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By monitoring changes in electrokinetic parameters, the stream-
ing potential technique has been used as a method of characterizing
heterogeneous surfaces, for example, due to protein adsorption. In
general it is assumed that the change in the streaming potential is
proportional to the degree of heterogeneity. In this study a simple
model of the electrokinetic flow through heterogeneous slit channels
has been developed with the goal of comparing the streaming poten-
tial and streaming current techniques and determining under what
conditions the aforementioned proportionality assumption will pro-
duce erroneous results. The flow simulations have shown that, when
the streaming potential induces significant flow impedance, a severe
deviation from the linear assumption is observed. Since streaming
current measurements are unaffected by electrokinetic flow effects,
more consistent results are predicted and they are preferred for
measurements made in small channels. Additionally it has been
shown that the distribution of the heterogeneous coverage has a
negligible effect on both the streaming potential and the stream-
ing current in cases where the double-layer overlap is not signifi-
cant.  © 2001 Academic Press

Key Words: heterogeneous surfaces; streaming potential; stream-
ing current; electrokinetic flow; microchannel.

1. INTRODUCTION

in the zeta potentialA¢, through a linear relation,
I' = FA¢, [1]

whereF is a proportionality constant. The value Bfis de-
termined through knowledge of thepotentials of the homo-
geneous surface and the surface with some known degree
heterogeneity. In the case of protein adsorption, for exampl
the observed maximum or minimum in zeta potential was a
sumed to correspond to maximum interfacial protein concel
tration, which could be measured directly through some oth
technique like ellipsometry (5).

In all of the above studies, the proteins were mixed in a st
lution that was then forced to flow through either a slit mi-
crochannel or a capillary tube. As the proteins were adsorbed
the surface A¢ was deduced from the change in the measure
streaming potentiaF, using the Smoluchowski equation. Since
this equation predicts a linear relation betwdgrand A¢, this
proportionality can be added to that shown above to determi
the working form of Eq. [1],

I' = RRAE;, [2a]

whereR; is a new proportionality constant.
Though not yet applied to study heterogeneous surfaces

Electrokinetic means are a popular method of surface Chﬂ[]mber of recent papers (8, 9) have described the streami

tahct?r||zat;onk_fort_b|or;]1ed|cal polymekr)s @, i)' Itis W?rl: lfjno;'m:urrenttechnique as an alternative method of electrokinetic ch:
at electroinelic phenomena can be used as a method o MEda i, ation. The two techniques are illustrated in Fig. 1. In th

suring the qegree of surface heterogenelty, for example, dues{Peaming current technigue the microchannel is short-circuite
the adsorption of surface active substances (3). More recen,m/

. ) erefore eliminatingss, and the streaming currert, is mea-
pioneering works by Norde and (_:o-worker_s (4, 5) z_;md othe tred directly. Since changesiinshould also be proportional to
(6, 7) have shown that the streaming potential technique can

Hactive tool for the study of protein ad i ‘ | ?,arelation similar to Eq. [2a] can be developed for streamin
an effective tool for the study of protein adsorption onto polymel, e nt measurements,

materials, which is a key process with regard to the biocompat-
bility of medical devices.
When substances such as the aforementioned proteins are ad-

sorbed onto a surface, the average electrokinetic propertiesubfereR; is a proportionality constant, different froRy.

the surface change. Norde and Rouwnthal (4) proposed that th&ach technique has its analytic and experimental adva

degree of surface heterogeneitycould be related to the changetages and disadvantages. Generdllyis on the order of 10—
100 mV/kPa pressure drop along the channel and as such
relatively easy to measure. In recent studies (10-12), howev

1To whom correspondence should be addressed. E-mail: dii@mie.utororitoNas been shown that the .presenceEQt:an have significar_lt
ca. effects on the velocity profile and the volume flow rate (i.e.

I = RAlq, [2Db]
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Pressure nels (15), the analysis was reduced to the 1-D case, since t
Transducer height to width ratio was much less than one (H4M). How-
ever here the existence of a changing surface potential along 1

:L = rL —> x axis prohibits this simplification, and thus, a 2-D model mus

be used.
| | LU channel BN The steady-state, laminar flow of fluids with constant viscosit
77777777777 and density through microchannels is described by the Navie
= (N Z7/////LLSSS « S Stokes equation for momentum,
pUVU = —VP + uV2Ui+F, [3a]
Electrodes
A A~ whereu is the velocity vectorp is the fluid densityP is the

the kinetic energy terms on the left-hand side of Eq. [3a] can k
neglected, as well as any additional components of velocity i

-/ AWM relative pressure, andl represents any additional body forces
L@J applied to the fluid continua. For fully developed laminar flow,

L B I thexandy directions. Under these conditions Eq. [3a] is reduce
A &/ 0
FIG. 1. Typical streaming potential and streaming current apparatus V2, — % _F [3b]
(A open, B closed= streaming current measurement; A closed, B open ® 2= 9z 2

streaming potential measurement).

If the gravity effect is negligible, the only significant body
the electroviscous effect). This fact was not considered in tf@rce isthat caused by the streaming potential, which is describ
derivation of Eq. [2a]. The streaming current method avoids thiy
difficulty, but the current can be on the order of 1 nA/kPa pres-
sure drop (8), making an accurate measurement more difficult. F_F— a_Es (x.y) [4]

In this paper the effectiveness of the streaming potential and TR a2 pelX. ),
streaming current techniques for determining the degree of sur-
face heterogeneity will be examined theoretically. By usingvgherea Es/0dzis the instantaneous rate of change of the strean
numerical solution to the modified Navier—Stokes equation, tHd potential along the(flow) axis andoe is the local net charge
sensitivity and accuracy of the two methods will be investigate@€nsity per unit volume. The problem becomes well defined b
as well as the effects of the channel height, the distribution ®#ibjecting the above equations to the no slip boundary conc
the heterogeneity, the magnitudeof, and the electrolyte con- tion. As alluded to earlier, a consequence of streaming curre
centration. Furthermore this study will investigate under whigchnique is thaks is eliminated due to the short-circuiting of
conditions the linear relations, assumed in Egs. [2], fail to be

accurate. c=r =t

2. FLOW THROUGH INHOMOGENEOUS SLIT '
MICROCHANNELS

As mentioned above, the objective of this paper is to examir
qualitatively the sensitivity of the streaming potential and the
streaming current to the degree of surface heterogeneity. The
fore, to simplify the mathematical analysis, we consider a sl
microchannel with strip-wise heterogeneity parallel to the flov
axis for both symmetric and nonsymmetric distributions, as il
lustrated in Fig. 2. The flow model will be developed in such &
manner that the zeta potential,can vary arbitrarily along the
channel cross section. Unlike previous models (13) this pap
will concentrate on the electrokinetic flow effects rather than th - i
impedance due to the shape of the adsorbed patrticle. w

As most streaming potential and streaming current measures\s Symmetric and nonsymmetric heterogeneous distributions alon

ments are made using a slit microchannel setup (14), this geQknnel cross-section. Thexis is out of the page, corresponding to the pressur
etry was selected here. In previous analysis of such slit chaifiven flow direction.

Channel
Walls
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the two ends of the channel. Thus for this c&e= 0, and over the cross section of the channel as:
Eq. [3b] is reduced to a form to which an exact analytical solu-
tion is available using a separation of variables technique. y=H x=w

o= / / pe(X. Y)Us(x. y) dx dy. [8]

2.1. Electrical Double-Layer (EDL) Field Y20 X=0

According to the theory of electrostatics, the relationship ble:- . _ d directlv. |
tween the net local charge density per unit volumg,and the or streaming current measuremelyis measured directly. In

local electrostatic potential of the EDI, is given by the streaming potential technique the presendésofiduces a
conduction current opposite the direction of the flow, defined b

?y %y Pe
Vi = —— e 5 dE
v X2 + 8y2 £&g [5] le = )»oAca—ZS’ )

where is the dielectric constant of the fluid anglis the permit-  whereA, is the effective cross-sectional area of the channel ar
tivity of a vacuum. Assuming that the equilibrium Boltzmann, ; s the bulk conductivity of the channel. The conduction cur
distribution is applicable, it can be shown (12) thais related rent in turn will generate a liquid flow in the opposite direction

toy by the equation of the pressure-driven flow. Consequently, the net flow rate |
the pressure-driven direction is reduced. This is the well-know

pe(X, y) = —2ze€n, sinh< Zeey (X, Y)>, [6] electroviscous effect (10-12). Wh%rvr_lC =0 (i.e., no net cur-
kp T rentthrough the channel), the systemis said to be ata steady si

. . _ _ and itis through this equivalence that the steady-state stream
where z is the valence of the ions in the electrolytic solupotential is determined,

tion, e is the change of an electron, is the ionic concen-

tration, k, is the Boltzmann constant, arilis the absolute y=H x=W
temperature. By defining the Deybe—Huckel parametefas ~ 9Es _ Es _ 1 / / Uz(X, Y)pe(x, y)dx dy, [10]
222€n,/ec0kp T, the hydraulic diameter aB, = 2HWI(H + iz L doAc

W), and introducing the following nondimensional parameters y=0 x=0

V" = Zeey/koT, k* = kD, andx* = X/Dn, y* = y/Dn, the \ naral is the length of the channel.

nondimensional E[?L profile can be described by combining By introducing the following dimensionless groups: =
Egs. [5] and [6] to yield EshoAc/2zUeln,D2, u: = u,/U, whereU is a velocity scal-
ing factor on the order of the maximum flow velocity, and

2,1.% 2.1.%
9 wz 9 lﬁz — K*Zsinhxp*, [7a] z* = z/L, wherez is the co-ordinate variable in the direction
ax* ay* of the pressure driven flow, Eq. [10] can be nondimensionalize
_ . _ ., . tothe form:
which is subject to the following Dirichlet boundary conditions
at the shear plane, SE* y*=H /D X*=W/ Dy,
—: = uzsinhy* dx* dy*. [11]
Yr(X, Yyt =0) = g(xY) 0z

y*=0 x*=0

Yr(XT =0,¥") = ¢ (y") . _ _
o . . Defining nondimensional pressure s = P/P,, whereP,
Y (X" = W/Dn, y°) = (Y9, is the entrance pressure, and recognizingaiidt/9z* = —1 if

) _ _ alinear pressure drop is assumed, the nondimensional vers
wheregy, &*, ¢, and¢;" are the nondimensional zeta-potentialgs g, [3b] is developed as

for the bottom, top, left, and right surfaces, respectively, de-
fined by¢* = zee: /kyT. For the slit geometry, whetd < W, 2ur 2
the actual value of* on the left and right boundary is for all I +
practical purposes irrelevant to the final solution; however, they

are mathematically required to ensure that the problem is Wﬁ)l"nere the nondimensional grou@ and G, are defined as
defined. G1 = D2Ps/uUL andG; = 4(zee D2no)2/ o Ac. Of note here
is that a linear pressure drop implies that the velocity profile i
quasi-constant at each point in théirection. As a result this

The streaming current can be found by integrating the produnbdel assumes that the heterogeneous strips have a cons
of the net charge density and theomponent of the velocity width along the flow axis.

[7b] 2.3. Velocity Profile

=
——= = -G + Gy—=sinh (), 12
Jys =Gt Co @), (12

2.2. Streaming Potential and Streaming Current
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2.4. Numerical Technique and Solution Scheme a

Equations [7a] and [12] are nonlinear partial differential eque
tions, which must be solved numerically. In both cases a finit
difference scheme using a divided difference polynomial, whic g ogs.
allowed for variable grid spacing, was developed to discretizs
the equations. The variable spacing was then used to tighten: i

0.01

A

\
T4 \
s‘\‘m\\\ m\\\-“g\\\\\\

\

e “

R R ‘\\‘“{{“““‘\:\"m\“‘ i,
the grid spacing in the region nearest the channel wall, whes o004 R ;‘:‘t{%{““at\m\{‘“‘g““{\;‘:‘:{‘,{‘\““““““m“ “‘\‘“
EDL effects are most significant. The resulting set of algebra” — ‘\‘\‘*“{\{\““n‘\‘“‘:{{“ﬁ iR ‘}mm‘m Ny ‘\‘;ﬂ ““m\m:\“

. . , : \
equations was then solved using Newton’s method. TR b m\“ :
. . o . . . 1 T “\\
While solvmg.forthelEDL prqflle_lnthls.mannerls stra|gh.tfor— P | I \&x‘s\;:{{.uﬂg\\\& “}‘}S“‘t‘&““\‘:‘\“‘\‘““{?}}}“\{}"‘mm\\;{}{\\ __
ward, the velocity profile solution is significantly more difficult il ““““ ‘“\‘t‘“{‘{“‘\m\{\“&\&}\\\ mm L.
because Eq. [12] must be coupled to the streaming potent S ‘| “““\\\‘\‘3\‘\\:\{‘\‘\‘\ e
relation Eq. [11]. As a result an iterative scheme was used 1 '

2000
successively update the valuead}/dz* in Eq. [12] with that
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FIG.4. (a)Steady-state, fully developed, velocity profile in a slitmicrochan-
nel with 50% heterogeneous strip surface covergge< —0.2 V and¢p =
—0.08 V,n, = 10~% M KClI). (b) Close up of the velocity transition zone be-
tween a strip of the solid surface and a heterogeneous strip.
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calculated from Eg. [11], by using the previous velocity profile
For the streaming current analysis this step is not required sin
dEZ/dz* = 0. In cases where the streaming potential signifi
cantly affects the velocity profile, a relaxation factor less than
was applied to the updated valag&;/9z*.

Figures 3 and 4 show the EDL and velocity profiles in a sli
microchannel for a surface ¢f§ = —0.2V with a 50% symmet-
ric heterogeneous coverage with= —0.08V. In Fig. 3a it is

'””llil;fll ‘lm [
gl ifla ‘I m’ﬂll
T T
5""""’5"5’1 7 ,l,y;’,"#’%”ﬂ%%f
“. lll,”'l'll;?, .

o
]

‘fl‘
7 ’6
? l

i}
[}
a1
i

Electrostatic Potential V]

2480

2510

FIG. 3.

520 Height [microns]
Width [microns]

(a) Cross-sectional view of the EDL field in a slit microchan-

apparent that the heterogeneities have a sharp effect on the E
profile and there is no gradual transition from one region to ar
other as might be expected. This is confirmed in Fig. 3b, whic
shows a close-up view of the transition zone between the tw

heterogeneous regions.

Figure 4a shows that indeed the surface inhomogeneity c:
have a dramatic effect on the velocity profile along the length ¢

nel with 50% heterogeneous strip surface covergge< —0.2 V and¢p =
—0.08 V,n, = 108 M KCI). (b) Close-up view of the EDL transition zone
between a strip of the solid surface of a heterogeneous strip.
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the channel. While this figure seems to suggest that the veloca 1.00 &<
profile also experiences sharp changes along thes, a close- 4.
up look in Fig. 4b shows the transition to be quite gradual over

large region, greater than 20 times the half height of the chann %0
By comparing Figs. 3a and 4a, it can be noted thatinthe regio g5 |
of high ¢-potential, the local velocity is lower than that in the

low ¢ -potential regions. At a given distance from the wall(x, . >® $
y) is of greater magnitude in the regions of higkpotential. 075 _
As such the electrokinetic body force is greater, resulting in 020 Micran 3
more significant impact on the velocity profile than in the lowe %7 & 10Micron —
¢-potential regions. 065 O 5 Micron
= Linear Assumption —
0.60 = : ==
3. RESULTS AND DISCUSSION 0 10 20 30 40 50

% Heterogeneous Coverage

By using the above algorithm, the dependence of the streapioo
ing potential, streaming current, and volume flow rate on tt
degree of heterogeneity has been investigated. The first sec
will consider how the degree of heterogeneity will affect thes ¢4
quantities and under what conditions the channel height and ¢
tribution of the inhomogeneity cause significant deviation fror
the linear relation described by Egs. [2]. In the second part t$qg |
effect of theA¢ will be investigated. Finally the third section™
will consider the effects of the bulk ionic concentration.

0.95

085 |

0.75
O 20 Micron

0.70 | A 10 Micron

3.1. Effect of Surface Coverage _
0.85 O 5§ Micron

Figures 5a, 5b, and 5¢ compare the changes in streaming — Linear Assumption ke
tential, streaming current, and volume flow rate with the degrc °&° ; = e = = =
of heterogeneity for channel heights ranging from 20 tord % Heterogeneous Coverage
in height. In Figs. 5a and 5b the results have been scaled by the =~ _ _ -
value predicted for a homogenous channel, whe@gad-ig. 5¢ S 5 5 = = —4

is scaled by the ideal Poiseuille volume flow rate (i.e., withoi %% e ek )

electroviscous effects). To determine when the location of t 098 p——5
heterogeneity becomes important, simulations have been ¢ g7

ducted for both a symmetric (dashed line) and a nonsymmet .. i
distribution (solid line). In each case the homogenous surfe ; -

of ¢ = —0.2V(¢,) and heterogeneity of = —0.08V(¢,) ina &S = s
streaming solution of 1@ M KCl were considered. 084 @,//’3/

From Fig. 5a it is apparent that in the smaller channels t o |
streaming potential deviates significantly from the linear pr ¢
diction. The explanation for this can be deduced from Fig. 5 | &M
which indicates that there is significant flow impedance in tt | 05 Micron -
smaller channels due to the presence of the streaming poten *** ~— - - o L
Referring back to Eq. [10], it is apparent thamifis constant, as % Heterogeneous Coverage
is the case for the larger channdts should change proportion-

a”y with pe. In smaller channels, however, the decreaﬁgg FIG: 5. Effect of Fhe degree of surface heterogeneity on the (a) streamir

. . . . . . potential, (b) streaming current, and (c) volume flow rdte £ —0.2 V and
with pe is partially offset with an increase . As a result the th = —0.08 Vinp = 10-° M KCI).
change in streaming potential wikhis less significant than it is
predicted from Eq. [2a]. In other words, if such a linear relation
were assumed, the percentage heterogeneous coverage wowathed be expected that the scaled streaming current should
significantly underestimated. Also from Fig. 5a, the streamingearly linear in all cases. As can be seen from Fig. 5b, the curv
potential technique is less sensitive for smaller channels, in tfiat all channels never deviate more than 1 or 2% from the lir
AEg for a givenAT becomes smaller &4 decreases. ear relation, confirming this hypothesis and suggesting that tf

Since the streaming current measurements are unaffecteddshnique is favorable for determinirig especially in small
electrokinetically caused flow impedance (i®/Q, = 1), it channels. Additionally the results of the calculations, as can

020 Micron
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3.2. Effect ofA¢

Figures 6a, 6b, and 6¢ consider the effects of the magnitude
the¢-potential of the heterogeneity on the quantities of interes
As before a streaming solution of 1M KCI and a surface
of ¢-potential of—0.2 V were used. They, was varied from

a1.00 e

| O 20 Micron S B

vy 0.95 -
0.70 1 A 10 Micron i
= Linear Assumption I
G&0 ‘ 0.85
0.20 0.8 -0.18 -0.14 012 010 008 8
w080 -
Heterogeneous C-Potential [V] w
075 -
b 100 ®
0.70 & fi
Gk o 10*MKCl
O 10" M KCI
0.90
—Linear Assumption —
0.60
0.85 0 10 20 30 40 50
2 % Heterogeneous Coverage
=0.80
- |
| 1.00
0.75 bios
‘ O 20 Micron 095 1
0.70 | A 10 Micron |
1 |
065 | © 5Micron 0:90:1
—Linear Assumption 0.85 4
0.60 - :
-0.20 -0.18 -0.16 014 012 -0.10 a8 g
Heterogeneous &-Potential [V] =7
100 ) 0.75
c1o - = & e g ~
iy B =
0.99 e p— 0704 & 10®MKCl
o T R o 10*MKal
087 —Linear Assumption ——— —
| __soseses 0.60 -
096 | e g 0 10 20 30 40 50
-] | e
does T % Heterogeneous Coverage
groE e
oo4 |l —~& C100 & e & T - S——" i
e — £F
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0_91 05 Mtcron e b 09? P,
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FIG. 6. Effect of the magnitude of the heterogeneous surfapetential
on the (a) streaming potential, (b) streaming current, and (c) volume flow r: 993
(constant 50% strip-wise heterogeneous covergges —0.2 V,no = 1075 M 092 | o 10°MKel
' A 10°MKCI .
. . . . . 090
seen in Figs. 5a and 5c, revealed that the distribution of t 0 10 20 30 40 50
heterogeneous coverage had a negligible effect on all of the ... % Heterogeneaus Coverage

rameters of interest. This suggests that, when no double Iayq!IG. 7. Effectof bulk ionic concentration in a Bm channel with a varying

overlap i_S present, the location of the inhomOQen?ity iS INCORagree of heterogeneous coverage on the (a) streaming potential, (b) strean
sequential and only the percentage of heterogeneity matterscurrent, and (c) volume flow rate{ = —0.2 V and¢, = —0.08 V).
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—0.2t0—0.08 V at a constant 50% heterogeneous coverage inThe results have shown that, when the presence of the stree
channels ranging in height from 5 to 20n. ing potential causes significant flow impedance, a severe de
Analogous to the previous section, the simulation predicagion from the linear assumption is observed and large errc
a linear change irfes with ¢ only for the larger channels. Asare induced. In general this will lead to an overestimation c
the channel height is decreasds}, begins to deviate signifi- the degree of heterogeneity. Since there is no electrokinetic flc
cantly from the linear assumption due to the significance of tirapedance associated with the streaming current measureme
flow impedance shown in Fig. 6¢. As a resultAit is known, the model predicts thdt does not deviate significantly from
Eq. [2a] will underestimate the value Bffor small channels. As the linear assumption. As such the streaming current methi
in the previous case the streaming current measurements siopwreferred, especially when measurements are to be made
a perfectly linear relationship with changigg for all channel small channels with a streaming solution of low ionic concen

heights. tration. In all cases results were nearly identical for symmetri
_ _ and nonsymmetric heterogeneous patterns, suggesting that
3.3. Effect of Bulk lonic Concentration distribution of the surface heterogeneity has very little effect o

Figures 7a, 7b, and 7c demonstrate the effects of bulk iorfttherEs Or Is in cases where no double-layer overlap occurs.
concentration of the streaming solution on the quantities of in-
terest. Four aqueous KCI solutions were examined, varying in

i 3
concentration from 1€ to 10~ M. Results are presented for a The authors thank the Natural Sciences and Engineering Research Fund

5-um channel with a surfacg-potential of—0.2 V. and & n of  financial support through a scholarship to David Erickson and through a resea
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