
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Figure 2.6: (a) Microchannel resistance and (b) Dukhin number vs. the Reynolds number
in a microchannel of height h2 = 60µm for aqueous electrolytes of various ionic
strengths.

We now demonstrate the influence of the channel flow as predicted by eq. (2.11). Figure

2.6(a) plots the resistance R2 of a microchannel with height h2 = 60µm for various ionic

strengths and depending on the Reynolds number, both on a logarithmic scale. The solid

37



circles indicate the respective ex-situ resistances which are independent of the flow. We find

that for low Reynolds numbers of Re ≈ 0..10, all channel resistances remain rather constant.

However, for higher Reynolds numbers, a considerable increase is observed. The onset of

the increase depends on the ionic strength. We observe that the lower the ionic strength,

the higher the Reynolds number which is required to observe in-situ measured resistances

equal to the ex-situ measured ones. This statement does not hold for the I = 1mM data

where the ex-situ value is lower than the in-situ value at Re = 0. This is due to the limited

accuracy from the regression of an ensemble of collapsed data. It should also be noted that

the achievable Reynolds number range for the given channel height, is Re ≈ 0..50; i.e.,

higher values are extrapolated.

The influence of the Reynolds number on the Dukhin number is reported in fig. 2.6(b).

At the given channel height, a negligible influence of the surface conductivity (Du ' 0.01) is

only observed for I = 1mM . For lower ionic strengths, the influence of surface conductivity

is mainly significant (Du ' 0.1). Generally, an increase in Reynolds number decreases the

influence of the surface conductivity.

To summarize, the total channel resistance and (the influence of) the surface conductiv-

ity strongly depends on the flow through the channel. The smaller the channel height and

the lower the ionic strength, the higher the influence.

2.5.2 Electrokinetic experiments

In this section, we discuss the ZPs resulting from various SC and SP measurements using

resistances from in-situ and ex-situ measurements.

Streaming current

SCs are measured for varying microchannel heights and ionic strengths. We learned in

the previous section that flows through channels of small heights have an impact on the

channel resistance. This behaviour must be related to an interfacial phenomena as we
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discuss in more detail below in the conclusion section. If the interfacial structure changes

with the flow, this must consequently be reflected in a dependency of the ZP on the flow

as well. Hence, we plot the SC vs. the Reynolds number (not shown) and perform two

types of data regressions, a linear and a quadratic one. The linear regression results in a

constant slope and therefore, in conjunction with eq. (2.2), in a ZP which is independent of

the Reynolds number. The quadratic regression results in a linear dependency of ZP and

Reynolds number. Note, that both regression types generally result in comparable and high

coefficients of determination.

Figure 2.7(a) gives the ZP vs. the ionic strength of the aqueous electrolytes, exemplarily

for a channel with h2 = 60µm. The standard deviation is only given for the linear regression

data. Generally, we find that the magnitude of the ZP decreases linearly with increasing

ionic strength. Linear correlations between ZPs and the logarithmic ionic strength are ob-

served by multiple researchers, even for high ZP magnitudes and for systems with relatively

complex surface chemistries, as summarized in [30, 62]. PMMA in an acidic and neutral

milieu features no relevant surface chemistry [50]. Hence, we assume that the nature of the

linear correlation between ionic strength and ZP is mainly based on the shielding of the

surface charges. The lowest set of ZP magnitudes is observed when the SC data is pro-

cessed by linear regression. The utilization of the quadratic correlation raises the question

of which Reynolds number should be used for the calculation of the ZP. We choose Re = 0

and Re = 20, where the latter is roughly the median Reynolds number of the experiment.

We observe the highest absolute set of ZPs for Re = 0. The magnitude decreases with in-

creasing Reynolds number. If we consider the standard deviations of the experiments, there

is only a distinct difference for ionic strengths of I . 1mM , likewise to findings of the EIS

experiments.

Figure 2.7(b) shows the ZP vs. ionic strength inferred from SC measurements in mi-

crochannels of different heights. We employ the quadratic correlation to process the data

and give the ZPs for the respective median Reynolds numbers of the experiments. The
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Figure 2.7: ZP vs. ionic strength for (a) measured in a microchannel with h2 = 60µm
based on linear and quadratic data regression; and (b) for different microchannel
heights and a median Reynolds number.

dashed line gives a regression of the ZPs averaged over all channel heights. Generally,

the differences between the ZPs measured in different channels are more or less within the
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standard deviation of the experiments. We also plot the ZP based on the empirical cor-

relation ζ/mV =
(
28.21− 2.7pH + 0.29pH2) log (I/(mol/L)) received from Laser Doppler

Electrophoresis (LDEP) experiments of PMMA particles as described in [50]. While the

slope of the correlation is in good agreement with the present data, the absolute ZPs mea-

sured with LDEP are around 20 to 30% higher for low ionic strengths. Differences are

smaller for higher ionic strength.

To summarize: We generally observe linear correlations between ZP and logarithmic

ionic strength. Moderate differences in ZPs exist depending on whether a linear or a

quadratic correlation between SC gradient and Reynolds number is used. We also observe

that the ZP magnitude decreases with increasing Reynolds number.

Streaming potential

SP measurements are performed for varying microchannel heights and ionic strengths. In

contrast to the SC experiments, we generally observe that a quadratic correlation repro-

duces the data with a better quality than a linear one. SPs are calculated based on eq.

(2.5) and (2.6) to incorporate the findings from section 2.5.1.

Figure 2.8(a) shows the ZPs inferred from measurements in the microchannel with

h2 = 60µm. First, we apply the classical HS eq. (2.6) along with the bulk conductiv-

ity and a linear regression of the experimental data. The results are labelled as ex-situ and

shown with the standard deviations of the experiment. Altogether, we do not observe a

linear behaviour between ZP and logarithmic ionic strength. We distinguish between two

ranges which are in accordance with those observed in the in-situ resistance measurements.

For I & 1mM the absolute ZPs decrease with increasing ionic strength. In contrast, the

absolute ZPs decrease with decreasing ionic strength in case of I . 1mM . This deviation

for I < 1mM has been observed by different researchers who employ HS correlation in-

cluding refs. [63–65]. Nevertheless, the large majority of work in the literature does not
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Figure 2.8: Zeta Potential vs. ionic strength: (a) measured in a microchannel with h2 =
60µm and different Reynolds numbers; (b) for different microchannel heights
and Re = 0; (c) for different microchannel heights and the median Reynolds
numbers of the experiments.
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show data for I < 1mM . Next, we discuss results based on eq. (2.5) using the channel

resistances from the in-situ measurements. In this case, the ZP is two-fold influenced by the

Reynolds number: (i) the channel resistance can depend on the flow (cf. eq. (2.11)) and (ii)

the use of the quadratic regression results in d∆ϕSP /dRe = f(Re). We compute the ZPs

for different Reynolds numbers. Here, it is striking that we recover the linear correlation

of ZP and logarithmic ionic strengths for Re = 0 as indicated by the respective regression

(solid line). For increasing Reynolds numbers, there is no change for I & 1mM and the

values are nearly identical to the ex-situ ones. For I < 1mM we see that the absolute ZP

decreases with increasing channel flow. That is, the higher the Reynolds number the closer

the ZPs of in-situ experiments to those of the ex-situ experiments.

Figure 2.8(b) summarizes the results obtained from measurements in microchannels of dif-

ferent heights. All ZPs are computed using the results from the in-situ resistance measure-

ments and for Re = 0. We give the standard deviation of the experiments with channel

height h2 = 6µm, the values of the other experiments are similar or less. Only minor dif-

ferences are observed for ZPs based on measurements with channels of different heights.

Furthermore, we observe a linear correlation between the ZP and the logarithm of the ionic

strength in all cases. We also plot a regression of the average values over all channel heights

(dot-dash line) and compare it with the LDEP data (solid line). Surprisingly, we find a

very good agreement of averaged SP and LDEP data with only minor differences for low

ionic strengths.

Finally, we would like to present in figure 2.8(c) the ZPs based on experiments with

different channel heights and inferred using the median Reynolds number of the respective

experiment. For I . 0.1mM we find that the ZPs computed with the median Reynolds

numbers are generally lower than those at Re = 0 (cf. fig. 2.8 (b)). Furthermore, the LDEP

results and the averaged SC results are given as a solid and dashed line, respectively. We

find an interesting aspect: For I & 1mM the SP results for median Reynolds numbers are

in good agreement with the LDEP results. However, for I . 0.1mM the SP results for
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median Reynolds numbers rather correspond to the SC results.

2.6 Conclusions

We perform streaming current and potential measurements in PMMA microchannels of dif-

ferent heights and for aqueous electrolytes of various ionic strengths. Electrical impedance

spectroscopy is applied to measure the resistance of the microchannel in-situ under experi-

mental conditions. The EIS measurements show that in the case of liquids having low ionic

strengths, there is a significant difference between the channel resistances obtained from

in-situ and ex-situ measurements. The differences are significant even for relatively large

channels and has not yet been reported in literature. In this case, the classical Helmholtz-

Smoluchowski correlation fails. We assign the difference to the influence of surface con-

ductivity. A comparison with the Bikerman diffusive layer contribution indicates that the

majority of the surface conductivity must either arise from the stagnant part of the EDL

or from phenomena which are not yet specified. We also study the effect of the flow field

(Reynolds number) on the channel resistance. For low ionic strength liquids, the effect sig-

nificantly increases with the reciprocal channel height. The scaling with the channel height

once more indicates that this behavior is related to an interfacial and not to bulk phenom-

ena. That is, our results indicate that convection influences the configuration of an EDL

which is observed as a change of surface conductivity. A possible explanation is that the

convection influences the structure of the stagnant layer. This assumption is supported by

our observation that the influence of surface conductivity decreases for increasing Reynolds

number. Whether the thickness of the stagnant layer, its charge content, or changes in

the mobility are responsible for the observed phenomenon remains an open question and

must be answered in future work. Consequently, if the EDL is influenced by convection,

then there must be a flow dependency of the ZP as well. In terms of SC experiments, we

find a moderate influence on the ZPs which is somewhat more pronounced at low ionic
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strength. Essentially, the higher the Reynolds number, the smaller the magnitude of the

ZP indicating that the change of the EDL structure leads to higher shielding of the surface

charge. The influence of the Reynolds number on the ZPs inferred from the SP experiments

is considerably higher compared to the SC experiments. This is understood since for SP

experiments the convection does not only influence the induced SC (the EDL) but also the

conduction current (via the channel resistance). We find that for high ionic strength, i.e.,

for no or only little influence of surface conductivity, the results of our SC, SP, and LDEP

measurements are in a good agreement. For low ionic strength, the ZPs derived from SC

and SP experiments, corrected for surface conductivity and flow, show a reasonable agree-

ment to each other but not to the LDEP results. A possible explanation is that the LDEP

measurements are buffered and the ZPs at low ionic strength are extrapolated. Finally,

this work provides new insights on EDL phenomena and the applicability of the Helmholtz

Smoluchowski theory. The influence of convection, which is not covered in the classical

theories, is another reason why the Onsager relation between electrokinetic phenomena is

usually not observed in experiments.
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Chapter 3

Electroosmotic flow through packed beds of

particulate materials

3.1 Abstract

Electrical charges originate at many solid surfaces in contact with liquids which together

form the Electrical Double Layer (EDL). When we apply an external electric field tangential

to the EDL, an electroosmotic flow (EOF) is induced. This phenomenon can be employed

in microfluidic systems. Highly porous materials are especially suitable since they generate

significant flow rates and pressures. Most of the models used to analyze electroosmotic flow

through porous media are based on the so-called parallel capillary flow model. In terms of

porous packed beds, these models have the disadvantages of oversimplifying the geometry

to tortuous capillaries while neglecting intra-pore connections, varying pore geometries and

the influence of the packed bed walls. In the current research, we employ dimensional

reasoning (Buckingham Π theorem) to derive semi-empirical correlations which relate the

electroosmotic flow to the characteristics of the packed bed material as well as electrical

and liquid parameters. Experiments are carried out using a relatively simple and cost-

effective set-up including different sets of sintered packed beds of borosilicate microspheres

and various experimental conditions.

3.2 Introduction

Electrokinetic phenomena arise from the interaction of an external force with an electrical

double layer (EDL), which is formed when an electrically-charged surface is in contact with

a liquid containing mobile charges such as ions. The ions of opposite charge to that of the

surface (counter-ions) are attracted towards the surface, while ions of equal charge (co-ions)
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are repelled. The EDL is defined as the region in which, due to the excess of counter-

ions over co-ions, the electrical neutrality of the liquid is violated. Different electrokinetic

phenomena can arise depending on the interaction of the external force and the EDL. When

we apply a tangential external electric field to the EDL, the counter-ions migrate and drag

the surrounding solvent molecules by viscous interactions. This establishes a flow which

is termed electroosmosis, electrokinetic flow or electroosmotic flow (EOF). Comprehensive

review on EDL and electrokinetic phenomena is available in literature, e.g. in refs. [13, 26].

Typically, electroosmotic (net) flow is only observed in pores/channels having openings

of less than around 1mm since the flow generating force occurs in the nano-scopic EDL

and the much larger volume of the bulk liquid is only dragged. In other words, EOF is

a micro-scale phenomenon and only observed when the surface-to-liquid volume ratio is

sufficiently large. Consequently, we can expect that EOF is especially prominent if it takes

place in porous substrates and indeed electroosmosis was initially observed in porous clay

structures by Reuss [66] more than 200 years ago.

In the recent years, research on EOF has experienced a renaissance since it can be em-

ployed in microfluidic systems. Typical applications include the (single channel) transport

of samples for analytical purposes [67–69], flow focussing [70] or to generate secondary flow

patterns to improve mixing [71–74]. Microfluidic pumps, which are based on EOF, offer

several advantages such as the absence of mechanical parts, pulse-free flows and the flow

rate and direction are conveniently controlled by the electrical field. Additionally, these elec-

troosmotic pumps (EOP) can be fabricated using standard microfabrication technologies

and, thus, they can be readily incorporated on micro devices. In this regard, chip-integrated

micro pumps can simply consist of single [75] or arrays of open channels [76–78]. However,

the more favourable design incorporates porous structures because of the larger surface-

to-volume ratio, which is especially beneficial since relatively high flow rates along with

high pump pressures can be generated. Such incorporated (on-chip) porous structures usu-

ally contain packed beds of micron-sized spherical particles [79, 80]. Review on EOPs for
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microfluidic applications is available from ref. [81].

The application of EOF is also beneficial for several chromatography techniques where

pressure losses in the separation columns can be up to 600bar, which has demanding re-

quirements for the design and materials of mechanical pumps. There are some fundamental

differences though, depending on the type of chromatography technique. In terms of capil-

lary electrochromatography, the EOP also acts as a separation column; review on capillary

electrochromatography is available in refs. [82, 83]. For high-speed liquid chromatography,

the flow through the separation column is generated with an external EOP. Hence, a mul-

titude of different external EOP concepts can be found in the literature. Generally, the

active materials of external EOPs can be classified into two different structures. On one

hand, the EOP is designed as a (consolidated) packed bed which has been realized using

silica particles [84–88] or sintered borosilicate particles [62, 89, 90]. Additionally, there are

further fabrication methods which produce packed bed like structures including monoliths

made from silica [91] and from monomers [92, 93], as well as membranes from mixed cel-

lulose ester and nylon [94]. On the other hand, there are pumping substrates which can

be considered as a large array of more or less identical capillary pores. These structures

have been realized by membranes made from anodic aluminum oxide [95, 96], glass [97] and

from (track-etch) polymeric materials such as polycarbonate and polyethylene terephtalate

[98]. Both structure types, the capillary and the packed bed type, create large surface to

volume ratios. However, there are some fundamental differences. According to Niven [99],

packed beds feature a much more complex network of interconnected pore conduits, consist-

ing of both tetrahedral and octahedral pockets between solid particles, joined by narrower

pore necks. The pore conduits themselves are of a complex cross-sectional form, including

three-pointed stars, four-pointed stars and a variety of shapes in between [99].

In order to describe the nature of flows through porous structures, two main approaches

are widely used (cf. e.g. Dullien [100]). On one hand, it is possible to engage a deterministic

approach to model the flow on a microscopic level based on the governing equations of mass
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and momentum continuity. Deterministic models give a detailed insight within the flow but

their application still suffers from some considerable disadvantages. The detailed geometry

of the porous substrate is usually not known and the costly numerical simulation is limited

to rather small domains. Hence, we do not consider deterministic approaches in this work

since they cannot easily be used for design purposes.

On the other hand, phenomenological models based on averaged (macroscopic) param-

eters are a useful semi-empirical approach to obtain design guidelines for technical systems.

This approach does not intend to resolve the flow field in detail but to correlate macroscopic

parameter such as flow rate and pressure drop to the properties of the porous substrate.

Some experiments are required but the resulting correlations are usually simple mathemat-

ical expressions; well known examples are Darcy’s Law, (Carman) Blake-Kozeny and the

Ergun equation (cf. eg. [101]). The phenomenological models for EOF in porous struc-

tures that can be found in literature correspond to a capillary-type structure. Mazur and

Overbeek modelled a porous diaphragm as an idealized arrangement of a large number of

parallel and identical capillary pores [102]. The same idealization has been adapted by

Vallano and Remco to packed beds of macro-porous particles [103] and by Yao and San-

tiago to porous glass frits [104]. A generalized volume-averaged model for pressure-driven

and electroosmotic flows based on the assumption of an array of tortuous capillaries was

proposed by Scales and Tait [105]. The model is based upon a scaling of the Navier Stokes

equations extended by Coulomb and Forchheimer forces. Analytical solutions which are de-

rived for several (simple) cases result in extensive expressions. While such capillary models

may be appropriate for cellular materials, such as consolidated foams and membranes, they

may have little relevance for packed beds of granular materials since they do not exhibit

the same inter-pore connectivity and geometrical characteristics such as strongly varying

cross-sections and concave rather than convex boundaries.

Consequently, the motivation for this work is the lack of a simple but sufficiently accurate
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model for EOF in packed beds of granular materials. Hence, we proceed with a theory

section where we examine the underlying physics based on dimensional reasoning. Then,

the experimental methodology and materials used for this work are discussed. Subsequently,

we proceed with the presentation of the results of defined experiments which are employed

to derive a phenomenological expression of comparable simplicity to Blake-Kozeny law.

Finally, the article is summarized with some concluding remarks.

3.3 Theory

In this section, EOF through packed beds of granular material is analyzed based on dimen-

sional reasoning. Additionally, we derive a dynamic model for the center-of-mass motion of

the fluidic parts of the experimental setup. This model is used to reveal the influence of

different phenomena such as Joule heating in our experiment.

3.3.1 Dimensional analysis of electroosmotic flow through packed beds

In our previous work [106], we developed a model for the EOF in a porous frit based on

dimensional reasoning. Here we use in principle the same methodology, but deviate in some

important aspects which results in an improved averaging of the micro-scale to obtain a

more accurate macro-scale behavior.

Generally, Smoluchowski observed that the electroosmotic velocity v̄eof through a single

pore - likewise to the flow around a particle - scales linearly with the electric field E, which

exerts a Coulomb force in the EDL, the zeta potential ζ of the substrate in contact with

the liquid, and the liquid’s dynamic viscosity µ and permittivity ε [107]; it is

v̄eof ∝
−εζ
µ
E. (3.1)

It can be assumed that the superficial EO velocity through a packed bed scales similarly

and can be correlated to the relevant independent quantities: Zeta potential of the bed
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particles, permittivity and viscosity of the liquid, Debye length lD, electric field, effective

hydraulic diameter dh and the wetted surface area (per bed length) SL according to

veof ∝ q(ζ, ε, µ, lD, E, dh, SL) (3.2)

where q is a functional relationship to be derived by the rules of dimensional analysis. The

physicochemical liquid parameters viscosity and permittivity along with the electric field do

not require any further explanation. Other relevant quantities can have multiple definitions

and we discuss our assumptions in the following:

Zeta potential - The zeta potential is an indirect measure for the electrical charge of

a surface in contact with a liquid. The origin of the surface charge can be manifold and

ranges from lattice defects, preferential adsorption and surface dissociation, just to name

a few. The surface charges attract mobile, oppositely-charged counter-ions in the liquid

which results in the formation of an EDL. The zeta potential is defined as the potential

at the shear plane, which is a sub-layer of the EDL. Extensive review is available e.g. in

[13, 26]. The zeta potential depends on various factors such as the kind of substrate and

the ion content and pH value of the liquid [30]. Usually, the magnitude of the zeta potential

is highest for low ion content in the liquid but there is no general theory which allows for

its prediction. Nevertheless, since the zeta potential is an important parameter for many

disciplines, various empirical correlations for different substrates can be found in literature

as e.g. [30, 50, 108, 109]. In this work, we perform streaming current experiments to obtain

an empirical correlation for the zeta potential of borosilicate as a function of the pH value

and the ionic strength of an aqueous NaCl electrolyte. The ionic strength I captures the

influence of the overall ion content. It can be calculated from I = 1
2
∑
i z̄

2
i ci where z̄i and ci

are the valency and the concentration of the ion species i.

Debye length - The Debye length is the physicochemical property which approximately
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describes the thickness of the EDL. That is, it gives an estimation of how far the electrostatic

effect of the surface charges ranges into the liquid. Interestingly, the Debye length depends

only on the liquid parameters and is independent of the surface properties, it is

lD =

√
εRgT̄

2IF 2 , (3.3)

where Rg is the universal gas constant, T̄ is the absolute temperature and F is the Faraday

constant. In terms of electroosmosis, the Debye length indicates the thickness of the volume

where the Coulomb force induces electroosmosis. Additionally, for cases where the Debye

length is on the same order as the pore diameter, the pore scale electroosmotic velocity (cf

eq. (3.1)) scales also with the ratio of Debye length to pore diameter.

Effective hydraulic diameter - The effective hydraulic diameter is one of the macro-

scopic parameters of the packed bed which results from averaging of the microscopic char-

acteristics. In terms of EOF, the effective hydraulic diameter is a measure for the liquid

volume which is pumped due to the EDL flow; further discussion is made in conjunction

with the surface area of the packed bed below.

In terms of conventional pressure driven flows, a non-circular pore can be expressed

by an equivalent circular pore which features the same pressure loss for a given flow rate.

Likewise, for a porous substrate consisting of an ensemble of non-circular pores of different

cross-sectional areas, the effective hydraulic diameter describes a porous substrate consisting

of uniform circular pores with the same pressure drop for the given flow rate. Note that the

hydraulic diameter is four times the hydraulic radius. The hydraulic radius is defined for

straight pores as the ratio of the cross-sectional area to the wetted perimeter rh = Ac/Pc

(see any text book such as e.g. [101]).

For cross-sectional areas with a high aspect ratio, the hydraulic diameter concept be-

comes invalid; however, this is not the case in typical packed beds [99]. Also, the use of
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the hydraulic diameter concept for laminar flows can introduce significant errors since the

concept stems from turbulent flows, where the pressure loss depends primarily on the shear

in the (wall) boundary layer, and thus scales with the wall surface area. For laminar flows

friction also occurs within the fluid and the concept of hydraulic diameter is not recom-

mended [99, 101]. However, since the electroosmotic flow is generated in a wall boundary

layer as well, i.e. the EDL, the concept of hydraulic diameter is adequate.

In terms of packed beds of granular materials, there is another problem related to the

regular concept since the varying cross sections result in a variable hydraulic diameter along

the flow direction. A more appropriate hydraulic radius, or characteristic dimension of the

porous medium, is the ratio of the volume of voids to their surface area [101].

In our work, we choose the approach of Mehta et al. [110] who also account for the in-

fluence of the outer channel wall, which contains the packed bed, on the flow by introducing

an additional factor. This approach appears reasonable since the outer channel wall con-

tributes to electroosmosis as well and theM factor allows for an assessment of the influence.

Hence, the hydraulic diameter is given as

dh = 2
3

ψ

(1− ψ)
dp
M

where M = 1 + 2dp
3dpb(1− ψ) . (3.4)

Here, ψ is the porosity of the packed bed, dp is the effective particle diameter, and dpb de-

notes the diameter of the packed bed. If there is no influence of the outer channel wall, the

M factor goes towards one and the hydraulic diameter is computed in the standard way (see

any text such as [111]). Note that the effective particle diameter is a function of particle size

and its distribution. We use binary mixtures of borosilicate micro spheres to prepare packed

beds of different porosities. The effective particle diameter of a mixture of particles, with a

number fraction xi and mean diameter di for the particle i can be calculated according to

dp =
√∑n

i=1 xid
2
i where

∑n
i=1 xi = 1. For a constant particle density, the number fraction

xi of particle i can be calculated from the weight fraction wi via xi =
wi
d3
i∑n

i=1
wi
d3
i

(cf. e.g. [112])
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Wetted surface area - The wetted surface area is another important packed bed

parameter since it determines (along with lD) the volume where the electroosmotic flow is

induced. Here, several considerations from the EOF in a single pore should be considered.

For increasing channel sizes, the surface-to-volume ratio of a channel decreases and all

boundary effects become less important. That is, the EOF flow in the tiny EDL is not

sufficient to drag the liquid bulk by viscous forces if the hydraulic diameter of the pore

is rather large. Typically, EOF is observed in pores having typical diameters of several

hundreds of micrometers. Consequently, EOF only scales with the pore cross sectional area

up to a certain degree. To increase the electroosmotic flow rate effectively, more pores

rather than larger pores are need. Additionally, the length of a (homogenous) pore does

not contribute to the flow rate but rather to the pressure which can be generated. Hence,

to account for the active area where electroosmosis is generated, we consider the wetted

surface area of the packed bed normalized with bed length as the relevant quantity. We

use the specific surface area Sv per unit volume of a packed bed, consisting of a spherical

particle mixture, according to the coordination number theory (cf. [113]) and arrive at

SL = πr2
pbSv = πr2

pb

6
∑n
i=1 xid

2
i∑n

i=1 xid
3
i

. (3.5)

We proceed with our dimensional analysis by applying Buckingham Π theorem (cf.

[114]). The number of relevant physical quantities in eq. (3.2) corresponds to n = 7 while

the physical dimensions -mass, time, length and charge- are m = 4. The Buckingham Π

theorem gives (n + 1) − m = 4 preliminary dimensionless groups to develop a functional

correlation between the physical quantities. We arrive at

Π1 = veof
ζε
µ E

,Π2 = E
ζ
SL

,Π3 = E
ζ
lD

,Π4 = E
ζ
dh

.
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To obtain an easier interpretation in terms of physics, we rearrange the preliminary

dimensionless groups and choose

Sm = Π1 = veof
ζε
µ E

, RW = Π3
Π4

= lD
dh
, PB = Π2

Π4
= SL
dh

(3.6)

to obtain three dimensional numbers which comprise physicochemical characteristics of the

liquid as well as microscopic and macroscopic packed bed parameter. The first dimension-

less group is the ratio of superficial packed bed to pore-scale electroosmotic velocity. It

follows the general Smoluchowski observation eq. (3.1) and expresses the physicochemi-

cal characteristics of liquid and substrate. Hence, we dedicate this dimensionless group to

Marian von Smoluchowski and name it Electroosmotic Smoluchowski Number Sm. The

microscopic structure is reflected by the second dimensionless group, which is the ratio of

Debye length to the hydraulic diameter. The dimensionless group allows for two kinds of

interpretations. On the one hand, there is an interpretation in terms of viscous forces. It

indicates the length scales of the liquid domains which are “active" and “passive". That is,

the EDL where electroosmosis is induced and the liquid bulk which is dragged by viscous

interactions. For larger ratios, a plug flow profile in the pore can be assumed. If the ratio is

too large, the EDL flow is not sufficient to drag the bulk liquid. On the other hand, there is

an electrical interpretation and the ratio indicates whether there is an EDL overlap in the

pore. For dh/lD . 1, the EDL overlap result in a diminished electroosmotic pore-scale flow.

The first paper on this effect in cylindrical capillaries was published by Rice & Whitehead

[115] and, thus, we name this dimensionless group Rice-Whitehead number RW . Finally,

the third number correlates macroscopic and microscopic packed parameters. It can be best

explained by an example. For a constant specific wetted surface area, the electroosmotic

flow increases with a decreasing hydraulic diameter, since this is equivalent to a higher

number of pores, while the porosity remains the same. We name this number Packed-Bed

55



PB. Finally, the functional relationship Π1 = Φ(Π2,Π3,Π4) can be rewritten as

Sm = Φ(RW,PB), (3.7)

where the form of the function Φ has to be determined by a set of experiments.

3.3.2 Center-of-mass-model of the fluidic experimental setup

In this work, we utilize a capillary interface tracking method to measure the electroosmotic

flow rate which is induced in the packed bed. Here, a capillary tube with a known diameter

is connected to the packed bed and the electroosmotic flow induced due to an applied elec-

tric field forces the liquid interface to move in the capillary; this method has been utilized

by several researchers including refs. [84, 87]. In these works, the authors assume the vol-

umetric flow rate in the capillary to be identical to the electroosmotic flow rate. However,

this approach neglects the fact that the capillary flow and other various physical phenomena

impact (diminishes) the electroosmotic flow rate. Therefore, we develop a center-of-mass

model of the experimental set-up to study its dynamic behavior. Another motivation comes

from Joule heating; a term which describes the heat production which occurs when an elec-

trical current is induced in the liquid by the application of the electric field. Research on this

effect has been generally performed for single microchannels/capillaries. Joule heating may

result in non-uniform temperature profiles across the channel which can have a profound

influence on most liquid properties such as density, permittivity, viscosity, etc. [27, 116]. It

is difficult to measure the influence of Joule heating on the packed bed and we utilize our

model to extract this information from the experimental data.

Figure 3.1(a) gives the sketch of the fluidic parts of the experimental setup used to

determine the electroosmotic flow which is induced in a packed bed of granular materials.

The setup consists of a liquid reservoir (beaker), the packed bed, a T-connection and an
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Figure 3.1: (a) Experimental setup for liquid interface tracking to measure the EOF veloc-
ity; (b) Schematic of the fluidic experimental used for the translational centre-
of–mass model.

elbow connection which also contains the capillary tube. The electric field, induced by

electrodes in the reservoir and the T-junction, pumps the liquid from reservoir into the

capillary. Figure 3.1(b) shows the corresponding principle sketch which is used to track

the translational center-of-mass of the liquid in the setup. The principle sketch comprise

all compartments of the fluidic setup where each compartment has a certain height and a

volume, the solid circles indicate the position of the respective center-of-mass. We introduce

a 1D z-coordinate system with the origin at the bottom of the reservoir. For the sake of

simplification, we introduce another zif -coordinate system which tracks the position of the

air/liquid interface in the capillary. Both coordinate systems are coupled to each other.

Overall, we simplify the set-up to be one-dimensional and apply Newton’s law to the
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system’s center-of-mass zc for the total liquid volume consisting of liquid reservoir (rv),

reservoir connection (rc), packed bed (pb), T-connection (tc), elbow connection (ec) and

capillary (cp); the respective index is given in the brackets. Then, Newton’s second law,

which states that the momentum change of the center-of-mass equals the forces which act

on it, can be written according to

d

dt

(
ρVT

dzc
dt

)
=
∑
j

Fj (3.8)

The total volume corresponds to VT = Vrv + Vrc + ψVpb + Vtc + Vec + Vcp. The system’s

center-of-mass can be derived by a momentum balance of the single mass of the different

compartments, i.e. zcVT = zrvVrv+zrcVrc+zpbψVpb+ztcVtc+zecVec+zcpVcp. We insert this

relationship into eq. (3.8) and consider the following: The centre-of-mass and the volume

of all compartments but the capillary are constant. This assumption is justified for the

reservoir as well since the liquid volume is very large and a change requires a considerable

pumping time. Also, the centre of mass of the capillary moves identically as the air/liquid

interface in the capillary, i.e.,dzcpdt = dzif
dt . The capillary volume and center-of-mass can be

expressed as Vcp = Acpzcp and zcp = lrv + lrc + lpb + ltc + lec + zif
2 ≡ lT + zif

2 , respectively.

Hence, Newton’s Law can be written in terms of the coordinate of the moving interface as

d

dt

(
ρVT

dzc
dt

)
∼= ρAcp

(
zif

d2zif
dt2

+ 2
(
dzif
dt

)2
+
(
lT + zif

2

)
d2zif
dt2

)
=
∑
j=1

Fj (3.9)

where the following forces act on the system’s center-of-mass:

Electroosmotic force: This force is induced when an external electric field is applied

to the packed bed. The electroosmotic flow does not induce viscous losses, to good approx-

imation, since it is generated within the packed bed. Hence, the product of electroosmotic
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flow rate and an appropriate viscous resistance of the packed bed can be interpreted as an

electroosmotic pressure rise as defined by ∆peof ≡ Rµ ˙Veof . Here, the parameter Rµ is the

viscous resistance of the packed bed that results in a similar (viscous) pressure drop for

the same flow rate which is induced by a pressure difference across the bed. We use the

Blake-Kozeny equation [117] which correlates the pressure drop across the packed bed to

the superficial velocity and arrive in

Feof = Apb∆peof = ApbK1
lpbµ

d2
p

(1− ψ)2

ψ3 veof (3.10)

We note that the volume-averaging of the microscopic packed bed features results in

a rigorous description of the macro-scale resistance Rµ as given in eq. (3.10). Here, the

proportionality constantK1 depends on the packed bed structure. For an array of (uniform)

spheres that are just touching, K1 varies from about 140 to 220 depending on whether the

lattice cell arrangement is simple cubic, face-centered cubic, or body-centered cubic [118].

The value of 180 is often used, as it captures experimental results for viscous flow through

unconsolidated porous media within ±50% [119]. Other sources use a range of 72 to 150

for consolidated porous media as cited in many texts [101]. Here, we have to consider that

most of the work in literature determines the proportionality constant using homogenous

spheres of sizes on the order of mm or even higher. Additionally, these experiments are

always performed using pressure driven flows through the packed bed. Contrarily, particles

as small as 6µm and electroosmotic flows are used in the current work. Hence, we consider

the proportionality constant K1 as a fitting parameter which has to be determined from our

experiments. In detail, we assume that initial flow rate in the capillary is (almost) purely

due to electroosmosis and other phenomena have a minor influence at this early time. The

average value for the fitting coefficient K1 is found to be 3.66 ± 1.03 for all packed beds

and experimental conditions used in this work. The large difference to the proportionality

constant of viscous flow in packed beds are probably not only related to the different packed
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bed structures but also to the different velocity profiles. While a pressure driven flow has

a parabolic velocity profile, the electroosmotic flow profile is rather plug like where the

velocity drops only in the very small EDL.

Viscous force: This force is related to the pressure drop that arises from the viscous

losses of the liquid flow through the capillary; Fvis ≡ Acp∆pcp. We use a Hagen-Poiseuille

approach to correlate the pressure drop in the capillary to the motion of the interface, which

is valid for a laminar flow of incompressible and Newtonian fluids through conduits having

constant cross sections. It is

Fvis = Acp
8µ
r2
cp

zif

(
dzif
dt

)
(3.11)

where rcp is the radius of the capillary. This force acts against the electroosmotic force.

The equation has been used extensively by many researchers to study the dynamic contact

angle of a moving air/liquid interface in cylindrical capillary tubes [120–122].

Hydrostatic force: This force arises due to the increasing hydrostatic pressure which

is induced when the liquid column in the capillary rises due to the electroosmotic flow. The

resulting force can be written as

Fg = Acpρg (zif − zif (t = 0)) (3.12)

where ρ is the liquid density, g is the gravitational constant and zif (t = 0) is the height

of the air/liquid interface before the electroosmotic flow is induced. The hydrostatic force

acts against the electroosmotic force.

Capillary force: This force reflects the influence of capillarity, which is two-fold in

our system. On the one hand, the surface tension between liquid and air along with the
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adhesive force between the liquid and the capillary results in capillary action. That is, the

liquid moves in the capillary (independent of electroosmosis) until an equilibrium with the

gravitational force is achieved. Whether the liquid sinks or rises, depends on the contact

angle of the air/liquid interface with the solid . That is, the capillary force can be formulated

the standard way as Fc = Acp
2σo
rcp

cos (θ) where σo is the liquid-air surface tension, and θ is

the contact angle. We use σo = 0.072N/m for the surface tension of water-air. The contact

angle of a dynamic (advancing or receding) interface not only depends on the material

properties but also on the interface velocity; hence it deviates from its equilibrium value.

This phenomenon is observed for both natural (capillary action) and forced capillary flows.

Several studies investigated the influence of interface velocity on contact angle and derived

a number of empirical and theoretical models [123–125]. Most of these studies are based

on two approaches known as (i) hydrodynamic theory and (ii) molecular-kinetic theory as

explained [126]. For the current work, we have a forced moving interface and we adopt the

model based on the molecular kinetic theory as proposed by Blake & Haynes [127] which

expresses the dynamic contact angle θD as

cos (θD) = cos (θe)−
σ′

σo
sinh−1

(
v

v′

)
, (3.13)

where the velocity of the interface corresponds to v = dzif/dt and θe is the (static) equi-

librium contact angle. We measure the equilibrium height in the capillary before each exper-

iment to be 11.7mm± 0.2mm. The application of the Washburn correlation heq = 2σo cos θe
rcp

results in a corresponding equilibrium contact angle of θe = 62 ± 1◦. The equilibrium

contact angle is also analyzed by using a high resolution camera and a good agreement is

observed. The parameter σ′ is proportional to the thermal energy and has units of surface

tension while the parameter v′ is a velocity determined by some molecular quantities (av-

erage frequency of displacement and distance between minima of the effective free energy).

These values cannot be directly computed or experimentally measured [128]. Hence, we
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choose the values σ′ = 0.0172N/m, v′ = 5 · 10−3m
s as proposed by Popescu et al. [128] for

a system consisting of a smooth glass capillary, air and aqueous electrolytes. Furthermore,

we linearize the inverse hyperbolic sine according to sinh−1 ( v
v′
)
≈ v/v′ which is a good

approximation for low interface velocities. Hence, the final capillary force can be written as

Fc = Acp
2σ
rcp

(
cos θe −

σ′

σov′
dzif
dt

)
. (3.14)

After inserting all forces into eq. (3.9) and some rearrangements, we arrive in

gzif +
(

2σ′

ρrcpv′
+ 8µzif

ρr2
cp

)
dzif
dt

+ 2
(
dzif
dt

)2
+
(
lT + 3

2zif
)
d2zif
dt2

= 3.66Apb
Acp

µ(1− ψ)2lpb
ρd2

pψ
3 veof + 2σo cos θe

ρrcp
(3.15)

We now pass to a non-dimensionalized system for the sake of convenience. The length

coordinate is scaled with the radius of the packed bed to obtain the dimensionless coordinate;

i.e., Zif = zif/rpb. The velocity is scaled with a characteristic velocity v0 to obtain a

dimensionless Veof = veof/v0, where v0 = ζ0ε
µ E0 is an electroosmotic pore-scale velocity.

The time is scaled with a characteristic (electroosmotic) convective scale to obtain the

dimensionless time T = tv0/rpb. We use the non-dimensional variables just as defined and

normalize all terms with a hydrostatic pressure to obtain after some rearrangements

Zif + (Ω0 + Ω1Zif ) dZif
dT

+ 2Ω2

(
dZif
dT

)2
+ Ω2

(
lT
rpb

+ 3
2Zif

)
d2Zif
dT 2 = Ω3 + Ω4. (3.16)
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The non-dimensional groups

Ω0 = 2σ′v0
gρrcprpbv′

, Ω1 = 8µv0
gρr2

cp

,Ω2 = v2
0

grpb
, Ω3 = 3.66µv0(1− ψ)2

ρgψ3
rpblpb
d2
pr

2
cp

Veof , Ω4 = 2σo cos θe
gρrcprpb

(3.17)

arise from the non-dimensionalization. The dimensionless groups Ω0 and Ω4 indicate the

ratio of capillary force to hydrostatic force. In detail, the first group arises from the dynamics

of interface while the second is related to the static interface. Both groups can be interpreted

as inverted Bond numbers which indicates the importance of surface tension forces compared

to body forces such as the gravitational force. The dimensionless group Ω1 is the ratio of

viscous and hydrostatic forces in the capillary. It is comparable to an inverted Archimedes

number which is, however, rather used for phenomena which involve buoyancy effects. The

ratio of inertial to hydrostatic force, which is equivalent to an inverted Richardson number,

is expressed by Ω2. Finally, Ω3 shows the significance of the electroosmotic force relative to

the hydrostatic force. Note that, unlike the other dimensionless groups, we cannot compute

this group a priori to the experiments. In other words, we have to extract Ω3 from the

experimental observation of the capillary interface position Z(T ) over time to infer the real

electroosmotic flow in the packed bed.

Unfortunately, there is no analytical solution of this 2nd order non-linear ODE immedi-

ately available. Hence, we perform a magnitude of order analysis and compute the dimen-

sionless groups for typical values of our problems. That is, rpb ∼ 1 cm, rcp ∼ 1 mm, lpb ∼

1 cm, dp ∼ 10 µm, ψ ∼ 0.1 together with values for the density, viscosity and surface

tension for water and glass-water, respectively. We obtain Ω0 ∼ 10−3, Ω1 ∼ 10−3, Ω2 ∼

10−5, Ω3 ∼ 107, Ω4 ∼ 1. We conclude that the influence of inertia is rather negligible and

eq. (3.16) can be simplified to:

Zif +
(
Ωo + Ω1Zif

)dZif
dT
≈ Ω3 + Ω4 (3.18)
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An analytical solution exists but involves the complex Lambert-W function which cannot

be expressed in terms of elementary functions. Nevertheless, to correlate the EOF, which is

generated in the packed bed, to the motion of the air/liquid interface in the capillary, we fit a

3rd-order polynomial regression to the Z(T ) data that we measure in our experiments. The

obtained regression is used to determine Ω3 and VEOF from eq. (3.18) over the measurement

time, respectively. It is also used to infer the proportionality constant K1 which correlates

the electroosmotic flow through a packed bed with an equivalent pressure drop of a viscous

flow based on Blake-Kozeny equation.

3.4 Experimental methodology

This section describes details of the experimental setups, methods and materials that we

use. Here, we have to distinguish between the electroosmosis and the streaming current

measurements.

3.4.1 Electroosmosis

Experimental setup

The experimental setup for the EOF measurements consists of several fluidic components,

electrical instruments along with electronic equipment for data processing. A sketch of the

experimental setup is given in figure 3.2. In detail, the setup consists of an electrolyte beaker

which is connected to a glass tube which contains the packed bed of granular material. From

the other end, a capillary made from borosilicate glass (rcp,o = 3mm, rcp,i = 0.6mm, lcp =

30.48cm, McMaster-Carr, Aurora, OH, USA) is connected via a T-junction (dT,i = 8.7mm,

Cole-Parmer, Montreal, QC, Canada) and an elbow connection (de,i = 8mm, glass, custom

made) to the glass tube. Platinum wire electrodes (dPt = 0.584mm, LabSmith Inc., CA,

USA) are inserted to the beaker and the T-junction. The electrodes are connected to a a

high voltage power supply (Bertan Model 105-03R, Equiptek Labs Inc., CA, USA). The
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Figure 3.2: Schematic of the experimental setup utilized for the electroosmotic flow exper-
iments.

motion of the air/liquid interface is tracked by using a CMOS camera (DFK 23UM021,

The Imaging Source, NC, USA). The data is analyzed by using the LabView Vision Builder

software (National Instruments, Austin, TX, USA). To obtain insight into the influence of

Joule heating, two PFA insulated thermocouples (5TC-TT-K-20-36, Omega Engineering,

QC, Canada) are attached to the ends of the packed bed. Note that these temperature

sensors contact the glass outside of the packed bed. It is not possible to insert electrically-

based temperature sensors, such as a thermocouple or a Pt-100 resistance thermometer,

into the liquid due to the humongous electric fields. This method only gives a rather rough

idea of the temperature distribution in the packed bed.
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Experimental procedure

First, we prepare packed beds from borosilicate glass particles. In detail, we utilize borosili-

cate microspheres with mean diameters of 6µm and 18µm (Microspheres-Nanospheres, NY,

USA) as well as microspheres with mean diameters of 50µm, 140µm, 230µm and 1000µm

(Mo-Sci Specialty Products, L.L.C, MO, USA). All packed beds are prepared in borosili-

cate glass tubes (Pegasus-Glass, ON, Canada) with an inner radius of rpb = 4.75mm, the

thickness of the glass wall is 1mm. We prepare packed beds using binary particle mixtures

in order to obtain a wide range of porosities, wetted surface areas and effective hydraulic

diameters. It is important to retain the particles when the electroosmotic flow is gener-

ated in the packed bed. Different techniques are described in literature for the preparation

of packed-bed particle-retainers, especially in the field of capillary electrochromatography.

These techniques include gluing or sintering of the particles [129, 130] and in-situ poly-

merization of monolith column [131, 132] among others. Here, we adopt the method used

by Bosch et al. [129], where particles are sintered in a way that creates two permeable

retention frits at each end of the packed bed. This method appears especially suitable since

it produces retention frits with the same features as those of the packed bed. First, a small

part of the glass tube is filled with the particle mixture of the packed bed. These particles

are consolidated, immersed in a solution of sodium silicate in deionized water, and sintered

using a butane torch. The concentration of sodium silicate solution, sintering time and

temperature are carefully optimized so that the frits maintain a porosity similar to the rest

of the packed bed. Thereafter, the glass tube is filled with more particles until the desired

packed bed length is achieved. The particle bed is compacted from the top using a Teflon

rod in order to remove any cavities. Finally, the top of the packed bed is sintered in the

same way as the first retention frit. After the fabrication, the packed beds are chemically

treated to remove any contamination; the cleaning procedure is described in [62]. The

porosity is measured by weighing the bed in a dry and water-saturated state using a precise
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scale (AZ3102, Sartorius AG, Germany).

Before each electroosmosis experiment, the packed beds are equilibrated in the desired

electrolyte solution for at least 48 hours. The electrolyte solutions of desired ionic strength

and pH value are prepared using sodium chloride (NaCl, ≥ 99.0%, ACS reagent, Sigma-

Aldrich, CA) dissolved in a DI water matrix (σ ≤ 1µS/cm). The pH value of the aqueous

electrolyte is adjusted due to the addition of either sodium hydroxide (NaOH, ≥ 97%,

ACS reagent, Sigma-Aldrich, CA) or hydrochloric acid (HCl, 32% in water, ACS reagent,

Fisher Scientific, CA). Conductivity and pH testings are performed before and after an

electroosmosis experiment using a modular pH and conductivity meter (Mettler-Toledo,

SevenMulti, Switzerland). We observe that the change in pH and conductivity is less than

1% for all measurements.

To perform an EOF experiment, the packed beds are assembled in the experimental

setup as shown in figure 3.2. The aqueous electrolyte is filled in the reservoir along with the

other compartments. To remove any gas bubbles inside the setup, the electrolyte solution

is pumped through the fluidic parts and the packed bed by utilizing a syringe pump. The

electroosmotic flow is induced by applying a voltage between the electrodes. This moves the

electrolyte solution from the beaker through the packed bed, the T- and elbow connection

into the capillary. Finally, a comprehensive set of experiments based on a full factorial

design is performed to obtain the correlation Φ among the dimensionless groups as given in

eq. (3.7). In detail, we used 9 packed beds, 3 pH values, 5 electric field strengths, and up

to different 4 ionic strengths. The range of the experimental parameters are listed in table

3.1. All in all, 342 measurements were performed to cover the widest possible range of the

dimensionless groups given in eq. (3.6).

3.4.2 Streaming current

We employ the streaming current method to infer an empirical correlation for the zeta

potential of borosilicate in contact with an aqueous NaCl electrolyte of defined ionic strength
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Parameter Range
Electric field E / kV/m 1.21− 71.6
Ionic strength I / mM 0.01− 50
pH value / − 4− 9
Debye length lD / nm 1.36− 96.32
Zeta Potential −ζ / mV 33− 138
Porosity ψ / − 0.146− 0.320
Specific surface area SL/m 3.51− 14.74
Effective hydraulic diameter dh/µm 2.57− 19.70

Table 3.1: Experimental parameter range of the electroosmosis experiments.

and pH value. The streaming current is, likewise to electroosmosis, one of the various

electrokinetic phenomena. It is induced by a pressure-driven flow along a stationary surface

which features an EDL. The convective charge transport in the EDL is termed streaming

current and can be conveniently measured between an up and a downstream position.

Often, streaming current measurements are conducted in very defined geometries. We use

a microchannel formed by two parallel flat plates as proposed by [14]. The experimental

values can be related to the zeta potential according to the Helmholtz Smoluchowski formula

ζ =
(
µI2
εb2h2

) −ISC
∆p (3.19)

where b2, h2, l2 are the channel width, height and length, respectively; ISC is the measured

(streaming) current and the ∆p is the pressure difference which is applied to the channel

[26]. Practically, streaming currents are measured for various pressure differences and the

respective slope of the correlation ISC = f(∆p) is used in eq. (3.19).

Experimental setup

Figure 3.3(a) shows a schematic sketch of the experimental setup that is used for the stream-

ing current experiments. In detail, the setup consists of the measurement (electrokinetic)

cell and further fluidic and electrical components. Within the cell, there is a microchannel

which wetted surface is made from borosilicate glass. The cell also contains two Ag/AgCl
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Figure 3.3: (a) Sketch of the streaming current setup; (b) Design of the streaming current
measurement cell.

electrodes which join a precise potentiostat (PGSTAT302N, Metrohm Autolab B.V., The

Netherlands) which measures various electrical signals. The cell is connected to a polyethy-

lene vessel containing the aqueous electrolyte. This vessel can be charged with a controlled

pressure by a nitrogen gas cylinder (Ultra High Purity 99.999%, MEGS, Canada) to pump

the aqueous solution through the cell. The pressure drop across the cell is indicated by two

pressure gauges which are connected to the cell.
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Figure 3.3 (b) gives a detailed insight into the cell design. The cell is made from two

Teflon® (PTFE) blocks and allows for the incorporation of two test wafers of dimensions

70mm × 30mm × 1.5mm to form the microchannel. We use borosilicate wafers of the

same composition as the granular material of the packed bed for the sake of comparability.

However, any material can be tested as long as it features the specified wafer dimensions.

The blocks are assembled with two gasket in between. The inner rigid (spacer) gasket

is made of PTFE and maintains a gap between the wafers to adjust the height of the

microchannel h2 = 175µm. The outer soft gasket is made of latex rubber and is required

for sealing purposes.

Experimental protocol

The streaming current measurements are carried out according to the following procedure:

First, borosilicate wafers are cleaned using the following cleaning procedure as described

in [62]. Wafers and gaskets are then installed in the cell and the assembled device is

connected to the setup. Verification of the microchannel height is done each time the cell is

assembled by measuring the volumetric flow rate V̇ vs. the pressure difference and compute

the height according to h2 = 3

√
12l2µV̇
b2 ∆p . We use the same aqueous electrolyte solutions as

for the electroosmosis measurements. First, the electrolyte solution is filled in the vessel

which is then pressurized by the nitrogen gas. Before each experiment, the respective

electrolyte is pumped through the cell for around 30 minutes at∆p = 25kPa. The actual

experiment is undertaken by adjusting pressure differences in the range of 10kPa to 75kPa;

the measurement of the streaming current is done for 60 seconds at a constant pressure.

We use the corresponding time-averaged value for data evaluation. For each ionic strength

and pH, 5 pressure values are applied to obtain a correlation between streaming current

and pressure difference. A total number of 60 experiments are performed for 5 pH values

for different ionic strengths.
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3.5 Results and discussion

We present the experimental results in three subsections. First, we discuss the results of

the streaming current experiment. Second, we present results from the characterization of

the packed beds to show the relationship between different packed bed parameters. Third,

selected results of the electroosmosis experiments are shown and the correlation Φ between

the dimensional group is inferred.

3.5.1 Streaming current

Figure 3.4 shows the zeta potentials of a borosilicate surface that are inferred from streaming

current measurements for various ionic strength and pH values of the aqueous electrolyte.
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Figure 3.4: Zeta potential normalized with the negative logarithm of the ionic strength as
a function of the pH.

We chose to normalize the zeta potentials with the respective negative logarithm of the

ionic strength and plot them vs. the pH value. This leads to a collapse of various data points

onto a single curve as shown in many works concerned with zeta potential measurements

(cf. ref. [30]). In detail, the symbol indicates the average normalized values compiled from
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various ionic strengths measurements at a constant pH value. The small standard deviations

(for an electrokinetic experiment) underlines the high validity of the normalization approach.

Between the pH values of 3 to 7, there is a rather linear increase of the magnitude of the

normalized zeta potential. When the pH value exceeds 7, the slope decreases and the

normalized zeta potential approaches a limiting value (plateau). This behaviour is in good

agreement with the work of Scales et al. who investigated potassium chloride electrolytes

in contact with fused-silica surfaces [46]. They noted that the occurrence of the plateau

near a pH value of around 8 can be related to the entire deprotonation of the silanol surface

sites so that a maximum of negatively charged sites is reached. A second-order regression

results in
ζ(pH)
−log(I) =

(
0.532 pH2 − 10.80 pH + 18.04

)
mV (3.20)

which can be used to give good accuracy for the phenomenological model that we propose.

The fitting curve has a coefficient of determination value 0.965 and is given in figure 3.4 as

well.

3.5.2 Packed bed parameters

As already discussed, binary particle mixtures are used for the packed bed preparation to

obtain a phenomenological model of general applicability. The properties of the packed beds

depend on several factors like the mixture composition, the size ratio of the spheres as well

as the mixing procedure. Different models have been developed to describe the porosity

of mixed particle beds. However, the accuracy can be insufficient and/or the experimental

applicability can be difficult [113, 133–139]. For example, we are not able to enforce a regular

packing structure and random packing of binary mixtures results in highly unpredictable

packing densities [133]. Hence, we discuss the resulting packed bed parameters in this work

solely on the definitions given in section 3.3.1 along with the measured porosities. In other

words, we do not assume any model to predict porosities. Note that we prepare 12 packed
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beds but utilize only 9 in the EOF experiments since three packed beds had comparable

features to others.
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Figure 3.5: Porosity of the packed bed vs. the effective particle diameter of the particle
mixtures.

Figure 3.5 shows the relationship between the effective particle diameter and the mea-

sured porosities for the different packed beds used in this work. Recall that for a randomly

packed bed of a homogenous spherical particles, with a small particle diameter to packed

bed diameter, the porosity hardly scales with the particle diameter. Literature values for

dense random packing varies between ψ = 0.359..0.375 [140]. In contrast, for binary mix-

tures we find different intervals where, evidently, different mechanisms prevail. Note that

the following interpretation is a pure qualitative approach and there are rather smooth

transitions between the intervals than stringent boarders. Additionally, we do not have

insight into the packing structures that we achieve. In the first interval, we observe that

the porosity decreases with an increasing effective particle diameter. Then, the situation

changes completely and we observe an increase of the porosity with an increasing effective
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particle diameter. Subsequently, the trend changes again and the porosity decreases as the

effective particle diameter further increases. The categorization into these intervals also

allows for a better interpretation of the underlying mechanisms. To do so, we assign the

particle mixtures of an interval to a corresponding group as given in table 3.2. The mix-

tures are characterized by the small to large particle diameter ratio δ = d
D and the volume

fraction vd of the small particles.

Group No. d / µm D /µm δ = d
D vd/−

1 18 230 0.08 0.1
18 230 0.08 0.2
6 50 0.12 0.1

2 50 1000 0.05 0.4
50 1000 0.05 0.5
18 140 0.13 0.02
18 100 0.18 0.04
18 50 0.36 0.1

3 50 230 0.22 0.25
50 140 0.36 0.2
18 50 0.36 0.5
50 100 0.50 0.25

Table 3.2: Particle size ratios and weight fractions for different packed beds.

We realize that the packed beds in group 1 are prepared based on particle mixtures

with a high difference in particle size ( δ ' 0.1 ) and a relatively low volume fraction of

small particles (vd ' 0.1) . We assume that such mixtures promote the formation of a

"skeleton“ in the packed bed. That is, there is a large structure which consists solely of

large particles and the void volume of this skeleton provides a space where small particles

can accumulate [133]. Considering the high porosity values of around 0.3, we assume that

the mixtures with a relatively low volume fraction of small particles vd = 0.1 rather behave

like randomly packed bed of a homogenous particles. The mixture with vd = 0.2 features a

lower porosity since the small particles occupy the skeleton’s void volume.

Group 2 consists of particle mixtures with either very low particle size ratio (δ ' 0.05)
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along with a high volume fraction of small particles (vd ' 0.4..0.5 ) or with a medium size

ratio (δ ' 0.13..0.36) and a low volume fraction of small particles ( vd ' 0.02..0.1). The first

combination should feature skeleton formation and we assume that the high volume fraction

of small particles considerably fills the void volume of the skeleton. The other combination

may promote a skeleton formation in the packed bed as well. However, the very low volume

fraction of small size particles occupies only a small part of the void volume. The increase

and decrease in porosity that we observe for this group cannot be easily explained and

we assume that these mixtures create complex packed bed structures which influence the

porosity.

For group 3, there is the highest size ratio of the particles ( δ ' 0.2..0.5 ) along with

the highest fractions of small particles ( vd ' 0.2..0.5 ). We assume that no significant

skeletal formation takes place due to the comparable sizes and concentration of small and

large particle. This is supported by the relatively high porosity values which are close to

those of (dense) randomly packed beds of homogenous particles..

Next, we evaluate the influence of the outer channel wall on the packed bed by computing

the M factor as defined in eq. (3.4). In detail, the M factor comprise the ratio of effective

particle diameter to packed bed diameter. This ratio has also an important influence on

the packing structure. A homogeneous packing structure is only achieved when the ratio of

the effective particle size to the packed bed diameter is smaller than 0.1 [133].

Figure 3.6 plots the M factor versus the respective effective particle diameter of the

packed bed. We observe that the M factor increases as the effective particle diameter in-

creases. The correlation is of a linear nature, to good approximation. Nevertheless, the

values for all packed beds are almost equal to 1 so that we can conclude that there is prac-

tically no influence of the outer channel wall on the electroosmotic flow in the packed bed.

At the same time, theM value close to 1 means that we can assume a homogeneous packing

structure for all packed beds.
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Figure 3.6: M factor vs. the effective particle diameter of the packed beds.
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Figure 3.7: Porosity vs. the hydraulic diameter of the packed beds.
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Figure 3.7 shows the trend between the (measured) porosity and the (computed) hy-

draulic diameter of the packed beds. In terms of group 2 and 3 particle mixtures, we find

a linear increase in porosity with increasing hydraulic diameter. The group 1 mixture does

not scale as the other groups and gives a rather inconsistent picture with large differences

in porosity for similar hydraulic diameters. This is understood if we consider that the group

1 mixture with the lowest porosity has also the highest volume fraction of small particles

which lowers the porosity.
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Figure 3.8: Specific surface area vs. the effective particle diameter of the packed beds.

Figure 3.8 shows the relation between the (calculated) specific surface area and the

effective particle diameter. If we had a homogenous particle bed, the specific surface area

would just decrease as the particle diameter increases. It is obvious that the usage of binary

particle mixtures lead to more complex phenomena. As expected, we find the highest values

of specific surface area for small effective particle diameters. Then, the specific surface area

considerably decreases until the effective particle diameter approaches a value of around

40µm. That is, the group 1 and some of the group 2 mixtures, where we assume skeleton
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formation and/or we have a large volume fraction of small particles, show a similar behaviour

as a packed bed of homogenous particle. For larger effective particle diameters than around

40µm, the specific surface area remains more or less constant, independent of the effective

particle diameter. Here, we assume that the influence of effective particle diameter is

compensated by the simultaneous increase in porosity (cf. figure 3.5). This happens for

mixtures with either no skeleton formation or for those with a low volume fraction of small

particles.

Figure 3.9 shows a plot of the hydraulic diameter against the effective particle diameter.
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Figure 3.9: Hydraulic diameter vs. effective particle diameter of the packed beds.

For a packed bed of homogeneous particles having a more or less constant porosity, there

should be an increase of the hydraulic diameter as the particle diameter increases (cf. eq.

(3.4)). In terms of our binary mixtures, we see that the hydraulic diameter remains more

or less constant until the effective particle diameter approaches a size of roughly 40µm;

i.e. for group 1 mixtures (skeleton formation) and group 2 mixtures with a high fraction
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of small particles. We assume that the simultaneous decrease of porosity (cf. figure 3.5)

compensates the influence of the effective particle diameter. For effective particle diameters

larger than around 40µm, the hydraulic diameter increases which is observed for group 2

(low volume fraction of small particles) and group 3 (no skeleton formation). The lowest

and highest values are observed for group 1 and 3 mixtures, respectively; i.e., with and

without skeleton formation.

3.5.3 Electroosmosis

Figure 3.10 shows the result of a typical electroosmosis experiment incorporating a packed

with a porosity of ψ = 0.241 and an electrolyte of ionic strength I = 0.01mM and pH = 6.

On the left-hand side y-axis, the symbols give the measured (dimensionless) position of

the air/liquid interface in the capillary Z over the (dimensionless) measurement time T .

Initially, the interface is located at Z ≈ 2.4 due to capillary action (wicking). After the

application of the voltage, an applied electrical field of E ≈ 10.1kV/m is induced in the

packed bed. The electric field induces the EOF and the interface in the capillary starts to

move. First, we observe a linear correlation between interface position and measurement

time. At longer times, a decrease of the slope is observed. The solid line shows the 3-order

polynomial regression of the experimental data that we use for further data evaluation.

As mentioned in section 3.3.2, we compare two different approaches to compute the su-

perficial electroosmotic velocity, the corresponding results are plotted using the right-hand

side y-axis of the diagram in figure 3.10. For the first approach, we assume that the EOF

is not influenced by the phenomena in the capillary. That is, we use the capillary flow rate,

inferred from Z(T ), and apply a continuity assumption; i.e. Veof ≡ (dZ/dt)Acp/Apb. The

result is given as the dashed line. We observe here that as the time proceeds, a continuous

decrease of Veof is found in a linear trend. The situation changes drastically if we use eq.

(3.18), which includes the influence of the rising column, the viscous losses and the moving

contact line in the capillary, to extract the Veof from the dimensionless group Ω3. The
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Figure 3.10: Typical outcome of an EOF experiment showing the dimensionless position of
the air/liquid capillary interface and the accordingly computed dimensionless
superficial EO velocities based on a pure continuity approach as well as based
on centre-of-mass model of the fluidic setup eq. (3.18).

result is given by the solid circles. Here, we find that the Veof considerably increases over

time; first in a linear fashion and for later times it seems that a limiting value is achieved.

Here, we should recall that we fitted the proportionality constant K1 such that we achieve

identical initial values of Veof for both evaluation methods, the continuity assumption and

the ODE. However, this fitting does not influence the trend over time which is, as we ob-

serve, very different for both approaches. An estimation shows that the consideration of the

forces which arise from the capillary flow has only a minor contribution to the increasing

Veof . Hence, the massive change of Veof is explained by Joule heating which, depending on

the electric field strength and the electrolyte conductivity, results in a considerable temper-

ature gradient along the packed bed. The temperature gradient, in turn, induces a density

gradient which triggers a flow additionally to the EOF. We also measure temperature gra-

dients by means of the temperature probes which are located at the outside of the packed

bed tube. For high voltages (≥ 2kV ) and high electrolyte conductivities (ionic strength
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≥ 10mM), a rise in temperature is measured about 5 seconds after the voltage has been

applied. For lower ionic strengths, the times before a temperature gradient is observed

are considerably longer. Again, this gives only a rough insight into the time-dependent

temperature distribution in the liquid due to the heat capacity of the packed bed tube and

the convective and conductive heat transfer in the system. Nevertheless, these observations

are qualitatively consistent with those which can be drawn from the comparison of the two

different approaches to compute the EOF. However, the comparison of the two differently

inferred EOFs demonstrates the influence of Joule heating, if present, with the correct time

scale. Hence, we use the insight that we gain from the centre-of-mass-model to evaluate the

experimental data in a range which excludes Joule heating effects.
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Figure 3.11: Magnitude of the electroosmotic Smoluchowski no. Sm. vs. the Packed Bed
no. PB for constant values of the Rice Whitehead no. RW.

Finally, the measured EOF is used along with the physicochemical and the packed bed

parameters to build the dimensionless groups as defined in eq. (3.6). All diagrams are

given on a logarithmic scale which is the standard way for phenomenological correlations
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for flow phenomena in packed beds. Additionally, we indicate the standard deviation of the

experiments, based on minimum 6 replicates for each point, with error bars.

Figure 3.11 shows results of the electroosmosis experiments plotted as functional rela-

tionship between the magnitude of the Sm and the PB for different values of the RW.

Note that, due to the nature of our experiments, it is difficult to keep the RW constant

while varying the other groups. Hence, we group the RW data such that we get a relatively

narrow range variation but still span over several magnitudes. We see that for a given RW,

the Sm decreases as the PB increases. The connections between the data points are for

the sake of a better illustration and we realize that the track of the curves appears similar.

The correlations, despite being plotted on a logarithm scale, do not appear linear. We

rather find different intervals with different behaviours. At first, the scaling between the

logarithmic values appears linear. Then, the Sm remains more or less constant as the PB

increases. All curves show a regular behaviour in terms of their RW ; i.e., the lower the

RW, the higher the position of the curve on the y-axis. In terms of interpretation of the

measured correlation, the behaviour appear counter-intuitive since one would think that

the EOF flow should increase with an increasing PB. Nevertheless, we should recall that

the Sm is the ratio of superficial to pore-scale electroosmotic velocity and the scaling of the

groups is not the same as the scaling of the single phenomena. That is, if we increase the

pore scale velocity in a complex packed bed, we cannot expect that the superficial velocity

scales in the same fashion.

Figure 3.12 gives the correlation between the Sm and the RW for given PB. Gener-

ally, we observe that the Sm decreases as the RW increases. The correlation between the

logarithmic values appears linear to good approximation. The observed behaviour clearly

expresses the influence of the EDL overlap which happens for large Debye lengths in con-

junction with small pore sizes (hydraulic diameters). Here, we should emphasize once more

that a packed bed of spherical particles features pore conduits of a complex cross-sectional
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Figure 3.12: Electroosmotic Smoluchowski no. vs. the Rice Whitehead no. for different
Packed Bed no.

form which size also varies in flow direction. In other words, there are always locations

where an EDL overlap occurs even though the (averaged) hydraulic diameter gives no indi-

cation for this. We also find a regular arrangement of the curves in terms of the PB . That

is, the lower the PB of a curve the higher its position on the y-axis.

Finally, we try different combinations of the dimensionless groups to derive a correlation

which gives a quantitative expression for all physicochemical phenomena which are involved.

It turns out that the data points on a logarithmic scale collapse, to good approximation,

if we plot the Sm against the product of RW and PB as shown in figure 3.13. A linear

regression results in

Sm ≈ −3.10 (PB ·RW )−2/3 (3.21)

with a value of 0.94 for the coefficient of determination. Alternatively, we insert the defini-

tions of the dimensionless groups to obtain

veof ≈ −3.10
(
SLlD
d2
h

)− 2
3 ζε

µ
E, (3.22)
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or expressed in term of the measurable porosity and (known) particle size

veof ≈ −
1
4

(
ψ

(1− ψ)
dp
M

) 4
3
(
lDr

2
pb

∑n
i=1 xid

2
i∑n

i=1 xid
3
i

)− 2
3 ζε

µ
E, (3.23)

which is only valid for a M factor similar to one.
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3.6 Concluding remarks

In the current research, we derive a phenomenological correlation for the electroosmotic flow

through packed beds of granular material in the spirit of the Blake-Kozeny correlation for

pressure driven flow; i.e. based on dimensional reasoning. At first, we identify the relevant

quantities which can be used for the qualitative description of the related phenomena. Then,

we apply Buckingham Π theorem to establish a functional relationship between the relevant

dimensionless group.

A detailed correlation for the functional relationship can only be obtained by selected

set of experiments where we vary dimensionless groups while keeping others constant. A

variety of packed beds made from binary mixtures of borosilicate micro spheres are pre-

pared. The ratio of the particle diameter to the packed bed diameter is kept sufficiently

low so that the influence of the packed tube on the electroosmotic flow can be neglected.

The packed characterization reveals that the binary particle mixtures feature a different

behaviour than packed beds which are made with homogenous particles. Numerous ex-

periments are performed to infer the correlation between the dimensionless groups. In

details, we use streaming current measurements to obtain an a detailed expression of the

zeta potential of borosilicate in contact with an aqueous electrolyte of defined ionic strength

and pH value. The measurements of electroosmotic flow in the packed beds over a wide

range of parameters are performed where we utilize the motion of a capillary interface to

measure the electroosmotic superficial velocity in the packed beds. We derive a dynamic

model based on Newton’s law to the translational center-of-mass motion of the fluidic sys-

tem. The utilization of the model for the interpretation of the experimental results allows

for a time evaluation whether there is an influence of Joule heating. This phenomenon

induces density gradients in the liquids which, in turn, leads to considerable additional

flow rates which falsifies the measurement of the electroosmotic flows. For data evaluation

purposes, we consider only results which are not or only little influenced by Joule heating.

85



Finally, a phenomenological correlation between the dimensionless group is derived which

has sufficient accuracy for many engineering applications such as the design of electroos-

motic pumps for chromatography or various microfluidic applications. It should be noted

that the correlation that we propose is not dependent on the substrate. The packed bed

can be made of any granular matter which has a more or less spherical shape. Though,

the packed parameter have to be known or experimentally derived. Also, the knowledge of

the material’s zeta potential in contact with the liquid has to be experimentally determined

if the information is not available in literature. The main limitations of our correlation is

that it does not account for Joule heating and the influence of the wall of the packed bed

tube. Nevertheless, electroosmotic pumps can be designed such that these factors have no

major relevance. This should be even easier for microchannels where there is more heat

dissipation due to enhanced heat transfer over the channel walls which is a scaling effect of

the high surface-to-volume-ratio. Here, the problem of a high particle to channel diameter

(wall influence) could be mitigated by considering nano-size granular materials. But these

questions can only be definitely answered in future works.
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Chapter 4

Conclusions and Recommendations

4.1 Conclusions

The conclusions can be divided into two parts according to the two different thesis projects

that constitutes this work.

4.1.1 Streaming potential and streaming current

The major results for the first part of the thesis concerned with the streaming current and

streaming potential experiments can be summarized as below:

• We observe relatively high electrode transfer resistances for low value of the ionic

strength (<1mM). The corresponding calculated exchange current densities clarify

that the Ag/AgCl electrodes employed for this research are not fully reversible. How-

ever, we estimate the related error to be small compared to the standard deviations

that we observe in the experiments.

• For low ionic strengths, our experiments clearly reveal that there are huge differences

in the microchannel resistance depending on whether it is measured in or outside the

microchannel. Also, there are different results whether the liquid flows or is at rest.

• An empirical correlation is obtained for the microchannel resistance as a function of

the Reynolds number, the channel height and the ionic strength. The dependency is

more prominent at lower ionic strength values and lower channel height which can be

explained on the basis of surface conductivity.

• In line with the work of others, we observe an increase in surface conductivity with

increasing ionic strength values and the smaller the channel height. Also, the observed

surface conductivities are a magnitude of order larger than values obtained by using
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Bikerman surface conductivity values which only accounts for the diffuse layer part

of the EDL. This indicates that the major contribution to surface conductivity comes

from the stagnant (Stern) layer.

• For the first time, we observe an increase in channel resistance with increase in

Reynolds number for a given ionic strength. Our interpretation of the observed phe-

nomenon is that the flow influences the surface conductivity.

• In the case of streaming current results, we generally observe linear correlations be-

tween zeta potential and logarithmic ionic strength. We also observe moderate dif-

ferences in zeta potentials depending on whether a linear or a quadratic correlation

between for the data processing is used. Additionally, the zeta potential magnitude

decreases with increasing Reynolds number.

• In the case of streaming potential measurements, the absolute zeta potential decreases

as the ionic strength increases. This statement holds for ionic strength values greater

than 1 mM, but the opposite trend is observed for ionic strength of less than 1 mM.

Only for in-situ measurements and a median Reynolds number, a linear correlation be-

tween zeta potential and the logarithmic ionic strength is recovered for all investigated

channel heights.

• Finally, the zeta potential results are more affected by Reynolds number in the case

of the streaming potential experiments in comparison to the streaming current ex-

periment. A plausible explanation is that the convection does not only influence the

induced SC (the EDL) but also the conduction current (via the channel resistance).

4.1.2 Electroosmosis in porous structures

In the same way, the following conclusions can be drawn from the research on electroosmotic

flows through packed beds of granular materials:
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• A phenomenological correlation is developed based on dimensional reasoning to corre-

late the superficial velocity in a packed bed to its characteristics and to the parameter

of the aqueous electrolyte

• Different combinations of binary BSG micro spheres are used to produce packed beds

with a wide range of porosities. Also, the size of the particles and the packed bed

is chosen in such a way that the influence of the wall on the electroosmotic flow is

minimized.

• The packed beds are characterized and different correlations between the porosity,

equivalent particle diameter, hydraulic diameter and specific surface area are observed

• We derive a centre-of-mass model of the experimental setup which allows for the

quantification of the electroosmotic flow by observation of the motion of a capillary

interface connected to the packed bed. The model also allows for identification of the

temporal influence of Joule heating in the packed bed.

4.2 Recommendations

The future work is divided in two separate parts:

4.2.1 Streaming potential and streaming current

• Further materials should be tested in order to investigate the influence of convection

on the surface conductivity.

4.2.2 Electroosmosis in porous structures

The recommendations for the future work on electroosmosis in porous structures include:

• Packed beds with M factors which are significantly different to one would result in a

more correlation with a wider range of applicability.
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• It can be attempted to prepare packed beds with porosity range wider than 0.15-0.32

using different particle sizes and mixtures as in this work. Additionally, packed beds

from non-spherical particles could be produced. Here, the question is whether the

derived correlation still holds for such cases if equivalent spherical particle diameters

are used.

• The experimental setup should be expanded so that a quantification of the temper-

ature distribution in the packed bed is possible. This would give further important

insights. Accordingly, it may be possible to add the temperature to the relevant quan-

tities and to derive a revised phenomenological correlation which accounts for Joule

heating as well.

• The research can be expanded such that packed bed of various length are fabricated

in order to investigate the maximum pressure head which can be generated by the

electroosmotic flow. Accordingly, the phenomenological model can be adapted to

include the knowledge gained from these experiments.
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