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C h a p t e r  1

I n t r o d u c t i o n

1.1 Surface effect on microfluidics

Microfluidics is a multi-disciplinary research topic. Many physical and chemical phe­

nomena, which are normally neglected in traditional fluid mechanics, are involved. 

The most noticeable feature of microfluidics is th a t chemical and physical properties of 

surfaces are no longer negligible. Because of the relatively large surface-to-'volume and 

surface-force-to-body-force ratios in micron-scale configurations, surface effects dom­

inate most of the transport phenomena in microchannels [1 ], which cause apparent 

differences between microfluidics and maerofluidics. Since traditional hydrodynamic 

theory cannot predict microfluidic behavior, fundamental understanding including 

interactions between liquid and solid wall becomes an essential issue. In this thesis, 

the electrokinetic effects and hydrophobicity effects on liquid flow in microchannels 

will be studied.

1.2 Electrokinetic flow in microchannels

1.2.1 Electrokinetic phenom ena

A potential difference exists at the interface between any pair of conducting phases 

[2], The magnitude of the potential is a function of the electrical double layer (EDL) 

whose structure is determinded by both  the composition and nature of the phases. 

W hen a solid is dipped into a solution of an electrolyte, the excess charge residing on

1
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Solvent molecule

Wall

Diffuse layer

Stem layer

Figure 1.1: Schematic of an electrical double layer at the channel wall

the solid surface must be exactly balanced by an equal charge of opposite sign on the 

solution side for electroneutrality. The two parts of excess charge which may be ions, 

electrons or oriented dipoles are called electrical double layer (EDL). Helmholtz [3], 

who originally formulated the concept of the electric double layer and the equations 

of electrokinetics, postulated th a t there is an immobile layer of electric charges of one 

sign on the solid at solid-liquid interfaces, and a mobile charge of equal magnitude but 

of opposite sign is arranged in an adjacent layer in the body of the liquid. This concept 

was developed later by Gouy and Chapm an [4, 5]. The widely accepted model for 

the EDL according to Gouy, Chapman, Stern and Grahame is schematically shown in 

Fig. 1.1 [6 ]. Because of the electrostatic interaction and thermodynamic motion, the 

ion (coion and counterion) distribution near the solid surface is different from th a t in 

the bulk liquid far away from the surface [7]. Immediately next to the surface, there

2
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is a layer of ions th a t are strongly attracted  to the solid surface and are immobile. 

This layer is called the compact layer (stern layer), normally less than 1 nm thick. 

The compact layer is further assumed to be composed of two planes where immobile 

coions (inner Helmholtz plane) and immobile counterions (outer Helmholtz plane) are 

adsorbed. From the compact layer to the uniform bulk liquid, the ion concentration 

gradually changes to  tha t of bulk liquid. This layer is called the diffuse layer of 

the EDL. The thickness of the diffuse layer depends on the ionic concentration, the 

ionic valence and the properties of the liquid, ranging from a few nanometers for 

high concentration solutions up to the order of micrometer for dilute solutions. The 

thickness of the EDL is usually represented by the Debye-Lliickel reciprocal length 

param eter, n~l . The boundary between the diffuse layer and the compact layer is 

for the evaluation of electrokinetic measurement frequently assumed to coincide with 

the hydrodynamic solid/liquid boundary, usually referred as the shear plane. The 

electrical potential at shear plane is called zeta (C) potential. Zeta potential and k~1 

are the two param eters often employed to characterize the EDL.

In addition to £ and kT1, another im portant interfacial electrokinetic param eter is 

the surface conductance [8 ]. The surface conductance usually referred to  as an excess 

quantity which occurs, in addition to the liquid bulk conductivity in solid-liquid 

interfaces, due to  charge accumulation in the EDL. It was first suggested by Urban 

et al. [9] th a t although the outer Helmholtz layer is not displaced by hydrostatic 

forces, it may nevertheless move in an electric field. Therefore, in many cases, the 

zeta potential represents only a part of the mobile charge of the double layer, but 

surface conductance is related to the to tal mobile charge. A general expression for 

surface conductivity K a on an assumed interfacial plane [10] is

where F  is the Faraday constant, i the index of zth ionic species, Z  the valency of the

( i . i )

3
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the ions, c the ion concentrations at the interfacial layer and in the bulk solution, fit 

the mobility of the ions, and x  the distance from the surface.

The m ethods for measuring electrokinetic properties of solid-liquid interface can 

be classified into one of three categories: electroosmosis, electrophoresis and stream­

ing potential (or streaming current) techniques. In the electroosmotic approach, an 

electrical potential difference is applied to the ends of a small capillary tube, resulting 

in a body force applied to the fluid within the double layer region due to the excess 

charge in the EDL. The body force will push all the liquid in the capillary to flow for­

ward and the measurement of to tal flow ra te  can then be related to zeta potential [1 1 ]. 

The lim itation of electroosmosis technique is th a t the accuracy of the measurement is 

not high enough due to the very low flow rate. In the electrophoresis method [12, 13], 

the zeta potential is determined by placing fine particles in an electrical field and 

measuring their mobility. This technique has also been applied to characterize flat 

surface by initially grinding then into fine particles [14]. However, it is unclear if the 

surface electrokinetic properties of these particles are equivalent to the pre-crushed 

surfaces. Likely the most commonly used m ethod of measuring interfacial electroki­

netic properties is the streaming potential technique [10, 15, 16, 17]. In the streaming 

potential technique, a pressure difference is applied across a capillary. W hen a liquid 

is forced through the capillary, the charge in the mobile part of the double layer are 

carried toward one end, resulting in a current flow in the direction of the liquid flow, 

called the streaming current I s. The accumulation of charge downstream sets up an 

electric field [18]. The field causes a current to flow back in the opposite direction, 

which is called conduction current I c. The resulting electrostatic potential difference 

between the ends of the capillary is called the streaming potential. The solid-liquid in­

terfacial electrokinetic properties can be obtained by measuring the electrical current 

(streaming current mode) or by measuring the electrical potential (streaming poten­

tial mode) between two positions up- and down-stream via nonpolarizible electrodes.

4
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The streaming potential must be measured with a very high impedance voltmeter, so 

th a t the electric field is not disturbed.

1.2.2 Literature review of electrokinetic flow in m icrochannels

The phenomenon of streaming potential was discovered by Quinke [19] in 1859. 

Helmholtz [3] developed the EDL theory in 1879. Gouy [4] in 1910 and Chapman 

[5] in 1913 independently developed the Helmholtz’s EDL theory by introducing the 

potential and charge distribution in the fluid adjacent to the capillary wall. The 

potential and charge distribution in EDL was determined by Debye and Hiickel [20] 

by means of a linear Possion-Boltzmann (LPB) equation in 1923. In 1924, Stern [21] 

improved the theory by introducing an adsorbed layer of counterions (stern layer).

By taking into account the velocity distribution to Helmholtz’s EDL theory, 

Smoluchowski [22] formulated the electrokinetic relationships in 1903. Burgreen and 

Nakache [23] studied the electrokinetic flow in a very fine parallel-plate slit and de­

rived the streaming potential by employing the complete Navier-Stokes equations 

in 1964. Rice and W hitehead [24], in 1965, studied theoretically the electrokinetic 

flow in narrow cylindrical capillaries. Levine et al. [25] carried out a semi-analytical 

extension of Rice and W hitehead’s work for high surface potential. Overbeek [26] 

reviewed the early work in this field and set the classical treatm ent of electrokinetic 

processes in capillaries and porous plugs. More recently, Lozada-Cassou [27, 28, 29] 

improved the Poisson-Boltzmann approach by considering the effect of ionic size, ionic 

concentration and ionic interaction.

On the experimental side, the effect of electrolyte and solid surface on electroki­

netic flow have been reported by many authors [30, 31, 32, 33, 34], A marked decrease 

in the streaming potential with decreasing capillary size was first dem onstrated by 

W hite and Bull et al. [16, 35]. This unusual behavior of streaming potential was 

ascribed to surface conductance [16, 32, 35, 36, 37]. The zeta potential determined

5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



from stream ing potential was compared with tha t from other electrokinetic methods 

[1 2 , 38, 39, 40, 41], Since the streaming current method is independent of the conduc­

tivity, the streaming current m ethod was employed to determine surface conductance 

[17, 37, 42]. More recently, the streaming current method was employed to  determine 

the zeta potential of monolayers [43, 44, 45].

A technique employed in the above studies is to assume th a t the effect of the 

external field (i.e. electric field and flow field) on the ion concentration distributions 

is small. Accordingly, the ion concentration distributions and other quantities are the 

same as their static equilibrium values. Recently, the flow field effect on ion concentra­

tion distributions was dem onstrated numerically by van Theemsche et al. and Yang 

et al. [46, 47] in electroosmotic flow. For pressure-driven flow, generally which has a 

larger Reynolds number, it is expected th a t flow field has stronger effect on ion con­

centration distributions. In this thesis, the flow field effect on potential distribution 

and ion concentration distributions is dem onstrated numerically and experimentally.

1.3 The slip o f liquid flow in microchannels

1.3.1 W ettability and the slip o f liquid flow

W etting and non-wetting phenomena, the advancing or receding of a liquid at solid- 

liquid-vapor three phase interface, are common in many natural and industrial pro­

cesses, such as coating, painting, condensation of stream  and cleaning by using de­

tergent. The most direct observation of wettability is to measure contact angles at 

solid-liquid-vapor interfaces (Figure 1 .2 ). At thermodynamic equilibrium, the relation 

between the solid-vapor interfacial tension j sv, the solid-liquid interfacial tension 7 si, 

the liquid-vapor interfacial tension 7 \v and contact angle 6 is given by the well-known 

Young’s equation:

7j„ cos 0 =  7 W -  7 * 1  (1.2)

6
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Figure 1.2: Schematic of contact angle phenomena

Thermodynamically, the free energy of adhesion per unit area of a solid-liquid pair 

W si can be related to the three interfacial tensions j sv, 7 <,/ and 7 \v by the following 

equations:

Eq. (1.3) implies th a t liquid behavior on a solid surface can reflect the strength of 

solid-liquid interaction. W ater has a relatively large contact angle on a hydropho­

bic surface and a smaller contact angle on a hydrophilic surface. Therefore, the 

solid-liquid interaction of water for a hydrophilic surface is stronger than  th a t of a 

hydrophobic surface.

In contrast with the usual picture where the velocity of a liquid flow on a solid 

wall is zero, recent experiments [48, 49, 50] have shown th a t simple liquids may 

significantly slip on solid surfaces and, consequently, the no-slip condition should be 

replaced by a more general relation. The following form, first proposed by Navier. is 

usually adopted

where v is velocity vector, (3 is the slip coefficient (or slip length) and ft is the unit 

vector normal to the interface. Experimental results [48, 49. 50] indicate th a t the 

slip length is on the order of micrometers, or fractions of micrometers. The main

hFsi 3fsv 4“ 'Ylv ‘'Isi (1.3)

(1.4)

7
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param eters are the strength of the interactions liquid-solid and the roughness of the 

substrate. The w ettability of liquid on solid surface can reflect the strength of the 

solid-liquid interactions and the roughness of the substrate.

1.3.2 Literature review of the slip of liquid flow

At a macroscopic scale, the no-slip boundary condition widely used to describe the 

flow of simple liquids at a solid surface is usually considered very robust. However, 

it was suggested in early works of Schnell [51] and later by Churaev et al. [52] tha t 

simple liquids may undergo substantial slip when flowing on non-wetting surfaces. 

Relying on better experimental conditions numerous recent experiments have directly 

or indirectly shown th a t slippage can happen near a hydrophobic microchannel wall 

even for very low Reynolds numbers. In the case of m oderate Reynolds numbers, 

W atanabe et al. [53] observed tap  water slippage in a 16 mm diameter acrylic-resin- 

coated pipe and obtained a 14% drag reduction for Reynolds numbers between 102 to 

103. For Re -C 1, Tretheway and Meinhart [48] measured the velocity profile of water 

flowing through a 30 x 300 pm 2 octadecyltrichlorosilane (OTS) coated rectangular 

microchannel and observed a 1 yum slip length. Zhu and Granick [54] measured the 

hydrodynamic force of water against a m ethyl-term inated self-assembled monolayer 

(SAM) on mica and found th a t when the flow rate exceeds a critical level, partial slip 

occurs. It was dem onstrated th a t the classical no-slip boundary condition of fluid 

flow failed for several systems with hydrophobic surfaces even when the flow velocity 

is as small as nm /s. It was concluded tha t the onset of slip varied systematically with 

contact angle , which depends on the solid surface energy for a given liquid. Cheng 

and Giordano [55] observed several ten nanometer slippage on photoresist coatings in 

nanometer-scale channels. Cottin-Bizonne et al. [50] used a Dynamic Surface Force 

Apparatus (DSFA) to measure hydrodynamic force of th in  liquid films. Flows of two 

polar liquids, water and glycerol, on a hydrophilic Pyrex surface and a hydrophobic
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octadecyltrichlorosilane (OTS) SAM on Pyrex surface were investigated. No slip 

boundary conditions were found for both  fluids on hydrophilic surfaces. More than 

one hundred nanometer slip lengths were found on hydrophobic surfaces. Meanwhile, 

slippage is also found in many molecular dynamic simulations. Thompson and Troian 

[56] employed molecular dynamics simulations to probe the fluid behavior at the solid- 

liquid interface and found th a t surface properties can lead to large fluctuations in the 

apparent no-slip/slip boundary condition. Molecular dynamic simulations by B arrat 

and Bocquet [57, 58] of Lennard-Jones liquids have shown th a t the no slip boundary 

condition holds on hydrophilic surface.

1.4 O rganization of the thesis

In this Chapter, a brief overview of the role of solid-liquid interface interactions in 

liquid flow has been presented, followed by a detailed and critical review of existing 

studies related to the present investigation. Chapter 2 demonstrates the effect of flow 

field on the electrokinetic double layer in parallel-plate microchannels numerically 

and experimentally. In Chapter 3, the electrokinetic flow with an external load in 

porous media is investigated. Following the fundamental study on electrokinetic flow 

in porous media, Chapter 4 describes an electrokinetic (EK) generator. In Chapter 5, 

a promising slip coating, Self-Assembled Monolayers (SAMs), which are transparent 

and of a nanoscale thickness, is proposed. Finally, the theoretical and experimental 

results are summarized in Chapter 6 .

9
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C h a p t e r  2

P r e s s u r e - d r i v e n  E l e c t r o k i n e t i c  F L o w  in  

P a r a l l e l  p l a t e  M i c r o c h a n n e l s

2.1 Introduction

In the past decade, microchannel technology has received attention with major appli­

cations in microelectromechanical systems (MEMS) and micrototal analysis systems 

(//TAS) for chemical and biological analysis. At these micro scales, the surface to 

volume ratio for fluid flow is large and precise control over mass transfer is essen­

tial. A wide range of physical effects tha t are unim portant for flow at large scale has 

to be considered and one such effect is the electrokinetic transport phenomena. In 

pressure-driven flow, the streaming potential will produce an electrical force within 

the electrical double layer (EDL) which is opposite to the flow direction; this is usually 

referred to as an electroviscous effect. Thus, the actual flow' rate is smaller than  th a t 

predicted by conventional fluid mechanics theory w ithout consideration of EDL. In 

electroosmotic flow (EOF) where an external electric field is applied, ion species will 

be affected by electrophoresis which can be used to produce a separation or mixing 

of components. Flows th a t are influenced by these electrical effects are referred to as 

electrokinetic flow.

The concept of an electric double layer (EDL) and the equations for electrokinetics 

were originally formulated by Helmholtz. The static EDL theory of Helmholtz [3], 

which later developed by Gouy [4] and Stern [21], has been employed to  streaming
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potential studies for decades. The applicability of the static EDL theory to systems 

composed of solid surface and aqueous solutions of electrolytes has been challenged 

by experiments using single capillaries as well as porous plugs. It was found tha t 

zeta potential values for a given interface calculated from streaming potential mea­

surements do not agree with those from electroosmotic and electrophoretic studies 

[1 2 , 38, 40, 41, 59]. A variety of experiments, however, showed tha t zeta potential 

values for a  given interface when calculated from electrophoretic, electroosmotic, and 

stream ing potential measurements can be identical [12, 38, 39].

Another method of testing the static EDL theory as applied to streaming potential 

is to compare whether or not the zeta potential values determined from streaming 

potential and streaming current method are identical. It has been found th a t the 

absolute values of the apparent zeta potential determined from the la tter are generally 

higher than  those from the former [10, 17, 43]. Typically, the zeta potential values 

from stream ing potential are adjusted to be the same as those from streaming current 

method by varying the surface conductance. Even with this “correction” , a small 

but non-negligible scatter can still be observed in the zeta potential determined for 

capillaries of different diameters [10]. The difficulty of this approach to test static EDL 

theory is th a t surface conductivity cannot be easily measurable since it depends on the 

size of capillary and the property of an interface. Some authors indeed have employed 

this method to calculate surface conductivity [17, 42]. The static EDL theory when 

applied to stream ing potential measurements fail to explain the substantial decrease 

in zeta potential when capillary size decreases and this was first dem onstrated by 

W hite and Bull et al. [16, 35]. By correction through surface conductance, all of these 

discrepancies appear to be explained satisfactorily. However, as surface conductance 

is a dependent variable and cannot be measured independently, adjustment of this 

property in order to compensate for the discrepancy in zeta potential may imply 

variation of a property th a t might not tru ly  reflect physical reality. This approach

11
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flow direction

Figure 2.1: Coordinate system for a parallel-plate microchannel system where I and 
2 a are the channel length and height, respectively.

has also been employed to  derive surface conductivity [10, 37].

O ther than  the above experimental approaches, a number of papers have been pub­

lished recently regarding the various com putational methods to electrokinetic flows 

based on a decoupled approach; i.e., the ion distribution near the EDL is unaffected 

by its velocity flow field. T hat is, given the geometry in Figure 2 .1 , the decoupled 

approach yields the to tal potential at a point (x,y) in a channel as

<p = y ) =  ip{y) +  [</>o -  x E x] (2 .1 )

where tp(y) is the potential due to double layer at a static state  with no fluid mo­

tion and no applied external field; (j)o is an imposed potential and Ex is an electric 

field (assumed to  be constant). By superposition of the two potential distributions, 

Patankar and Hu [60] modeled electroosmotic flow (EOF) in channel junctions using 

a finite volume approach in three-dimensional channels. Their idea was based on the 

linearized Poisson-Boltzmann (LPB) equation which can be solved numerically first 

for the charge distributions along the wall. The external electric field which induces 

the electric body force can then be obtained by solving a Laplace equation with a 

properly imposed potential difference. The exact Poisson-Boltzmann (PB) equation
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



has also been employed by Hu et al. [61] based on a similar approach. Ermakov et al. 

[62] hypothesized tha t the effect of the EDL can be represented by replacing the no­

slip condition at the channel wall w ith an analytical formulation of EOF velocity. A 

“finite cloud algorithm” m ethod was used by Mitchell et al. [63] to  compute a steady 

flow in various channel junctions. A “layer model” was developed by Maclnnes [64] 

for electrokinetic reacting flow where chemical reaction plays a prominent role. How­

ever, in geometries where the characteristic dimensions are comparable to  the Debye 

length, these decoupled potential approaches are no longer valid. For this reason, van 

Theemsche et al. and Yang et al. [46, 47] proposed a general model which is more 

valid in such geometries to simulate electrokinetic flow in slit channels. It should 

be pointed out th a t this model does not employ the Poisson-Boltzmann equation to 

govern the electric potential and charge density distribution in EDL. Their numerical 

simulations, however, are limited to a small length-to-height ratio due to  large com­

putational effort. Thus, comparison of such numerical results to  experimental da ta  

directly is difficult.

In the present work, the effect of flow field on the EDL during streaming potential 

measurements is studied. The electric potentials in the streamwise direction are mea­

sured for pressure-driven liquid flow in a parallel-plate microchannel. By checking 

their linearity, one may deduce the validity of static EDL theory in streaming poten­

tial mode. The electric potential distribution is simulated by numerical solution of the 

governing equations similar to  those by Yang et al. and van Theemsche et al. [46, 47] 

but with an assumption of constant liquid conductivity. This assumption allows us 

to compare the simulated results directly with those from experiments. Instead of 

the general convection-diffusion-migration equation, a current continuity equation for 

the distribution of ions is employed here to  govern the flux of ion species through the 

microchannels. The requirement of current continuity has recently been emphasized 

for heterogeneous microchannels [65]. By solving the established governing equa-
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Figure 2 .2 : Schematic of a parallel-plate microchannel

tions for pressure-driven flow with a finite-volume-based solver in different boundary 

conditions, the electrical field distribution in EDL is presented and compared with 

the experimental results. It will be shown experimentally and theoretically th a t the 

potential distribution in the EDL along a streamwise direction for a parallel-plate mi­

crochannel is non-linear and cannot, in principle, be used for a linear superposition.

2.2 Theory

2.2.1 Classical stream ing potential and stream ing current measurem ent 
w ith parallel-plate m icrochannels

A parallel-plate microchannel composed of two flat, parallel, solid surfaces is shown in 

Figure 2.2. In the cases considered here the height of the channels is much less than  

their width so th a t side effects can be ignored and then the channel can be assumed 

to consist of two parallel surfaces. The fluid flow between two parallel surfaces is well 

known as the Hagen-Poiseuille or parabolic flow. The velocity profile of the liquid in 

this case is given by [6 6 ]

A P  a2 y2.
 ( 1  -  —

L 2rj a2< y )  =  —  7A(1 -  y  (2-2)I 1 -» z
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where y is the variable distance between planes with y = 0  at the center-line between 

the two plates, a is the half height of the channel, L  is the length of the channel, 

77 is the dynamic viscosity of the fluid, A P  is the pressure drop across the channel 

and v(y) is the velocity of the liquid which varies only in the  y  direction in this case. 

Assuming the thickness of EDL is small enough compared with the channel height,

since the excess charge creating the net charge convection in the fluid flow is located

in a thin region near the surface, the velocity profile can be further simplified,

. , A  P  a2 , y. , .
v M  ^  — Yr,{1 ~  a ] ( 2 ' 3 )

The streaming current created by the flow of the electrical charge in the mobile double 

layer is given according to

Is =  2L S

to
[  v(y)pe(y )Wdy  (2.4)

Jo

where W  is the w idth of the channel and pe(y) the net charge density across the 

channel. The distribution of charge density is described by the Poisson equation, 

which for the case being considered here is used to express pe(y),

( \ d ^  (o ^Pe(y) =  - £ 0£r—  (2.5)

where £0 is the electrical perm ittivity of a vacuum, £r is the relative dielectric constant 

of the liquid, and is the electrical potential at any position y. W ith equations (2.3),

(2.4), and (2.5) , the streaming current I s may be w ritten as

_  2 Ap£0£rW a  f y=a j  d2ijjJ —
y L  J y = 0

Assuming th a t ip and dip/dy at y= 0 become zero and ip(y =  ± a) =  (,  through 

integration by parts of eq. (2 .6 ) one obtains,

T 2A p£0erW a (  /o
~  VL { f)
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Solving Eq. (2.7) for (  gives

c  = _________V  I_s L _  ( 2  g )

 ̂ s 0er A P  2Wa { ' 1

The conduction current can be related with streaming potential Us according to Ohm’s 

law,

r 2aWUsK b , 2W U , K a
h  = ------ 1 ------+  — —  (2-9)

where K b is bulk conductivity. Assuming the streaming current is equilibrated solely 

by conduction current, the equilibrium state  can be obtained by zero net current.

Is + Ic = 0 (2.10)

Inserting Eqs. (2.7) and (2.9) into this condition yields the following expression,

2aWUsK b , 2W U sK a 2Ap£0erW a (  /0 1 1 ^
L L rjL [ j

Solving Eq. (2.11) for (  gives

f  =  — 7 T (^  +  — ) (2 1 2 )£0£r A p a

Equations (2.8) and (2.12), or some variations thereof, are the bases for the evaluation 

of the electrokinetic properties of a solid-liquid interface from streaming current and 

streaming potential measurements.

The derivation of Eq. (2.8) assumes a th in  EDL and th a t of Eq. (2.12) assumes 

th a t the conduction current in streamwise direction is the only current to equilibrate 

the streaming current.

2.2.2 The potential distribution for pressure-driven flow

Helmholtz [3] assumed th a t there is an immobile layer of electric charges on a solid at 

the solid-liquid interface, and another mobile layer of opposite charges in the liquid.
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If the solid is held in position while the liquid passes through, the movement of 

liquid will cause a potential gradient in the streaming direction which is known as 

the streaming potential gradient. The to ta l potential, th a t builds up in the direction 

of streaming in this manner, is the streaming potential. It was later realized th a t 

the solution layer must be diffused; the charge and electrical potential distributions 

can be obtained by solving the Poisson-Boltzmann equation. Based on the theory 

of Helmholtz, the streaming current I s created by continual transfer of electricity as 

liquid flows will be balanced by a back current I c caused by the streaming potential 

and liquid conductivity. As pointed out earlier,the equilibrium state  is characterized 

by a zero net current Eq. (2.10) through the channel [67]. Equation (2.10) implies tha t 

both I s and I c are in the streamwise direction and Boltzmann distribution remains 

valid with the introduction of a flow field. In other words, the conduction current 

in the y  direction is assumed to equilibrate exactly by the diffusion current in the 

same direction. In fact, the Boltzmann distribution can be derived from the balance 

between diffusion and conduction currents [64], Assuming the specific conductivity 

of liquid and surface to be constant in the streaming direction, and if there is no path 

other than th a t through the liquid and the surface by which I c may pass, the electric 

potential distribution along the streamwise direction should be linear as given by 

Ohm ’s law. The total potential at a point (x,y) in Figure 2.1 will be a superposition 

of EDL and stream ing potentials. If the difference between surface potential and zeta 

potential £ is neglected, the measured electric potentials 4>s/(x)  near the solid-liquid 

interface are the superposition of the potential in the bulk 4>b {x ) and zeta potential 

£ given by

4>s f (x) =  <f>B{x) +  (  =  -  y  j - y - a  +  C =  y x +  £ (2-13)

where K b and K s are the specific conductivity of the bulk liquid and surface, re­

spectively; 4>s is the streaming potential across the two ends with a channel length I.
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According to Eq. (2.13), the potential distribution in the streaming direction will be 

linear w ith  a constant electric field E x (Ex =  <fi3/l).

2.2.3 E lectrokinetic equations

The electric field in a dielectric carrying free charge is governed by the Poisson equa­

tion. It is assumed th a t magnetic field, either applied or induced by current flow, 

may be neglected. The Poisson equation is given by

V(eVd>) =  - p e (2.14)

where pe is the net charge density, e is the perm ittivity of the medium, and </> is 

electric potential. The net charge density can be expressed in terms of species molar 

concentration c* as

pe = F ^ Z i C i  (2.15)
i

where F  is the  Faraday constant, Z* is the valence of species i. Assuming th a t the 

flow is dom inated by the solvent, the flux of species i is given by Nernst-Planck 

equation.

ji =  CiV- DiVci -  ZijjLiFciV<j) (2.16)

where v is the fluid velocity, Di represents the diffusivity and p,i is the ion-mobility.

Equation (2.16) expresses the flux of each species i in the solution due to  convection 

of the solvent, diffusion and migration. If the ith  species does not carry an electric 

charge, Eq. (2.16) still hold while setting Z; to zero. The general convection-diffusion- 

migration equation w ith chemical reaction is given by [64]:

dc ■
-Tjj- =  - R i  -  V • (vCi) +  ZiP iFV  ■ (c,;V0) +  A V 2q  (2.17)

where Ri is the reaction rate. In addition to viscous and pressure stresses, the species

in the liquid and the liquid itself are subjected to an electric force. Together with
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the mass continuity equation, the pressure and velocity field can be described by the 

following incompressible Navier-Stokes equations

where p  is pressure, p the density and p  the viscosity of the liquid. The liquid density 

has been assumed to be uniform as the variation of liquid density caused by the 

difference in pressure and tem perature is negligible. If charge is transferred in the 

liquid only by movement of ions, the charge distribution is determined by solving the 

species transport equation (2.17). The summation over all species of the product of 

species charge gives the charge continuity equation

For electroneutral and uniform solutions, the first two terms on the right-hand side

For the case of equal species diffusivity Di =  D, Eq. (2.21) can be written as

+  (/wV) • v = - V p  -  peV4> +  V(/rV) • v
CJ L

(2.18)

V • v = 0 (2.19)

(2 .20 )

where i is the electric current flux given by

(2 .21 )

vanish. In this case, Ohm’s law between current flux and potential gradient applies

(2 .22)

where a  is the conductivity of the solution defined as

(2.23)

i =  — D V  pe — aX7(f) +  pev (2.24)
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One can see from this relation th a t the current flux arises from three mechanisms: (1 )

current depending on the conductivity of the liquid and the presence of an electric 

field, (3) convection current caused by the flow which depends on the liquid having a 

net charge density. At steady state, the current continuity equation is given by that 

the divergence of current flux equals zero.

By solving the set of equations (2.14), (2.17), (2.18) and (2.19) simultaneously with 

the appropriate boundary conditions, one obtains the distribution of v, <p and q . The 

equations presented are first applied to some simplified cases in a review of classical 

results. The assumptions in deriving the classical streaming potential equations are 

then analyzed.

2.2.4 Boltzm ann distribution near a charged surface

2.2.4.1 Heuristic Method

Consider a charged flat surface whose normal is in the y-direction.The local electro­

chemical potential of an ion at a distance y from an infinitely charged surface is

where pi is Gibbs free energy, p% is the pure chemical potential component, k is the 

Boltzmann constant, T  is the absolute tem perature, Ni is number concentration, <f> is 

the electrical potential. As the system is electrically neutral, the charge conservation 

law gives

diffusion current when spatial variation of charge density is present, (2 ) conduction

V • i =  —D V 2pe — V • (crV0) +  V • (pev) = 0 (2.25)

Pi =  p® + k T  In Ni +  Zje 4> (2.26)

(2.27)
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where cro is the surface charge density. At equilibrium, the gradient of the electro­

chemical potential will be zero, implying tha t

V ft =  0  (2.28)

This equation can be solved to give the well-known Boltzmann distribution

Ni = N i0e x p ( - ? j ~ )  (2.29)

or

^  = ciQ e x p ( - ^ j ^ )  (2.30)

where Nio and C;o are the number and molar concentration of species i respectively 

as y —> oo.

2.2.4 . 2  Nernst-Planck method

The Boltzmann distribution was previously derived using heuristic arguments. It 

can also be derived by employing the Nernst-Planck relationship. Consider the same 

system as before, the mass conservation of species i is described as a balance between 

diffusion flux and electrical migration flux:

ZiUiFciVcj) +  DiVci  =  0 (2.31)

The solution of this equation with c2- =  ci0 at 0  =  0O gives

Z jF ( 0 - 0 oK /n 00^
Ci = Ci o exp(-------- — ------) (2.32)

For 0o =  0, the Boltzmann distribution shown in Eq. (2.30) is obtained. It should be 

realized tha t the Nernst-Planck relationship yields the Boltzmann distribution with 

the explicit assumptions of th a t diffusion flux equals to m igration flux. In a flow 

system the above assumpsions may not be true.
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2.2.4.3 The Solution of Possion-Boltzmann Equation

Taking liquid perm ittivity as a constant and substituting the Boltzmann relation into 

the Poisson equation gives the Poisson-Boltzmann equation

V 2(j)= - - J 2  Zicioe{~ZiF4‘/Kr) (2.33)
i

when the boundary conditions 4> = (  (assuming the potential at the surface is zeta 

potential) at y = 0  and 4> = 0  as y —> oo are applied and the solution for a 1 : 1  electrolyte 

is

tanh 4 ^ -  =  t a n h f - ^ l e " " 1' (2.34)
ART ART  v ;

where y  is the distance from the wall position and k~1 which takes the form k2 =  

^ " '1Rf '"~  is lh e Debye length. The zeta potential £ is given by [6 8 ],

9 R T 1
C = - z r  ln(s / 2  +  V l  +  s2 /4) (2.35)

r

where s is a dimensionless surface charge

s =  i r k ao { 2 M )

W hen the value of zeta potential is small, say, |£| <  25 mV, the Debye-Hiickel ap­

proximation may be used and the linearized Poisson-Boltzmann (LPB) equation is 

given by

V 20 =  K2(j) (2.37)

The solution of LPB equation is

<j) =  (,e~Ky (2.38)
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where (  is given by

C =  — (2.39)
£K

2.2.4.4 The 1-D solution of the Current Continuity Equation and Poisson Equation

Consider the  same 1-D geometry of a charged surface. Taking liquid perm ittivity and

conductivity as constant and substituting the Poisson equation into Eq. (2.25), one 

obtains

-Z )V 2 pe +  ^ Pe  +  V • (pev) =  0  (2.40)

Taken the velocity as zero, it becomes

V 2Pe =  (2.41)

Noting k2 =  one obtains the solution of Eq. (2.41) with the boundary conditions 

Pe  =  P eo at y = 0 and pe=0 as y —> oo

P e  =  P e  (2.42)

The neutrality of the system gives

poo

/  pee~Kydy +  <7 o =  0 (2.43)
J  o

From Eq. (2.43), one obtains

pe o =  -K<70  (2-44)

Substituting Eq. (2.42) into Poisson equation and solving for 0, one obtains

(f> = — e~Ky (2.45)
€K
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Substituting Eq (2.39) into Eq. (2.45) gives

<j> = (e~Ky (2.46)

Here the  solution of LPB equation is recovered. It suggests th a t the uniform con­

ductivity approximation and the Debye-Hiickel approximation are equivalent. The 

advantage of Eq. (2.40) is th a t the net charge distribution is decoupled from potential.

2.3 Num erical m ethod

By solving the set of equations (2.14), (2.17), (2.18) and (2.19) numerically with the 

appropriate boundary conditions, one obtains the distribution of v, (f> and c*. However, 

direct numerical simulation would require considerable com putational effort to ensure 

adequate accuracy over the double-layer scale (generally on the order of nanometer) 

and the largest scale characterized by the channel size (on the order of centimeter). 

A popular approach is to use a local analytical or numerical solution of Poisson- 

Boltzmann equation for the double layer region coupled w ith a numerical solution 

for the bulk (outside the double layer region). The approach does not consider the 

effect of the velocity field on the double layer. A direct numerical solution without 

any simplification has been reported [46, 47], where the geometry is confined to small 

length to height ratio. For microchannels, the typical intersection scale is on the 

order of micrometer and the streaming direction scale is on the order of millimeter 

or centimeter. The liquid conductivity in the bulk can be taken as uniform. The 

deviation of conductivity can be neglected in the case of low surface charge density. 

Therefore, liquid conductivity in microchannels can be taken as a constant for a given 

electrolyte solution. Thus, Eq. (2.25) may be solved instead of Eq. (2.17). Since only 

one species (the net charge can be treated as a species) is considered, the problem 

can be simplified and the potential distribution along a microchannel with centimeter 

in length can be simulated.
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2.3.1 Boundary conditions

For an electrokinetic transport system, different types of boundary conditions exist: 

inlet, outlet, insulator wall, charged surface, or symmetry axis. Boundary condi­

tions for the  Navier-Stokes equations are no-slip conditions on the wall. For Poisson 

equation, convection-diffusion-migration equation or current continuity equation, the 

prescribed electric potential and species concentrations are imposed for an inlet and 

outlet. On a charged surface, two kinds of boundary conditions for the electric po­

tential field can be applied: known potential (zeta potential) or known surface charge 

density. In this work, a known surface charge density is required to  solve the governing 

equations. The normal electric potential is related to  the charge density as

In order to  assure the electrical neutrality of the whole channel, Eq. (2.48) is employed 

as a control condition for the convection-diffusion-migration equation or the current 

continuity equation.

where <70 is surface charge density. The fluxes of all species are zero across a symmetry 

axis or an insulator wall. For a fully developed parallel-plate microchannel flow 

(shown in Fig. 2.1), the boundary conditions are:

(2.48)

pe = 0, (f> — 0, and p — po at x  = 0;

Pe

<90
dy
86
dy

0, 0  =  0 0 ) and p = 0 at x  = I;

= v = 0, ^  =  0 and =  0 at y = a- 
dy dy

=  0 and —  =  0 at y =  a;
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Figure 2.3: Schematic of the experimental system used to  measure the electrokinetic 
properties of pressure-driven flow in parallel-plate microchannels.

u and v are velocities in the x  and y  direction, respectively. The potential differ­

ence (po across the length is the value of stream ing potential which was determined 

experimentally. As the solution of our experiment is deionized-ultra-filtered (DIUF) 

water, a surface charge density of 1.107 x 10~ 3 C /m 2 was determined (by means of 

an experimental zeta potential of — 8 6  mV) and was used as the boundary condition.

2.4 Experim ental setup

The experimental system used to study electric potential distribution of a liquid flow­

ing through a parallel-plate microchannel is shown in Figure 2.3. This system consists 

of a flow loop, a test section including a slit microchannel, electrodes, instruments 

for measuring flow and electrokinetic param eters, and a computer acquisition sys­

tem. The parallel-plate microchannels were assembled using two identical microscope
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slides (Fisher Scientific; catalog No. 12-550A) separated by two thin plastic shims 

(Small Parts Inc., FL) as spacer for the channel walls. The surface roughness of these 

slides is on the order of 10 nm. The shims were placed along the lateral edges of 

the cleaned surfaces and fixed by applying a small amount of epoxy (Devcon, USA), 

leaving a flow passage of 10 mm wide. Once the channel was formed, it was allowed 

to dry at room tem perature for 12 hours. Subsequently, the width and the length of 

the microchannel were measured using a precision gauge (Model CD-6 ”B, Mitutoyo 

Co., Japan) with an accuracy of ±1 gm. Finally, the microchannel was mounted by 

two supporting blocks at the inlet and outlet, respectively, to the setup. The channel 

height was determined by an indirect m ethod which involves measuring a high con­

centration electrolyte flow through the microchannel at streaming current mode. At 

streaming current mode, the two electrodes which were used to measure streaming 

potential were short-circuited. Therefore, the electrokinetic effects can be eliminated 

and liquid flow in this case is a Poiseuille flow. The channel height can be calculated 

by Poiseuille flow equation.

Before the assembly, four cone holes were drilled evenly on the upper plate where 

platinum electrodes are installed. The diameters of the holes on the glass surface are 

smaller than those of the electrode to assure th a t the electrodes do not pass through 

the upper glass plate and the flow will not be disturbed by the electrodes. Four 

electrodes were installed evenly onto the upper glass surface. Two other electrodes 

were inserted near the inlet and outlet into the bulk for streaming potential measure­

ments. In the experiment, a pump (LC-5000, ISCO Inc., USA) was set to m aintain 

a constant flow rate. The readings of the pressure drop along the microchannel 

were monitored and recorded. A high-impedance electrometer (Keithley Instrum ents 

Inc.,Model 6517A) was used here to measure the electric potentials. The flow was 

considered to have reached a steady state  before measurements of the flow rate, pres­

sure drop, bulk liquid conductivity and electric potentials along the channel. The
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Figure 2.4: The net charge density distribution 50 nm away from the wall along the 
streamwise direction with Re =  6 . 6  .

d ata  reported in this thesis are for steady state flow. For a given channel and a given 

testing liquid, the measurements for all the param eters were repeated at least twice 

for the same flow rate. After the measurements of one flow rate  were completed, the 

pump was set to a different flow rate  and the measurements described above were 

repeated for the same microchannel.

2.5 R esults and discussion

In our study, DIUF w ater was considered as a binary electrolyte with valences ±1. 

The concentration was calculated from its conductivity by means of Eq. (2.23). The 

following param eters were taken: D =1.0 x 10” 9 m 2 s-1 , £ =  80 x 8.854 x 10~ 1 2  

CV- 1 m _1, a  =  1.0 x 10 ~ 4 Sm-1 . The Debye length (kT1) calculated from the bulk 

conductivity of water is 84 nm. Numerical solutions were validated against the ana­

lytical solution of the linearized Poisson-Boltzmann (LPB) equation for an equlibrium
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Figure 2.5: Measured potential distribution at different flow rates for D1UF water. 
The lines correspond to potential distribution predicted by Eq. (2.13). FR denotes 
the flow rate.

electrical double layer th a t is adjacent to  an infinitely-extended charged surface. The 

numerical results agreed well w ith the analytical solutions of LPB equation without 

external fields. W ith the introduction of a flow field, the net charge density distri­

bution will be influenced by the flow field. Figure 2.4 shows the net charge density 

distribution 50 nm away from the wall along the streamwise direction w ith a Reynolds 

number (Re) of 6 .6 . The net charge density distribution follows the solution of LPB 

equation on the region far from the inlet. The growth of net charge on the entry 

region is clearly dem onstrated in Figure 2.4.

Figure 2.5 displays the measured potential distribution across the inlet and outlet 

near the surface for three flow rates: 60, 1 2 0  and 160 m L/hr. Our procedures to 

determine the streaming potential are consistent with those in the literature by other
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Figure 2.6: Comparison of the experimental and simulated potential distribution 
downstream along a parallel-plate channel of 40 jim (height) x 10 mm (width) x 
4.5 cm (length) for DIUF water. The simulated results were obtained by the current 
continuity equation w ith a charge density of 1.107 x 10- 3  C /m 2 as the boundary 
condition.

authors [42, 69, 70]. The straight lines are predicted potential distribution near the 

interface along the streamwise direction according to Eq. (2.13). If assumed that 

there is no net charge in the bulk, the lines connecting directly the inlet and outlet 

potentials in Figure 2.5 represent the potential distribution in the bulk along the 

channel. If the distribution is linear, one would also expect those on the surface to 

follow a straight-line relationship. Figure 2.6 shows the experimental and simulated 

potential distribution near the solid-liquid interface along the channel for different flow 

rates. It can be seen th a t the measured absolute potential values near the interface do 

not follow the linear relationship shown in Figure 2.5; rather, they are non-linear and 

smaller than those predicted by Eq. (2.13), suggesting th a t the potential difference
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between the interface and bulk is larger than  th a t predicted by the Poisson-Boltzmann 

equation. It should be noted th a t the three curves in Figure 2.6 were not curve-fitted, 

but our simulated results using an experimentally determined charge density of 1.107 

x 10~ 3  C /m - 2  as the boundary condition. The phenomenon shown in Figures 2.5 

and 2 . 6  can be explained as follows.

The discussion is started  from the physical mechanism of streaming potential. 

Based on Helmholtz’s theory, streaming potential is caused by direct movement of 

electrical charges. However, the continue transfer of electrical charges in liquid does 

not necessarily cause a potential gradient. This is easily illustrated by the fact that 

there exists no potential gradient along the channel in streaming current mode in 

which the term inal electrodes are short-circuited. In this case, a streaming current 

will result w ithout any potential difference in the streamwise direction. Hunter [18] 

stated th a t accumulation of charges downstream sets up an electric field. If this is 

true, there must be a charge density gradient in the streaming direction. Hence, the 

mechanism of streaming potential can be explained as follows: at static state (no 

flow), ions distribute themselves in EDL as described by the Boltzmann distribution. 

When a flow field is introduced, hydrodynamic force will drag the diffusion layer 

downstream. This diffusion layer in EDL near the inlet will be replaced by neutral 

liquid temporarily. Since charges on the solid surface are immobile, movement of ions 

in EDL will cause accumulation of charges downstream and the deficit of counterions 

upstream temporarily. At this instant, charges on the solid surface upstream  and the 

accumulated charges downstream will draw back counterions and push away coions 

from the EDL and liquid bulk, in attem pt to recover the initial EDL structure. This 

effect will cause a migration flux (conduction current) in both streamwise x  and 

height y directions. W ith respect to the conduction current in streamwise direction 

x, a potential difference will result which is the so-called stream ing potential. W ith 

respect to the conduction current in the height direction y, a potential difference will
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buildup across the channel and the potential at the shear plane is the so-called zeta 

potential. When the net current becomes zero, equilibrium is established. The net 

current then  consists of streaming, conduction and diffusion currents; hence, a steady 

state is characterized by the equilibrium of these three currents. Thus, the electric 

field along and across the channel is established by the solid surface charges and the 

charge redistribution in EDL caused by the streaming current in the channel. In 

streaming current measurements, on the other hand, since the streaming current at 

the outlet is conducted back through an outside short-circuit to the entrance, the 

flow of net charge (streaming current) will not cause similar charge redistribution as 

in the stream ing potential measurements. In streaming current measurements, the 

electric field in streamwise direction produced by surface charges is balanced by the 

electric field resulting from the net charge in EDL. Thus, in streaming current mode, 

there is no potential difference in streamwise direction and, hence, the EDL structure 

can be assumed to  be the same as the static state.

As described earlier, in the case of streaming potential measurements, a conduc­

tion current will be produced in both height y and streamwise x  directions by an 

electric field resulting from solid surface charges and charge redistribution in EDL. If 

the conduction current in height direction y is different from th a t in the static state, 

the potential difference between the EDL and the bulk will be different from th a t 

predicted by the Poisson-Boltzmann equation. Figures 2.5 and 2.6 indicate tha t the 

average conduction current in the height direction y  in the presence of flow

field is much larger than  th a t in the static state. From our previous discussion, it is 

expected th a t the stream ing current is equilibrated by bo th  the diffusion and conduc­

tion currents. If the  diffusion current is equilibrated exactly by the conduction current 

in the height direction y, the streaming current will be equilibrated by the conduction 

current in streamwise direction. In this case, the zeta potential determined from both 

streaming potential and streaming current methods would be identical. Otherwise,
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the stream ing current will be partially equilibrated by the diffusion and/or conduction 

currents in the height direction y: the conduction current in the streamwise direction 

is only a fraction of the streaming current. In the literature, when Eq. (2.10) is 

used to derive the relationship between zeta and streaming potentials, the conduc­

tion current I c is considered as the conduction current in the streamwise direction. 

If the conduction current in streamwise direction is only a fraction of the streaming 

current as shown above, the zeta potential determined from streaming potential and 

streaming current methods would be different. This discrepancy has frequently been 

ascribed to the  variation of surface conductance. From the results presented here, 

it is found th a t the variation of EDL structure due to flow field may result in the 

same effect. According to the Poisson equation, the presence of net charge will cause 

nonlinearity of potential distribution, as confirmed from the experimental results in 

Figure 2 .6 . In this Figure, it is found th a t the predicted potential distribution near 

the interface by numerical simulation agrees reasonably well w ith those from experi­

ments. When the channel size becomes smaller, it is expected th a t the flow field effect 

on EDL structure will be stronger. This flow field effect may explain the unusual be­

havior of streaming potential in geometries where the characteristic dimensions are 

comparable to  the Debye length.

2.6 Conclusions

The effects of flow field on the electric double layer distribution for a dilute electrolyte 

(DIUF water) in a streaming potential mode have been studied experimentally and nu­

merically. The experimental results show th a t the average conduction current across 

the channel with introduction of a flow field is larger than  th a t from the static EDL 

model. The numerical simulation shows th a t the potential distribution in stream- 

wise direction in EDL can be non-linear. These results in this chapter indicate th a t 

the conduction current in streamwise direction is only a fraction of the streaming
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current. Therefore, the zeta potential values determined from streaming potential 

measurements are generally smaller than  those from streaming current measurements 

for dilute electrolytes. This discrepancy has frequently been ascribed to the varia­

tion of surface conductance and the effect of surface conductance on the streaming 

potential measurements would have been over-estimated when k& is small.
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C h a p t e r  3

P r e s s u r e - d r i v e n  E l e c t r o k i n e t i c  F l o w  i n  P o r o u s  

M e d i a

3.1 Introduction

W hen a porous medium, composed of solid bed particles, is immersed in a dilute 

electrolyte, the solid particles will be charged and EDL will form in the region ad­

jacent to  the particle surface. This region is called the Debye sheath layer. W hen a 

macroscopic pressure gradient is applied to  the porous medium, the  fluid percolates 

through it with a Darcy seepage velocity. The continuous transport of net charge 

in the Debye sheath layer will create a macroscopic electric current which is called 

stream ing current. An electric field is generated to  cause a conduction current to 

equilibrate the streaming current. The electric field will cause an additional body 

force acting on the electrolyte in the Debye layer, resulting a reduced volume flow 

rate. This is pressure-driven electrokinetic flow. On the other hand, when a porous 

material, saturated with the electrolyte, is embodied in an external electric field, the 

body force acting on the electrolyte in the Debye layer will cause the electrolyte in 

the porous medium to flow. This is the so-called electroosmotic flow.

Electrokinetic effects in porous media have been investigated by various models. 

The two main descriptions are capillary tube models and unconsolidated packings 

of particles. The transport properties of circular capillaries were studied by many 

authors [23, 24, 71, 72], The Debye length effect and zeta potential effect have been
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discussed in these papers. Kuin and Stein [73] investigated various types of periodi­

cally constricted channels which represented more closely the flow path in a porous 

medium. In the limit of thin Debye length, the transport properties of packed beds 

were studied by O ’Brien et al. [74, 75, 76]. As mentioned in Chapter 2 , the most 

popular approach on electrokinetic effects is decoupled potential approach. In this 

approach, the EDL structure is determined by local potential gradient which may 

be obtained by solving the Possion-Boltzmann equation. The effect of flow field and 

external or flow-induced electric field on EDL structure was ignored. In Chapter 2 , 

the effect of flow field on the EDL in parallel-plate microchannels has been demon­

strated. In this Chapter, the effect of flow-induced electrical field on the EDL will be 

demonstrated.

In this Chapter, an electrical circuit model which follows the classical approach is 

proposed for more general time-dependent flow in a single microchannel; the results 

are employed to  construct the governing equations for a multichannel model. The 

electric potential and current were measured for pressure-driven flow in different pore 

size porous media with an external load. By comparing the predicted results and 

those from experiment, good agreement was found in the limit of thin double layers; 

larger deviation was obtained when the Debye length was comparable with the pore 

size.

3.2 Electrokinetic flow and electric circuit analysis o f a single micro chan­
nel

3.2.1 Controlling equations and boundary conditions

Consider a model for pressure-driven and time-dependent electrokinetic flow through 

a single circular microchannel. For an individual microchannel without an external 

circuit, the boundary value problem for oscillating liquid flow in an infinitely extended 

circular microchannel is considered. A cylindrical coordinate system (r, 9, z) is used
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where the z-axis is taken to coincide with the microchannel central axis. All field 

quantities are taken to depend on the radial coordinate r  and time t. The boundary 

value problem with the relevant field equations and boundary conditions are described 

below.

3.2.2 Electrical field

The to tal potential <p at location (r, z) at a given time t is taken to  be

where ip(r) is the potential due to  the double layer at equilibrium state (i.e., no 

liquid motion with no applied external field); 0 o is the potential at z  =  0  (i.e., 

<j>o = (f)(r, 0 ,t)); and E'z (t) is the spatially uniform, time-dependent electric field 

strength. The to ta l potential 0 in Eq. (3.1) is axisymmetric and, when E'z (t) is 

time-independent, Eq. (3.1) is identical to Eq. (6.1) of [77]. The time-dependent flow 

to be studied here is assumed to be sufficiently slow such th a t the radial charge distri­

bution is relaxed at its steady state. Further, it is assumed th a t any induced magnetic 

fields are sufficiently small and negligible such th a t the to ta l electric field may still be 

defined as —V 0 [78]; this definition can then be used to obtain the Poisson equation

where pe is the free charge density and e is the perm ittivity of the medium. Combining 

Eqs. (3.1) and (3.2) yields the following Poisson equation in cylindrical coordinate

4> =  <f>{r, z, t) = ip(r) +  [(f)o -  zE'z (t)\ , (3.1)

v V  =  -
P e (3.2)
e

Pe
e

(3.3)

The conditions imposed on ip(r) are

ip (a) =  -ipg and -0 (0 ) is finite (3.4)
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where ips is the surface potential at the capillary wall, r  =  a; a is the radius of the 

microchannels. For brevity, a symmetric, binary electrolyte with univalent charges 

is considered. The cations and anions are identified as species 1 and 2, respectively. 

Based on the  assumption of thermodynamic equilibrium, the Boltzmann equation 

provides a local charge density pei of the ith  species. Thus

where Z) is the valence of the ith  species; e is the elementary charge; is the ionic 

concentration in an equilibrium electrochemical solution at the neutral state where 

ip = 0; k is the Boltzmann constant; and T  is the absolute tem perature. Invoking 

the Debye-Hiickel approximation for low surface potentials (Zjeip/kT «  1), one has 

sinh(Z0e\p/kT)  ~  Zoe'ip/kT and the to tal charge density follows from Eqs. (3.3) and

(3.5) as

where Zj =  —Z 2 — Z q is used. Finally, the definition of the reciprocal of the double 

layer thickness for a (Z0 : Z0) electrolyte is given as

(3.6)

(3.7)

Combining Eqs. (3.3) and (3.6) results in

ip(a) = and =  0
or

(3.8)
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3.2.3 H y d ro d y n a m ic  field

The axial electric field will induce a body force peE'z and the modified Navier-Stokes 

equation in the axial direction (or 2 -direction) becomes

f i d z  r dr
1 dp 1  d

(3.9)

where the pressure gradient [-^ =  ^ ( t ) ]  is taken to  be position-independent; v is 

the velocity in axial direction (^-direction); p  is the viscosity; pe is the total charge 

density and v is the kinematic viscosity of the liquid. The boundary conditions for 

the velocity field are

The electric current density along the microchannel may be integrated over the chan­

nel cross-section to  give the electric current

R, R q, R s and L  are the to tal resistance, bulk electrolyte resistance, surface resis­

tance and the microchannel length, respectively. The first term  on the right side of 

Eq. (3.11) is due to  bulk convection and the second term  to conduction current. Be­

cause of the assumption of an infinitely extended microchannel, the contribution to 

the current due to concentration gradients vanishes. Using Eq. (3.5) for a (Zq : Z 0) 

electrolyte, one has pi — p2 =  2eZ0n oc cosh(ZQetp/kT). The Debye-Hiickel approxima­

tion implies th a t cosh(Zoeip /  kT)  «  1  and p\ — p2 = 2Zoen00. W ith this simplification,

(3.10)

(3.11)

where

n  _
Ro +  Rs
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the conductivity of bulk electrolyte Kb can be w ritten as

2  z y nocD
K i  =  ’ <3 1 2 >

where D  is the diffusion coefficients of ions. The resistances R q and R s are defined as

=  ’ R - = T T p -  <3' 13>KbTt a K a P w

where K a is the surface conductivity and Pw = 2ira is the wetted perimeter. The 

flow rate q can be written as

q = 2ir f  vrdr . (3.14)
J o

3.2.4 A nalytical solution

An analytical solution is sought here for a sinusoidal periodicity in the electrohydro­

dynamic fields and this is best addressed by using complex variables. Thus, a general 

field quantity X  may be defined as the real part of the complex function (X *eK l) 

where X*  is complex (j  = u  is the oscillation frequency oscillation, and t  is

the time. The general field quantity X  is w ritten as

X  =  Re[X*ejMi} . (3.15)

The phase angle lu is defined as

w = t an"  i s p F y  • (3-16)

where Im (X * )  and Re(X*)  are the imaginary and real parts of X*.  respectively. An 

alternative representation of Eq. (3.15) is given as

X  = Re[\X*\e
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where

\X\ =  \X*\ and |X*| =  ^ I m 2(X*) + Re2(X*) (3.17)

W ith the  notation of Eq. (3.15), the solution of the boundary value problem for the 

following specific dependencies will be sought

=  Re[p*ejuii} , E'z = Re[ElejuJt] . (3.18)

Consider the class of solutions where the amplitude of the pressure gradient and the 

electric field could be frequency-dependent, i.e., p* =  p*(u>) and E* =  E*(ui). The 

solution for ip will then follow from Eq. (3.8) and th a t for v from Eq. (3.9). Thus

v = Re[v*eJUJi] ,

where

v* = v*(r,u) = v*(r,u)p*(u) + i^(r,u})E*(uj) (3.19)

The expression for v*(r,u)  and v%(r, u>) will be given at the end of this section. The

electric current will follow from Eq. (3.11) and may be w ritten as

I  =  Re[FejuJt}

where

/* = / »  = H p*h  + /j (w)b ; h  . (3.20)

The volumetric flow ra te  q is defined in Eq. (3.14) and can be expressed as

q =  Re[q*eJUJt]
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where

q* =  q*(u) =  q*(u)p*{u) +  q^{u)E*(u) . (3.21)

During pressure-driven-flow, the amplitude of the  streaming potential E*z {u) is found 

by setting i* =  0 in Eq. (3.20). Thus

(3.22)

Equation (3.22) may be substituted into Eqs. (3.19) and (3.21) to determine the 

normalized liquid velocity and the volumetric flow rate, respectively. Alternatively, 

the velocity, current and volumetric flow rate  during electroosmosis flow follow from 

Eqs. (3.19) -(3.21) by setting p *(lo) = 0.

The relevant quantities in Eqs. (3.19)-(3.21) are listed below

(3.23)

en2i(js Jp(jKr)
(<K2v - j u j ) p d J0(jK,a)

(3.24)

va
J0{]Ka) V (3.25)
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(3.26)

27r

JUPd

a
T

a

v Jo U - ju

Qvi10) ~
27TEK2ll)s

[k 2 v  -  j u ) p d

a Ji(jKa) a Ji I o,\

j n  Jo(jna)

(3.27)

(3.28)

where Jo, J i  Pd and v are the zeroth- and first-order Bessel functions of the first 

kind, liquid density and kinematic viscosity, respectively. By defining the first term  

of I ^ (u )  as I ^ 1(u), it can be expressed as

27T£27C4'i/J f a
( k 2v  -  j u j ) p d (  2

Jii jKa)
J%{jna)

va
3k T T -— V Jo[3Ka)

- j u -Ji a

v
Jo a

(3.29)

The streaming current I s is defined as the first term  of Eq.(3.11) or I s =  Re[(I*p* +  

f t  iB ; ) e ^ ]  =  Re{i;<**].
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Figure 3.1: Schematic diagram of a multi-channel array circuit

W hen u> —>■ 0, Eqs.(3.23)-(3.28) reduce to those of steady state.
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3.3 Circuit an a ly s is  of m ulti-m icrochannel a r ra y

(3.30)

Since the streaming current of a single microchannel is small and of the order of nano 

amphere, n  microchannels are combined to  obtain a larger current for an external load 

R z . Consider a pressure-driven flow in a porous medium with an external circuit in 

Figure 3.1. The pressure-driven flow in microchannels will cause a streaming current 

I s. Since the liquid itself is a conductor, a fraction of the streaming current I back will
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conduct back by the liquid and the other part Iz  will pass through external resistance 

Rz- At equilibrium,

A =  h a c k  + Iz  (3.31)

From circuit analysis, one knows th a t the potential difference Uz across the channel 

and the potential drop across the external resistance must be same.

Ul = I  back R  =  I l R z (3.32)

where R  is the to tal resistance of the microchannels which includes bulk resistance 

and surface resistance. When R z  —> 0, all streaming current will conduct through an 

external circuit and this corresponds to a streaming current mode. W hen R z  —> oo, 

all streaming current will conduct back through the liquid and the potential difference 

across the channel is the streaming potential Ustr (streaming potential mode).

By changing the load resistance when flow rate is fixed, the Uz and I z  will change. 

Combining Eq. (3.31) with Eq. (3.32) gives

Uz =  R ( I S -  Iz)  (3.33)

Considering

i . = ( 3-34)

one can solve for Uz as

Uz =  (3.35)
1 + P R

where a  =  8' ^ | ° ) and /? =  -  - ^ ^ l * ( 0 ) q ^ ( 0 ) .  For a given geometry and flow

rate, a, j3 and R  are constant. Equation (3.33) predicts a linear relationship between 

Uz and Iz  when R L changes.
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3.4 Experim ental section

The experimental system used to study pressure-driven electrokinetic flow in porous 

media is shown in Figure 3.2. This system consists of a flow loop, a test section includ­

ing microchannels, silver mesh electrodes, a load circuit, instrum ents for measuring 

flow and electrokinetic parameters, and a computer acquisition system. A porous ce­

ramic rod or disk (Small Parts Inc. and Soilmoisture Equipment Corp.) is employed 

as source of porous media for electrokinetic generation. Two electrodes consisting of 

a silver meshed network were placed at the two ends of the ceramic rod or disk and 

in connection with the load resistor. The resistor can change from 100 kfl to 10 Mfb 

All other connections are plastic or Teflon which can be considered as good insula­

tors. Deionized ultrafiltered (DIUF) water (Fisher Scientific) w ith a conductivity of

1 . 0  x 10~ 4  S /m  was employed as the working liquid. In the experiment, a pump (LC- 

5000, ISCO Inc., USA) was set to m aintain a constant flow rate. The readings of the 

pressure drop across the filter were monitored and recorded. A high-impedance elec­

trom eter (Keithley Instrum ents Inc., Model 6517A) was employed here to measure 

the electric potentials across the resistor and the same electrometer was employed 

to  measured the current after the potential was measured. The flow was considered 

to have reached a steady state before measurements of the flow rate, pressure drop, 

electric potentials and electric current. The data reported in this thesis are for steady 

state flow.

The experiment was conducted once daily, at approximately the same time every 

day, for a period of at least six days. First, with no external resistance connected 

in the circuit, water is pum ped through the filter for a period of one hour, or until 

the streaming potential becomes stable. Throughout this initial run, the streaming 

potential is recorded as it varies over time. W ithout stopping the water pump, a 

variable resistor (here w ith five resistance settings) is then attached to  the circuit in
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Figure 3.2: Schematic of the experimental system

parallel to the electrometer. Initially, the variable resistor is set to  its lowest setting. 

Potential drop on the resistor is then recorded for the length of tim e required to obtain 

enough data points in the LabView program. Once sufficient da ta  points are gathered, 

the resistance is incremented and the data gathering process is repeated. After the 

data for the final resistance setting is gathered, the variable resistor is removed from 

the circuit. W ithout stopping the water pump, the variable resistor is attached to the 

circuit in series as shown in Figure 3.2 . The electrometer is switched to a current 

mode. The variable resistor is reset to its highest setting. The current in the circuit 

is then recorded for the length of tim e required to  obtain sufficient data points in the 

LabView program. Once sufficient da ta  points are gathered, the resistance is switched 

to a lower one and the da ta  gathering process is repeated. After the data  for the final 

resistance is gathered, the experiment is finished for one day. In the experiment, the
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Table 3.1: The ceramic filters used in the experiment

Sample Maximum pore size 
(^m)

Dimensions 
D  (mm) x L  (mm)

Company

1 6 12.5x 50 Smallparts
2 2.5 25 x 50 Smallparts
3 2.5 25 x 50 Soilmoisture
4 0.16 15.88 x 7.14 Soilmoisture

measured potential drop and current were checked by O hm ’s law. The ceramic filters 

used in the experiment together with their physical dimensions are listed in Table 

3.1.

Table 3.2: The average size, number of pores and measured zeta potential of the 
ceramic filters used in the experiment

Sample Average pore radius a(fim) Number of pores Ka Zeta potential (mV)
1 1.748 6 .39x l0 6 2 0 . 8 -19.9
2 0.727 1 .33xl0 8 8.7 -16.2
3 0.581 2.09x10® 6.9 -27.5
4 0.061 5.48 xlO 9 0.7 -1.9

The number of pores in the ceramic filter N can be calculated from

N  = (3.36)
7ra 2

where r] is the porosity of the filter and A  is the effective area of the filter. In streaming 

current mode, the flow rate can be expressed as

„ =  (3.37)
8  vpd,L

From the measured flow rate and pressure drop in stream ing current mode, the num­

ber of pores and the average pore size of the filter can be calculated by combining 

Eqs. (3.36) and (3.37). The measured average pore size and number of pores of the 

filters are listed in Table 3.2. The following param eters were employed in our calcu-
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Figure 3.3: Typical potential versus time curve with different loadings

lation: e =  80 x 8.854 x 1CT12 CV- 1 m~1, u = 0.9 x 10~ 6  m 2 s-1 , pd =  103 kguT 3, and 

k =  1 .1 9 x 1 0 7 m -1 . The typical potential versus time curve and current versus time 

curve w ith different loadings are shown in Figures 3.3 and 3.4, respectively.

3.5 R esults and discussion

The zeta potentials of the filters can be measured by stream ing potential or streaming 

current method. Since the pore size is comparable w ith the Debye length, it is not 

sufficient to measure one streaming potential calculation of the zeta potential: a 

second measurement to  find surface conduction is also needed in streaming potential 

method. Since surface conduction is expected to  depend on na and concentration of 

liquid [79], it is not easy to obtain accurate surface conduction for a specific filter. 

Therefore, the stream ing current m ethod is employed to measure the zeta potential. 

From the expression of /*(0) in streaming current mode, one may obtain the zeta
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Figure 3.4: Typical current versus time curve with different loadings

potential:

1  l*(0)eira2

C vpd

It should be noted th a t Eq. (3.38) is accurate for any K,a providing th a t the zeta 

potential is less than  25 mV [24], Generally, the zeta potential of ceramic on pure 

water is on the order of 10-30 mV [59, 80]. Thus, one can safely employ Eq. (3.38) to 

calculate the zeta potential of ceramics in the experiments and the results are shown 

in Table 3.2.

Our data agree reasonably well with published da ta  [59, 80] for larger na. However, 

the zeta potential for the filter with smaller na (sample 4) was much smaller than 

expected.

As pointed out earlier, Eq. (3.35) predicts a linear relationship between Uz and 

I z -  However, the experimental measurements indicate different behavior for differ­

ent pore size filters. Figure 3.5 shows the measured and predicted U z  - I z  curves
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Figure 3.5: The measured and predicted Uz -Iz  curves for different pore size filters

for different pore size filters. The measured curve was quite linear and agreed well 

with the predicted curve for the 6  micron filter (sample 1). However, the measured 

curves for the 2.5 micron (sample 2 and sample 3) and 0.16 micron (sample 4) filters 

were nonlinear and deviated from the predicted curves . The error may be caused 

by two reasons: one is the Debye-Hiickel approximation, the other is the assumpsion 

th a t EDL is the same in all the cases. Since the Debye-Hiickel approximation is in 

good agreement with the exact solution for low zeta potential, the error caused by 

the approximation can be safely neglected. As discussed in Chapter 2, the streaming 

potential is caused by the accumulation of ions downstream. When R z  is changed, 

the potential drop along the filter will change. If one assumes th a t the velocity profile, 

liquid and solid property such as conductivity, zeta potential, viscosity do not change,
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Figure 3.6: The streaming current versus time when the measurement was switched 
from streaming potential mode to streaming current mode for filter sample 4 with a 
flow rate 15 m l/hr.

the variation of the potential drop has to be caused by the redistribution of ions. In 

streaming potential mode, sufficient ions are required to accumulate downstream in 

order to provide the potential drop. W hen the resistor is switched to a lower value, it 

will require less ion accumulation downstream to provide smaller potential drop and 

vice versa. This is illustrated by the information dem onstrated in Figures 3.6 and 3.7.

Figure 3.6 demonstrates th a t the measured streaming current decreases to a stable 

value when the measurement was suddenly switched from streaming potential mode 

to  streaming current mode. W hen the measurement was switched from streaming 

potential mode to streaming current mode, the movement of the accumulated ions 

would cause the largest streaming current at the beginning. W hen the accumulated 

ions disappear gradually, the streaming current becomes smaller until a new equi­

librium is established. On the other hand, Figure 3.7 indicates th a t the ions which 

provided the potential drop were accumulated gradually when the measurement was

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.09

o  0.08

^  0.07

0.06

0.05
40001000 2000 3000 5000

Time (S)

Figure 3.7: The streaming potential versus time when the measurement was switched 
from streaming current mode to streaming potential mode for filter sample 4 w ith a 
flow rate 15 m l/hr.

suddenly switched from streaming current mode to streaming potential mode. As a 

result, the ions in EDL would redistribute when the external resistance is changed. 

This redistribution of ions results from the fact th a t a  and /3 in Eq. (3.35) were not 

constant. The change of a  and j3 may be neglected in th in  Debye layer and not for 

thick one. Therefore, nonlinearity of the Uz - I z  curve is caused by ion redistribution 

(EDL structural change).

3.6 Conclusions

The pressure-driven electrokinetic flow with an external load in porous media is stud­

ied in this Chapter. W ith the introduction of an external circuit, the ions in the EDL 

will redistribute. In th in  Debye layer case, the predicted potential drop and current 

are in excellent agreement with the experiment data, which suggests th a t ion redis­

tribution could be safely neglected. In thick Debye layer case, the poor agreement
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indicates th a t ion redistribution has to  be considered.
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C h a p t e r  4

E l e c t r o k i n e t i c  ( E K )  G e n e r a t i o n

4.1 Introduction

The conversion of energy from one form to another, or the production of useful work, 

has long been an im portant element of engineering and scientific research. The larger 

goals of research into energy-based systems have been to further develop the technol­

ogy, better understand any fundamental processes and improve efficiencies. Chemical 

energy, for example, can be readily converted into mechanical work by classical de­

vices such as internal combustion and steam engines. Similarly, the potential energy 

of dammed water, and its associated hydrostatic pressure, can be exploited by tu r­

bines to be another source of mechanical work. If necessary, electric generators could 

be employed to convert any produced mechanical work into electrical work. Batteries 

and fuel cells are devices th a t avoid the creation of mechanical work and directly 

convert chemical energy into electrical work. This Chapter presents a novel approach 

and device th a t is part of this same broad family of energy-based systems, but uses 

the interactions between electrokinetics and microfluidics to  directly convert the hy­

drostatic pressure of a liquid into electrical work. Since the energy source for this 

device is the coupling between electrokinetics and hydrodynamics, it is referred to as 

an electrokinetic (EK) power generation. This Chapter will describe the experimental 

results for electrokinetic power generation as a battery  as the energy is stored within 

the potential energy of water.
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Electrokinetic microfluidic behavior can be complicated and details can be found 

elsewhere [24, 25, 81, 82, 71, 83, 84, 85, 8 6 , 87, 8 8 ]. As discussed earlier, liquid flow 

through a microchannel by means of an external pressure gradient can result in a 

convection current, known as the streaming current, and a streaming potential be­

tween two ends of microchannels due to the accumulation of ions or charges. The 

streaming current is typically on the order of nano amphere per kPa of pressure drop 

in a single microchannel. Though this magnitude is small, a m ethod to enlarge such 

a current is proposed here. If more than  one microchannels are assembled in paral­

lel, the streaming currents are indeed additive and can be significant. W ith current 

fabrication technology, it is possible to assemble an array of microchannels with a 

large surface area to volume ratio. The larger this ratio, the more the movable ions 

and hence a larger streaming current can result. Alternatively, the requirement of a 

complex micro/nano-fabrication can be eliminated by using natural porous materials 

or readily available porous membranes. It is proposed here the concept of an elec­

trokinetic battery  by means of electrokinetic power generation which consists of an 

array of microchannels.

4.2 Natural electrokinetic battery

In reality, porous materials, such as glass filter, membrane, rock, and soil, could be 

considered as a natural electrokinetic battery. The use of natural materials avoids 

complex micro/ nanofabrication procedures to produce microchannel arrays with a 

large surface area to  volume ratio. In addition, natural porous material can have a 

high porosity ratio up to  60%. To explore this, a water ba tte ry  system is constructed 

and shown in Figure 4.1. A simple syringe is used to drive water into a ceramic filter 

(Small Parts Inc. and Soilmoisture Equipment Corp.) and the two ends are connected 

by an electrometer (Keithley 6517A, Keithley Instrum ents). The two electrodes con­

sisting of a silver meshed network were placed at the two ends of the ceramic rod and
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Figure 4.1: A picture of an electrokinetic battery  system

in connection with the electrometer. All other connections are plastic or Teflon in 

order to minimize the influence of conductivity on the potential. The electrical energy 

is collected by means of two 1 0 0  pF  capacitors which are alternatively charged and 

discharged for two LEDs (Figure 4.2). Deionized ultrafiltered (DIUF) water (Fisher 

Scientific) having a conductivity of 1.0 x l0 ~ 4  S /m  was used as the testing liquid. 

W ater was selected here because of its simplicity. Pushing the syringe by hand, a 

streaming potential of over 20 V and a streaming current of over 20 fiA can be easily 

obtained. After about 8  seconds, the two LEDs light-up alternatively in every 1 0 - 1 2  

seconds, depending on the input pressure.

In order to examine the efficiency of the EK battery, an autom atic syringe pump 

was employed which provides a constant flow rate of DIUF water through the porous 

ceramic filter. The ceramic filters and experimental setup employed are the same as
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Figure 4.2: A schematic of an electrokinetic microchannel battery  utilizing two ca­
pacitors and two LEDs

those used in Chapter 3. Consider a EK battery  with an external circuit (see figure 

3.1). The EK battery  efficiency r]b is defined as the ratio of electrical power on the 

load to mechanical hydraulic power:

U z h
Vb = q A P

(4.1)

where A P  is the pressure difference across the channels and q is the flow rate. It is 

noted th a t in the th in  Debye layer limit, the electroviscous effect is negligible. If the 

flow rate is fixed, the pressure difference and the stream ing current will be fixed for
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Table 4.1: The maximum efficiency for different pore size filter

Sample Maximum pore size (jum) Maximum efficiency (%)
1 6 0.0176
2 2.5 7.04e-3
3 2.5 0.0224
4 0.16 2.32e-5

a given geometry. Table 4.1 shows the maximum battery  efficiency for different pore 

size filters. W hen the pore size decreases, the efficiency decreases. The efficiency of 

filters w ith the same dimension and pore size but produced by different companies 

indicate different efficiencies and may be caused by the difference in material property.

Figure 4.3 demonstrates the Uz - I z  relationship for sample 1. By repeat pumping 

and draining the water, the streaming potential and streaming current increase to a 

limit at the same flow rate. This phenomenon was highly reproducible for all the filters 

studied. The role of impurities have been checked very carefully and ruled out its 

possibility; the presence of impurities would actually decrease the streaming potential 

instead of the observed trend. This above phenomenon is particularly intriguing as 

one can increase the streaming potential and current w ithout increasing its pressure 

gradient. These procedures are described below as a mobile-ion-drain method.

As shown schematically in Figure 4.4a, water is initially stationary with respect 

to  the channel walls and ions distribute themselves due to a charged surface. W ater is 

then forced into the channel (Figure 4.4b), causing a stable potential difference across 

the two ends due to accumulation of the mobile ions downstream. When pumping 

is stopped (water is stationary), some of the mobile (counter) ions previously at the 

downstream had escaped by following the stream  of water. Figure 4.4c illustrates this 

schematically by losing four counter ions. Here, the system is in deficit of four counter 

ions and the only way to recover equilibrium is to obtain them from the surface by 

dissociation. Thus, the system will reach another equilibrium by dissociation, result-

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 

5 

4

E
oo 303
*o>

2 

1 

0
0 0.5 1 1.5 2

Current (|rA)

Figure 4.3: Uz-Iz  relationship for pore size 6  micron filter

ing in a more negatively charged surface. This is further supported by experimental 

evidence th a t a small negative potential exists even when there is no flow; th a t is, the 

system has become negatively charged. W hen pumping resumes (Figure 4.4d), there 

will be more mobile ions due to the increase in surface charge density and hence a 

higher streaming potential will result. Figure 4.5 demonstrates the mobile-ion-drain 

effect on the efficiency of a 1.6 Mfl loading for different pore size filters. All the 

filters which have different pore sizes and come from different companies show the 

same behavior: the efficiency increases to  a limit by pumping and draining the water 

repeatedly. For a six-day period, the efficiency improvement are 162.5%, 31.8% and 

45.98% for filters with maximum pore size 6  pm  (sample 1), 2.5 pm (sample 3) and 

0.16 pm (sample 4) respectively.
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Figure 4.4: A schematic of the mobile-ion-drain method, (a) Surface has adopted a 
charge when in contact with water and EDL forms; (b) A stable streaming potential 
exists due to  the water flow and accumulation of mobile ions; (c) The mobile ions 
in (b) have been drained and the surface will disassociate and become negatively 
charged; (d) The surface has become more negatively charged when flow resumes, 
resulting in a larger streaming potential.

4.3 Conclusions

In summary, a new method is proposed to generate electricity by charge separation 

through direct conversion of motion of a fluid (water) to electricity. A mobile-ion- 

drain m ethod has also been dem onstrated to increase the efficiency of the EK battery  

without increasing pressure drop. The water battery  dem onstrated here is environ­

mentally friendly, w ith no emission and moving parts.
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C h a p t e r  5

A  PROMISING SLIP COATING: SELF-A SSEM B LED

M o n o l a y e r s  ( S A M s ) a n d  e x p e r i m e n t s

5.1 Introduction

A recent advance in the fabrication of nanoscale coatings is the use of the so-called 

Self-Assembled Monolayers (SAMs) [89, 90, 91. 92], These films are two-dimensional 

organic assemblies th a t form by the spontaneous adsorption of functionalized, long- 

chain molecules onto metal or metal oxide supports. They provide models to sys­

tematically study a wide range of interfacial/surface phenomena. The organic and 

biological properties of these films are largely controlled by the end groups of the 

molecules and can be m anipulated by tailoring the end functional groups. SAMs are 

of technical interest for the fabrication of sensors, protective layers, for lubrication, 

and as patternable materials [93]. They provide a pathway for a better understanding 

of many technological systems where interfacial events play a dominant role.

The history of SAMs can be traced to the earlier papers of Zisman et al. [94]. 

where glass surfaces were exposed to dilute solutions of long-chained alcohols in hex- 

adecane. Oriented monolayer films were then formed on the substrate th a t were not 

wetted by the solvent. Zisman et al. further studied various surfactant-like molecules 

including long-chained amines, carboxylic acids and amides on m etal and m etal ox­

ide surfaces [95, 96]. The systems considered by Zisman et al. exhibit only modest 

stabilities and were limited only to low-energy hydrophobic surfaces. Nuzzo et al.
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[97] later extended Zisman’s approach by relying on a stronger and specific interac­

tions between sulfur and gold for molecular self-assembly. The specific interaction 

between gold and sulfur allows adsorption of thiols not only onto gold, but also other 

surfaces such as silver, copper and mercury. The mechanism of such self-assembly 

originated from a large interfacial driving energy when the metal substrates are re­

duced. This specific adsorption is stronger than  the molecular film formed by the 

Langmuir-Blodgett technique which relies on packing of molecules and subsequently 

transfer to surfaces. Among the metals for self-assembly, self-assembled monolayers 

(SAMs) derived from the adsorption of organothiols onto gold have been extensively 

investigated for studying their potential uses as corrosion inhibitors, resist layers, 

components of chemical sensors, and models for organic and biological surfaces.

As a nanoscale coating on MEMS devices, SAMs exhibit many advantages: ease 

of preparation, density of defects low enough to be useful in many applications, 

amenability to controlling interfacial properties (physical, chemical, electrochemical 

and biochemical) [93], very th in  thickness at the order of nanometers. Comparing 

with the thickness of traditional polymer coating at the order of gm, SAMs is cer­

tainly the best choice to  control interface/surface properties of micro channels.

5.2 Effect of nano-crystalline on hydrophobicity o f SAM s

SAMs is a single layer of long-chain molecules. Intuitively, properties of SAMs coat­

ings should be determined by the exposed end functional groups. However, formation 

of SAMs are influenced by the nanostructure of solid substrates and process of ad­

sorption. In this section, effects of nano-crystalline of substrates on hydrophobicity of 

SAMs will be studied by means of contact angle , Ellipsometry, Fourier Transform In­

frared Spectroscopy (FTIR) and the Atomic Force Microscopy (AFM) measurement.
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5.2.1 Experim ental section

5.2.1.1 Materials.

Silicon wafers of test grade were obtained from Wafer World (West Palm Beach, 

FL) in circular discs of about 10 cm diameter and were cut into rectangular shapes 

of about 2.5 cm x 5 cm. Gold shot (99.999%) and titanium  shot (99.995%) were 

obtained from K urt J. Lesker (Clairton, PA). Ethanol (100%) was obtained from the 

Chemistry Dept, at the University of Alberta. Octadecanethiol [CH3 (CH2 )i7 SH] was 

obtained from Aldrich and used as received. Six liquids were chosen for contact angle 

measurements. Selection was based on the following criteria: (1 ) they should include 

a wide range of intermolecular forces; (2 ) they should be non-toxic; and (3) the liquid 

surface tension should be higher than the anticipated solid surface tension [98]. They 

are listed in Table 5.1.

5.2.1.2 Preparation of SAMs.

Supported gold films were prepared by sequentially evaporating titanium  (~  10 nm) 

and gold (~  1 0 0  nm) onto small rectangular silicon wafers in a diffusion-pumped vac­

uum chamber at ~  10~ 6 torr. The chamber was backfilled with air and the substrates 

were used within 48 h of preparation. The evaporated surfaces were rinsed with 

ethanol before SAMs formation. SAMs were prepared by immersing into 1  mM of 

CH3 (CH2 )i7SH in ethanol overnight. The resulting surfaces were rinsed with ethanol 

and blown dry by nitrogen before use. Evaporated gold substrates were also flame 

annealed for ~  30 s using a bunsen burner under ambient laboratory condition. After 

~  1  minute, the  annealed substrate was then immersed into 1 mM of CH 3 (CH2 ) i7 SH 

in ethanol overnight.
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5.2.1.3 Characterization of SAMs.

SAMs were first characterized by a Sopra GES5 Variable Angle Spectroscopic Ellip- 

someter. The ellipsometry measurements were performed using a rotating polarizer 

in the tracking analyzer mode. A broad band of light (300 to 850 nm) from a 75 W 

Xe-arc lamp is linearly polarized and directed onto the film surface at an incident 

angle of 75° from the surface normal. Each bare gold substrate were measured by 

the ellipsometer as references immediately after evaporation. After immersion into 

1 mM of octadecanethiol/ethanol solution overnight, a new set of data for each sub­

strate were measured again using an ambient-film-substrate model for regression with 

known refractive index (n  and k) for octadecanethiol absorbed onto gold. The re­

fractive index for octadecanethiol absorbed onto gold as a function of wavelength was 

independently obtained from a Sopra GXR Grazing X-ray Reflectometer, rather than 

assuming an index of refraction at a given wavelength as typically performed in the 

literature. Such spectroscopic measurements are expected to  provide more accurate 

results in ellipsometer thickness since the optical constants for a range of wavelengths 

were used simultaneously.

Reflectance Infrared spectra of SAM of octadecanethiol onto Au were obtained us­

ing a ThermoNicolet Nexus 670 spectrometer equipped w ith a VeeMax glazing angle 

accessory. A p-polarized light was incident at 70° from the surface normal and the re­

flected light was detected by means of a MCT-A detector cooled w ith liquid nitrogen. 

The spectra resolution was 2 cm-1 . Spectra were referenced to  the corresponding 

bare (anneal and non-annealed) Au substrates and 1024 scans were obtained for good 

signal-to-noise ratios. An infrared gain of 2 was selected for all reflectance infrared 

(IR) measurements to ensure tha t the input IR signals are constant. Samples were 

rinsed with ethanol and blown dry by N2 prior to characterization.

The atomic force Microscopy (AFM) measurements were performed using a Digital

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Instrum ents Nanoscope Ilia  atomic force microscope (Digital Instruments, Santa Bar­

bara, CA). S tandard silicon nitride cantilevered probes were used with a force/spring 

constant in the range between 0.06 -  0.58 N /m . The AFM images of annealed and 

non-annealed Au surfaces were captured by using contact mode under ambient labo­

ratory conditions. The surfaces were cut into 1 cm x 1 cm samples to fit onto a 1.5 

cm x 1.5 cm sample stage.

5.2.1.4 Contact Angle Measurements

Contact angle measurements were chosen as the last step for the characterization of 

SAMs. A Linux version of the Axisymmetric drop shape analysis - profile (ADSA-P) 

was used for sessile drop contact angle measurements. ADSA-P is a technique to 

determine liquid-fluid interfacial tensions and contact angles from the shape of ax­

isymmetric menisci, i.e., from sessile as well as pendant drops [99, 100]. Assuming 

th a t the experimental drop is Laplacian and axisymmetric, ADSA-P finds a theoreti­

cal profile th a t best matches the drop profile extracted from an image of a real drop, 

from which the surface tension, contact angle, drop volume, surface area and three- 

phase contact radius can be computed. The strategy employed is to fit the shape 

of an experimental drop to a theoretical drop profile according to the Laplace equa­

tion of capillarity, using surface/interfacial tension as an adjustable parameter. The 

best fit identifies the correct surface/ interfacial tension from which the contact angle 

can be determined by a numerical integration of the Laplace equation. Details of the 

methodology and experimental set-up can be found elsewhere [99, 100, 101, 102, 103].

Sessile drop experiments were performed by ADSA-P to determine the advancing 

and receding contact angles. The tem perature and relative humidity were maintained, 

respectively, at 23.0 ±  0.5°C and at about 40%, by means of an independent cen­

tra l air-conditioning unit in the laboratory. It has been found that, since ADSA-P 

assumes an axisymmetric drop shape, the values of liquid surface tensions measured
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Table 5.1: Experim ental advancing and receding contact angles on SAMs of octade­
canethiol CH3 (CH2 ) i7 SH absorbed onto Au. Error bars are the 95% confidence limits.

liquid 7 iv (m j/m 2) 0a (deg.) 0r (deg.)
water 72.70 ±  0.09 119.1 ±  0.8 100.2 ±  0.7
formamide 59.08 ±  0.01 88.7 ±  0.8 63.0 ±  1.4
ethylene glycol 47.55 ±  0.02 81.5 ±  0.6 66.4 ±  1.1
bromonaphthalene 44.31 ±  0.05 67.2 ±  0.8 44.1 ±  0.8
decanol 28.99 ±  0.01 50.7 ±  0.5 38.2 ±  1.1
hexadecane 27.62 ±  0.01 45.4 ±  0.4 < 2 0 . 0

from sessile drops are very sensitive to  even a very small amount of surface imper­

fection, such as roughness and heterogeneity, while contact angles are less sensitive. 

Therefore, the liquid surface tensions used in this study were independently mea­

sured by applying ADSA-P to  a pendant drop, since the axisymmetry of the drop 

is enforced by using a circular capillary. Results of the liquid surface tension from 

previous studies [101, 104, 105] are reproduced in Table 5.1.

In this study, at least 5 and up to 15 dynamic contact angle measurements at 

velocities of the three-phase contact line in the range from 0 . 1  to 1 . 0  m m /m in were 

performed for each liquid. The choice of this velocity range was based on previous 

studies [1 0 1 , 1 0 2 , 106] which showed th a t low-rate dynamic contact angles at these 

velocities were essentially identical to the static contact angles, for these relatively 

smooth surfaces. Liquids were supplied from below the surface through a hole of ~  

1  mm in diameter on the substrate by means of a motorized-syringe system. Details 

of this setup can be found elsewhere [1 0 1 , 1 0 2 ].

5.2.2 Results and discussion

5.2.2.1 Formation of SAMs on polycrystalline gold

Figure 5.1 displays a typical low-rate dynamic contact angles of water on SAM of 

octadecanethiol CH 3 (CFl2 )i7 SH absorbed onto Au. As can be seen, increasing the 

drop volume V  linearly from 0.11 cm 3 to 0.12 cm3 increases the apparent contact
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angle 6 from 110 to 118° at essentially constant three-phase contact radius R. This is 

due to the  fact th a t even carefully putting an initial water drop from above on a solid 

surface can result in a contact angle somewhere between advancing and receding. 

Further increase in the drop volume causes the three-phase contact line to advance, 

with 6 essentially constant as R  increases. Increasing the drop volume in this manner 

ensures the measured 6 to be an advancing contact angle. Since the contact angles are 

essentially constant after R  =  0.37 cm and according to [102], these contact angles 

can be used for the determination of solid surface tensions. The averaged contact 

angle of 118° in Figure 5.1 is consistent with the literature values [107, 108]. The 

experimental results for the other five liquids also yield essentially constant contact 

angles; these results together with the receding angles are summarized in Table 5.1. 

The solid-liquid work of adhesion W si, cos 6 and cos 6 versus for these liquids 

are plotted in Figure 5.2. However, there are significant scatters in these data even 

though the procedures of low-rate dynamic contact angles were used to distinguish 

meaningful angles from meaningless ones.

From the point of view of surface energetics, it should be noted th a t a water 

contact angle of 119.1° (Table 5.1) for a surface exposing purely methyl groups 

[CH3  (CH2 ) 1 7 S/ Au] appears to be too high. For example, the experimental advancing 

contact angles of water on polystyrene, hexatriacontane, Teflon PT FE, and fluoro- 

carbon are expected to  be, respectively, 90-92°, 105-107°, 108-110°, and 118-120°, 

as summarized in Table 5.2. This comparison suggests th a t SAMs of octadecanethiol 

absorbed onto Au which are supposed to expose mainly methyl groups should have a 

solid surface tension similar to th a t of fluorocarbon (118-120°) and lower than  tha t 

of Teflon P T FE  (108-110°). These interpretations are questionable. From a surface 

energetic viewpoint, if SAM of octadecanethiol absorbed onto Au exposes only methyl 

group, it is expected th a t the SAM surface behaves very much like a hexatriacontane 

surface (with water advancing angles between 105-107°) since both  surfaces have pre-
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Figure 5.1: Low-rate dynamic contact angles of water on SAMs of octadecanethiol 
CH3 (CH2 ) i 7 SH absorbed onto gold.

dominately methyl groups exposed to the surface. The only apparent difference is 

th a t the former is a monolayer and the latter is a thick crystalline and well-order 

surface. The hexatriacontane surface was prepared by vapor deposition of which the 

surface quality was so good th a t there was no contact angle hysteresis for water [109]. 

SAMs with methyl groups cannot possibly have a solid surface tension as low as tha t 

of fluorocarbon. The contact angle da ta  of octadecanethiol SAM /Au were superim­

posed onto those of the hexatriacontane in Figure 5.2 and found th a t the monolayer 

data appear to fluctuate around those of the hexatriacontane. It should be noted th a t 

conventional thinking regarding contact angles is th a t they are indicators for surface 

hydrophobicity in term s of solid surface tensions; for example, higher contact angle 

implies lower surface energy and similarly lower contact angle suggests higher surface
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Figure 5.2: (a) The solid-liquid work of adhesion W sj_, (b) cosine of the contact angle 
cos 6 and (c) liquid vapor surface tension times cosine of the contact angle 7 iv cos 6 
versus the liquid-vapor surface tension 7 iv for hexatriacontane (Diamonds) and SAMs 
of octadecanethiol CH3 (CH2 )i7 SH absorbed onto gold (Black squares).

energy. Such an interpretation is not necessarily conclusive for the systems considered 

here as will be illustrated and discussed later. It is speculated th a t the discrepancy 

may come from additional and unexpected effect(s) of changing solid-liquid interfa­

cial tensions on the contact angles through the variation of surface structures, even 

though the solid-vapor surface tension might have been constant. If and 7 iv are 

constant, changes in 6 suggest th a t 7 si is changing. In the next section, such effects 

will be quantified by looking into the surface structures of octadecanethiol SAMs
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Table 5.2: Comparison of expected water contact angles on fluorocarbons, PTFE, 
polystyrene (PS) and poly (methyl methacrylate) (PMMA) with th a t measured on 
SAMs of octadecanethiol CH3 (CH2)17SH absorbed onto gold.

Surface W ater contact angle (deg.)
Fluorocarbon 118 -  1 2 0

PT FE 1 0 8 -1 1 0
Hexatriacontane 105 -  107
Polystyrene, PS 90 -  92
Poly(methyl m ethacrylate), PMMA 73 -  75
CH3 (CH2 ) 1 7 S/A u 118 -  1 2 0

absorbed onto Au.

It is commonly known in the literature [97, 110] th a t therm ally evaporated gold 

yields smoother and better polycrystalline structures than  th a t by sputtering. It has 

also been found th a t SAMs on thermally annealed gold have larger terraces with less 

surface defects [111, 112]. Thus, SAMs on annealed gold are typically used in Atomic 

Force Microscopy (AFM) study to obtain atomic resolution pictures. As a m atter of 

fact, most contact angle studies of SAMs on gold were prepared either by sputtering 

or thermal evaporation due to  the relatively simple procedures [108, 113, 114, 115]. To 

our knowledge, no systematic contact angle study on SAMs has yet been performed 

and has looked into the details of how surface structures affect wetting in terms of 

surface energetic interpretation using thermally annealed gold. Thus, in the next 

section low-rate dynamic contact angles on octadecanethiol monolayers formed on 

thermally annealed gold will be investigated, in an attem pt to  isolate any (possible) 

effect of surface structures and defects on solid surface tension interpretation.

5.2 .2 . 2  Formation of SAMs on annealed gold.

Figure 5.3 shows the low-rate dynamic contact angle results of water on SAMs of 

octadecanethiol absorbed onto a thermally-annealed-gold substrate. Similar to the 

experimental results in Figure 5.1, as V  increases at the beginning, 6 increases at
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Figure 5.3: Low-rate dynamic contact angles of water on SAMs of octadecanethiol 
CH3 (CH2 ) i7 SH absorbed onto annealed gold.

constant R. This is due to the fact tha t such contact angles are not truly advancing 

angles and it takes time for the drop front to  advance. As V  increases further, the 

three-phase contact radius R  moves and the contact angle remains rather constant. 

Averaging the contact angle yields a mean value of 107.0°. It can be seen tha t this 

water contact angle value (107.0°) is significantly lower than  th a t shown in Figure

5.1 (118.2°) on the evaporated (non-annealed) gold. It is also noted th a t the contact 

angle obtained here (107.0°) for the CH3 (CH2 )i7 S/thermally-annealed-gold is similar 

to those obtained on the hexatriacontane (Table 5.2) and paraffin. This result agrees 

with the expectation th a t a monolayer surface exposing predominately methyl groups 

should have a similar solid surface tension and hence contact angle as those of hex­

atriacontane and paraffin surfaces. Low-rate dynamic contact angle measurements
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Table 5.3: Experimental advancing and receding contact angles on SAMs of oc­
tadecanethiol CH3 (CH2 )i7 SH absorbed onto evaporated (non-annealed) and annealed 
gold. Error bars are the 95% confidence limits.

Non-annealed Annealed
liquid _____________ 7 tv 8a (deg.) 9r (deg.) 6a (deg.) 6r (deg.)
water 72.7 119.1 ± 0 . 8 100.2 ±  0.7 106.9 ± 0.5 92.3 ± 0.9
formamide 59.1 88.7 ± 0 . 8 63.0 ±  1.4 92.4 ± 1.5 69.2 ± 1.9
ethylene glycol 47.6 81.5 ± 0 . 6 66.4 ±  1.1 81.6 ± 2.4 6 8 . 2 ± 1 . 6

BNa 44.3 67.2 ± 0 . 8 44.1 ±  0.8 76.1 ± 0.9 64.3 ± 1.3
decanol 28.9 50.7 ± 0.5 38.2 ±  1.1 53.2 ± 0.9 45.1 ± 1.3
hexadecane 27.6 45.4 ± 0.4 <  2 0 . 0 45.7 ± 0 . 8 35.4 ± 2 . 2

a Bromonaphthalene

for the remaining five liquids were performed and found to be also constant. These 

angles, together with the receding angles, are summarized in Table 5.3.

5.2.2.3 Characterizations by Ellipsometry, FT-IR  and AFM

The ellipsometer thickness for octadecanethiol CH3 (CH 2 )i7 SH absorbed onto an­

nealed gold was consistently 2lA; whereas th a t formed on the non-annealed Au 

varied between 20 21 A. While this difference is not statistically significant, it was 

noticed th a t the experimental tan  $  and cos A for the non-annealed-Au samples did 

not always match those of the theoretical curves. Nevertheless, our thicknesses are 

consistent w ith those reported in the literature [107].

The reflectance spectra for SAMs derived from octadecanethiol on Au and annealed- 

Au are shown in Figure 5.4. In the both spectra of Figure 5.4, the asymmetric 

methylene peaks appeared at ~  2918 cm-1 . This indicates a prim arily trans-zigzag 

extended hydrocarbon chain w ith few gauche conformers. Both spectra demonstrate 

tha t SAMs of octadecanethiol absorbed onto Au and annealed Au are highly crys­

talline. However, the intensities of the methylene peaks are larger on Au and smaller 

on the annealed Au. The difference in the peak intensity could reflect different canted 

orientations for the polymethylene chains on these surfaces or different amount of the
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Figure 5.4: Grazing incidence polarized infrared spectra for SAMs of octadecanethiol 
CH3 (CH2 )i7 SH absorbed onto evaporated (non-annealed) and annealed gold. The 
approximate positions of the methylene modes are 2918 (asym) and 2850 (sym) cm-1 , 
and those for the methyl modes are 2964 (asym), 2935 (sym, Fermi resonance), and 
2879 (sym) cm-1 . The spectra have been offset vertically for clarity.

polymethylene chains th a t the IR  detected. Since the tilt of chain on the Au substrate 

for alkanethiolate SAMs is known to be ~  30° and this structural orientation is un­

likely to be changed by annealing, it is speculated th a t the difference in the intensity 

of the asymmetric methylene peaks appear at ~  2918 cm ” 1 and 2850 cm ” 1 indicates 

different amount of polymethylene chains th a t were detected by the IR. The spec­

trum  for the adsorbed layer of octadecanethiol on non-annealed-Au exhibits a higher 

dichroic ratio (~  2) for the methylene adsorption modes [ua{CH2 )/iy,(CH2)]; and th a t 

on the annealed-Au exhibits a much lower dichroic ratio (~  1.3). It is also noted th a t 

the intensities of the m ethyl modes at 2964 (asym), 2935 (sym, Fermi resonance), and 

2879 (sym) cm ” 1 for the two substrates in Figure 5.4 are similar. These features in 

the spectra provide evidence th a t SAM of octadecanethiol on the non-annealed Au
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Figure 5.5: AFM images of non-annealed gold for a scan size of 1 jim.

has a structure th a t is not the same as th a t on the annealed Au.

Independent AFM images shown in Figure 5.5 and figure 5.6 suggest tha t the 

annealed Au has larger terraces [as much as 200 nm]; while th a t of the non-annealed 

Au has much smaller gold steps. From the interpretation of the above IR and AFM 

results, a model was constructed in Figure 5.7 tha t illustrates a possible arrangement 

of octadecanethiol absorbed onto non-annealed and annealed Au. From the schematic, 

it is expected th a t the reflectance IR would detect more methylenes per unit projected 

area on the non-annealed Au than  th a t for the annealed Au. This is due to  the 

polycrystallinity nature of non-annealed Au th a t causes variation of the methyl and
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Figure 5.6: AFM images of annealed gold for a scan size of 1 fj,m.

methylene groups exposed to water. The schematic also supports the IR results tha t 

the intensities for the methyl adsorption peaks on both  substrates should be similar, 

as the amount of methyl groups exposed to water per unit projected area would be 

more or less similar.

5.2.2.4 W etting interpretation in terms of solid surface tensions

Contact angle interpretation requires extreme experimental care to ensure th a t all 

of the commonly accepted assumptions are not violated. It is apparent in Table 5.3 

tha t, in general, the contact angle hysteresis H  = 8a — 6r decreases for the annealed 

gold substrate, suggesting better surface quality. The slightly larger errors for the
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Figure 5.7: Schematic illustration of SAM assembly on two different Au substrates. 
The upper figure demonstrates SAM assembly of octadecanethiol absorbed onto non- 
annealed Au with smaller gold steps. The lower figure illustrates SAM assembly of 
octadecanethiol absorbed onto annealed Au with larger terraces.

contact angle da ta  of octadecanethiol absorbed onto annealed Au were due to the 

variation of our annealing procedures. From the AFM results above, one may con­

clude th a t the non-annealed surface consists of smaller gold steps, whereas th a t of 

the annealed one has larger terraces and less defects, as illustrated schematically in 

Figure 5.7. In the case of the non-annealed samples, water could “see” deeper of 

the surface layer (the methylenes) under the methyl groups due to  the relatively less 

packed monolayers as a result of smaller gold steps or defects. This allows formation 

of additional intermolccular interactions between water and the methylenes in the 

solid-liquid interface. In this case, the surface no longer consists of predominately 

methyl groups, but a mixture of methyl and methylene groups in the solid-liquid 

interfacial region. These molecular interactions with methylenes would result in a 

higher, additional, interfacial tension between the solid-liquid interface, A 7 ^, and is 

illustrated schematically in Figure 5.8. This additional effect is believed to  have less
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Figure 5.8: Schematic illustration of how the variation of surface structures affect 
the solid-liquid interfacial tension 7 at for SAMs of octadecanethiol on non-annealed 
and annealed Au. A 7 si in the upper figure represents the increase in the solid-liquid 
interfacial tension from th a t of an annealed Au. Given th a t the liquid-vapor interfacial 
tension 7 iv and the solid-vapor interfacial tension %v remain unchanged, increase in 
A 7 si results in a higher contact angle 9X than th a t of the annealed Au, 02.

influence on the solid-vapor interface due to presence of the relatively less densed 

water vapor on the solid-vapor interface. Assuming th a t j sv is roughly constant for 

both annealed and non-annealed surfaces, increase in 7 st for the latter would cause 

the contact angle to  increase from th a t of a surface where water can only “see” most 

of the outer methyl groups and less methylene groups. Thus, it appears th a t the 

change in the contact angle is a result of additional and unexpected formation of in- 

termolecular interactions in the solid-liquid interface for less packed monolayers. The
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magnitude would depend, of course, on the intermolecular strength, polarity of the 

liquid and structures of the monolayers. In this case, even though the substrate is 

apparently fixed, the intermolecular interactions would not be the same for a given 

pair of liquid and solid, depending on surface defect, structure, polycrystallinity, and 

arrangement of monolayers. In Table 5.3, it is also noted th a t the advancing contact 

angles for the annealed and non-annealed surfaces are nearly identical and did not 

change very much, for both ethylene glycol and hexadecane. However, the molecular 

interactions between hexadecane/CH 3 (CH2 )i7 SH and ethylene glycol/CH 3 (CH2 )i7 SH 

on two different Au surfaces are not clearly known. One may conclude tha t, w hat­

ever these interactions are, they appear to be insensitive to the structural changes 

and surface defects of the monolayers. Interpretation of such angles on the non- 

annealed ones would be difficult [116, 117, 118]. Since the annealed surfaces contain 

less defects, additional variation of the solid-liquid interfacial interactions A 7 ,̂  would 

be minimal. Therefore, the surface structures of the underlying gold on which the 

monolayers of octadecanethiol are formed can affect directly the interpretation of 

contact angles. W ith the above stipulation, the variation of 7 si as a result of surface 

structural change can be estimated if assuming %v for the non-annealed and annealed 

Au to  be the same. Therefore, a A 7 ^ of 12.9 m j/m 2 can be estimated by taking the 

difference in the w ater advancing angles, A 7 ^ =  [72.7 (cos 107° — cos 118°)], using 

Young’s equation. This value represents an increase in 7 ^ due to the variation of 

surface structures of octadecanethiol SAM absorbed onto Au when interacting with 

water. However, conventional thinking would have interpreted the water contact an­

gle of 118° for octadecanethiol SAM on Au to  have a much lower solid surface tension 

similar to th a t of fluorocarbon [ysv =  ~  12 m J /m 2], rather than  a 'ysv of 19-20 m J/ m 2 

for m ethyl-term inated surfaces.
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Figure 5.9: Illustration of the microchannel formed between two microscope slides

5.3 Experim ental investigation o f liquid slippage on SAM s

In the above section, the nano-structure of substrate has been shown to influence 

the formation of octadecanethiol SAM and hence the contact angle of water. In this 

section, the slippage of flow on SAMs coatings is investigated. Octadecanethiol SAMs 

on annealed and non-annealed gold substrates are used as hydrophobic coatings; while 

16-Mercaptohexadecanoic acid [HS(CH2 )i5 C 0 2 H] SAM is used as hydrophilic coating.

In our experiments, it is assumed th a t if the liquid can wet lyophobic coating, it 

does not slip in microchannel with such coating. Vinogradova pointed out th a t the 

advancing contact angle Qa > 70° is the threshold advancing contact angle of slippage

[119]. Churaev et al. observed flow increase in capillaries with 0a > 70°, bu t not 

in capillaries with 6a <  70° [52], Here, ethanol is used as the wetting liquid. The 

liquid-vapor surface tension of ethanol is 21.97 m J /m 2. In last section, the solid- 

vapor surface tension of octadecanethiol SAM, is shown to be 20 m J/m 2, which 

is the same as other m ethyl-term inated surfaces. In order to eliminate electroviscous 

effects, the two electrodes of the microchannel are always short-circuited for 0.01 M 

KCL solution.
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Figure 5.10: The viscosity of water and ethanol as a function of tem perature

The microchannel has a rectangular cross section (see Fig. 5.9). Since w h, the 

rectangular microchannel can be considered a parallel-plate microchannel. W ithout 

electroviscous effects, the flow rate  of flow in parallel-plate microchannel is

Because liquid viscosities change w ith tem perature, the tem perature in real time is 

recorded for corresponding viscosity at a given tem perature. In Table 5.4, viscosities 

of ethanol and water are listed at different tem peratures [120]. In Fig. 5.10, two func­

tions of viscosities for water and ethanol, w ith respect to tem perature, are obtained 

by fitting experimental da ta  of Table 5.4 [121].

In actual experiment, the measured pressure drop is the to tal pressure drop, in­

cluding pressure decay at the inlet and outlet [69, 10]. In the entrance region, the 

flow is not a fully developed lam inar flow and the entrance region length lin is given

(5.1)
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Table 5.4: Viscosities of liquids

Tem perature Viscosity of water (m Pa s) Viscosity of ethanol (mPa s)_____ 3.262

0 ° 1.793 1.786
25° 0.890 1.074
50° 0.547 0.694
75° 0.378 0.476

1 0 0 ° 0.282

by [69, 10]

lin =  0.02(2 * h)Re  , Re = pdVmDh , (5.2)
jl

where Dh = 4h w /(h  +  w) is the hydraulic diameter of the rectangular microchannel 

5.9, p d  is density and v m  is the mean velocity. In this region, the pressure drop is 

calculated by

A kinpdRn 2 ft- o\
Pin =   21),, Vm ’  ̂ '

where kin is the friction coefficient given by [69, 10]

0.774 0.0008996 1
in ~  Re + Re

(5.4)
Un/^hRe (lin/4 h R e)2 \ ’

At the exit of the flow, the cross section is greatly increased as the liquid leaves the 

parallel slit microchannel and the flow becomes turbulent. The pressure decay at the 

outlet is estim ated by [69, 10]

A P out = Y V 2m  , (5.5)
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Figure 5.11: Schematic of the experimental system

Thus, the flow rate and the pressure gradient in Eq. 5.1 are

Q m easured

2w
d p  P m e a su re d /\pin /\p oUf

q AW
A  n

(5.6)
dz I

5.3.1 Experim ental setup

The experimental system is shown in Fig. 5.11. The precision pump supplies different 

liquids to the flow section from the testing liquid reservoir. The flow section includes a 

submicron filter, a flow-meter, an electro-meter, a pressure transducer, microchannel, 

a data acquisition system and a conductivity sensor. Details of these equipment 

are listed in Table 5.5. The inlet and outlet of microchannel will make up of two 

sumps to hold probes of electro-meter and pressure transducer. All connection parts,
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valves, and tubings are plastic or Teflon to minimize the influence for conductivity. 

A stopwatch is used to measure the time it takes for accumulation and the weight of 

the collected liquid can be measured by an electronic balance. Thus, the flow rate 

can be calculated by the weight, tim e and liquid density. This redundant procedure 

provides an additional check on the reading from the flow-meter and the precision 

pump. The tolerance of the flow rate provided by the precision pump is controlled 

within 1 %.

Table 5.5: Equipments used for microchannel experimental setup.

Equipment Supplier Model #
D ata acquisition Dycor CIO-DAS08jr
system “W izard” Software
Flow-meter Thermal Instruments 600-9/316SS/h

Tube Connection
Precision pump ISCO LC-5000
Pressure transducer Omega PX26-030DV

CX136-4
Conductivity sensor W JF  instrum entation HI 710m

HI 7639
Multimeter Hewlett-Packard HP 3478A
Filter Fisher Scientific Anotop25

Polycap75

5.3.2 Experim ental section

5.3.2.1 Materials

Microscope slides are 25 m m x75 m m x l mm and were obtained from Fisher Sci­

entific. Deionized ultrafiltered (DIUF) water was obtained from Fisher Scientific. 

Strips of a thin plastic shim were obtained from Small Parts Inc.. Octadecanethiol 

[CH3 (CH2 )i7 SH], 16-mercaptohexadecanoic ad d  [HS(CH2 )i5 C 0 2 H] and KC1 were ob­

tained from Aldrich. Ethanol (100%) was obtained from the Chemistry Dept, at the 

University of Alberta. P latinum  electrodes were obtained from A-M Systems Inc.
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and epoxy was obtained from Devcon.

5.3.2.2 Fabrication of microchannel

Microscope slides were firstly cut into the size of 25 m m x45 m m x l  mm. Supported 

gold films were prepared by sequentially evaporating titanium  (~  1 0  nm) and gold 

(~  1 0 0  nm ) onto the cut rectangular microscope slides in a diffusion-pumped vacuum 

chamber a t ~  10~ 6  torr. The chamber was backfilled w ith air and the substrates were 

used w ithin 48 h of preparation. The evaporated surfaces were rinsed with ethanol be­

fore SAMs formation. Octadecanethiol or 16-Mercapt,ohexadecanoic acid SAMs were 

prepared by immersing into 1 mM of CH3 (CH2 )i7 SH or 1 mM of HS(CH 2 )isC 0 2 H in 

ethanol overnight. The resulting surfaces were rinsed w ith ethanol and blown dry by 

nitrogen before use. Some evaporated gold substrates were also flame annealed for ~  

30 s using a bunsen burner under ambient laboratory condition. After ~  1 minute, 

the annealed substrate was then immersed into 1 mM of CH 3 (CH 2 )i7 SH in ethanol 

overnight.

After coating SAMs on microscope slides, to form a microchannel, two strips of 

a thin plastic shim were used as the spacer and put between a pair of silicon plates 

in the length direction along the sides of the plates, so th a t a flow passage of 2w 

width was formed. Then, a specially designed clapper, which can provide a constant 

torque, was used to fix the relative position of the plates and the th in  spacers. Finally, 

epoxy resin was applied to  bond the two microscope slides together and to seal all 

the openings except the inlet and outlet of the microchannel. The cross section of 

such a microchannel is illustrated in Fig. 5.9.

The width and length of the microchannel can be accurately measured by using 

a precision gauge. To determine the height of the microchannels was the biggest 

challenge. As optical microscopes do not provide the required resolution, the channel 

height was calibrated by an indirect m ethod th a t involves the flow of a wetting liq-
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Figure 5.12: Experim ental data of 0.01 M KC1 and ethanol in -COOH microchannel

uid (ethanol) through the microchannel. To eliminate electroviscous effects, the two 

electrodes are short-circuited. The liquid flow in such a case is basically a Poiseuille 

laminar flow. Therefore, the channel height can be determined from the measured 

pressure drop and flow rate  by using the Poiseuille flow equation [69].

5.3.2.3 Experim ental procedures, results and discussion

In each measurement, the pump was set to maintain a constant flow rate. The flow 

was considered to  have reached a steady state when the readings of the pressure drop 

remain constant. At such a steady state, tem perature, flow rate and pressure drop 

were recorded. For a given channel and a given testing liquid, the measurements for 

all the param eters were repeated at least twice for the same flow rate. All da ta  for a 

given channel were recorded in the same day. Measurements were also repeated on a 

different day and the results are reproducible.

The measured experimental data  of 0.01 M KC1 and ethanol in a -COOH mi-

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.025

w = 3.25 mm, h = 15jJ.m, -fS= 0 .548flm

0.02

0.015

0.01

o  0.01 M KCE 
□ Ethanol

0.005

0.5
Pressure gradient, -dp/dz (MPa/m)

Figure 5.13: Experimental da ta  of 0.01 M KC1 and ethanol in -CH3 microchannel 
with non-annealed gold

crochannel is shown in Fig. 5.12. The solid and dashed lines are fitted lines of the 

flow rate as a function of pressure gradient for 0.01 M KC1 and ethanol, respec­

tively. The solid line is nearly identical to the dashed one suggesting th a t no slip 

happens on the hydrophilic surface exposing -COOH function groups. The measured 

experimental da ta  of 0.01 M KC1 and ethanol in microchannel with octadecanethiol 

[CH3 (CH2 ) i7 SH] coated on non-annealed gold is shown in Fig. 5.13. From the exper­

imental data, the calculated slip length is 0.548 /urn, which is the same order of other 

experimental results [48, 122, 54], The measured experimental data of the same 

liquids in microchannel with octadecanethiol [CH3 (CH 2 ) i7 SH] coated on annealed 

gold is shown in Fig. 5.14. From the experimental data, the calculated slip length 

is 0.318 jtim, which is smaller than th a t of the microchannel with octadecanethiol 

[CH3 (CH2 )i7 SH] coated on non-annealed gold. These results relate quantitatively 

with the contact angle measurements in Section 5.2.
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Figure 5.14: Experimental data  of 0.01 M KC1 and ethanol in -CH 3 microchannel 
w ith annealed gold

5.4 Conclusions

In this chapter, the effects of nano-crystalline on hydrophobicity of SAMs are studied. 

The slippage of flow on hydrophobic surfaces are experimentally observed. Formation 

of SAMs affects contact angle phenomena of water, so as to the flow behavior of water 

flow. The slip length of octadecanethiol SAMs on annealed gold is larger than th a t of 

on non-annealed gold, in good agreement w ith th a t shown in contact angles of water.

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C h a p t e r  6

S u m m a r y  a n d  F u t u r e  W o r k

6.1 S u m m a ry

Solid-liquid interfacial effect on pressure-driven liquid flow in microchannels has been 

studied in this thesis. Two kinds of surface effects were considered: electrokinetic 

and hydrophobicity effects. On electrokinetic side, pressure-driven electrokinetic flow 

in parallel-plate microchannels and porous media were studied. The effects of flow 

field on the electric double layer distribution for a dilute electrolyte (DIUF water) in 

a streaming potential mode have been dem onstrated numerically and experimentally 

for a 40 jiv a  parallel-plate microchannel. The effects of flow-induced electrical field on 

the electric double layer have been studied for different pore sizes media. Regarding 

hydrophobicity effect, a promising slip coating SAMs is proposed. The research of 

surface effect on pressure-driven liquid flow are summarized below:

1 . numerical simulation on pressure-driven electrokinetic flow in parallel-plate 

microchannels is performed. In the simulation, a more general model other than 

Poisson-Boltzmann equation is employed.

2. The potential distribution of pressure-driven flow in parallel-plate microchan­

nels was studied experimentally.

3. The pressure-driven electrokinetic flow with an external load in porous media 

is studied theoretically and experimentally.

4. An electrokinetic generator consisting of porous media has been proposed.
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5. A promising slip coating SAMs was proposed and the slip lengths for liquid 

flow in microchannels were determined experimentally.

6.2 F u tu re  w o rk

The following work will benefit future research in the area:

1. To build a new model by employing the convection-diffusion-migration equation 

for simulation of electrokinetic flow in porous media.

2. To investigate the role of surface conductance in microfluidics and nanofluidics.

3. To improve the efficiency of EK generation by employing different solid m ate­

rials and working liquids.

4. To find the quantitative relation between slip length and wettability based on 

a deeper understanding of solid-liquid interactions.
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