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Zeta-potential measurement using the Smoluchowski equation
and the slope of the current–time relationship in electroosmotic flo
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Abstract

Theζ -potential of a solid–liquid interface is an important surface characterization quantity for applications ranging from the deve
of biomedical polymers to the design of microfluidic devices. This study presents a novel experimental technique to measure theζ -potentials
of flat surfaces. This method combines the Smoluchowski equation with the measured slope of current–time relationship in elec
flow. This method is simple and accurate in comparison with the traditional streaming potential and electrophoresis techniques.
method theζ -potentials of glass and poly(dimethylsiloxane) (PDMS) coated surfaces in KCl and LaCl3 aqueous solutions were measur
using several flow channels ranging from 200 to 300 µm in height. Theζ -potential was found to vary from−88 to−66 mV for glass surface
and−110 to−68 mV for PDMS surfaces depending on the electrolyte and the ionic concentration. The measured values of theζ -potential
are found to be independent of the channel size and the applied driving voltage and generally are repeatable within±6%.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

When a solid surface is in contact with an aque
solution, the formation of an interfacial charge cause
rearrangement of the local free ions in the solution
produce a thin region of nonzero net charge density
the interface. The arrangement of the charges at the s
liquid interface and the balancing counterions in the liq
is usually referred to as the electrical double layer (ED
There is a thin layer of counterions immediately next
the charged solid surface, called the compact layer.
counterions in the compact layer are immobile due
the strong electrostatic attraction. Counterions outside
compact layer are mobile. This part of the EDL is cal
the diffuse layer. The zeta (ζ ) potential is the electrostat
potential at the boundary dividing the compact layer and
diffuse layer. The zeta potential is an important param
for a number of applications including characterizat
of biomedical polymers [1,2], electrokinetic transport
particles [3,4] or blood cells [5], membrane efficiency [6,
and microfluidics [8–10]. The understanding of the disti
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colloidal and interfacial phenomena associated with th
applications requires the knowledge of theζ -potential.

The importance of theζ -potential to so many application
in science and engineering has lead to the developme
a number of techniques for measuring this quantity, ba
on one of the three electrokinetic effects: electrophore
electroosmosis, and the streaming potential [11]. In the e
trophoresis method [11–13], theζ -potential is determine
by placing fine particles in an electric field and measur
their mobility, υE, using a suitable microscopic techniqu
The mobility is then related to theζ -potential at the inter
face using the Smoluchowski equation [14],

(1)υE = 4πε0εr
ζ

6πµ
(1+ κr),

where ε0 and εr are the relative dielectric constant a
the electrical permittivity of a vacuum respectively,µ is
the solution viscosity,r is the particle radius andκ =
(2n0z

2e2/εrε0kBT )1/2 is the Debye–Hückel parameter,n0

is the bulk ionic concentration,z is the valence of the ion,e
is the charge of an electron,kB is the Boltzmann constan
andT is the absolute temperature. This technique has b
applied to characterize flat surfaces by initially grind
then into fine particles; for example, see Sanders et al.
eserved.
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However, it is unclear if the surface electrostatic proper
of these particles are equivalent to the precrushed surfa

The streaming potential technique has been extens
applied to flat polymer and glass surfaces to study so
liquid interface electrical properties [16–19] in a para
plate microchannel. In this technique the downstream c
vection of ions via pressure driven flow induces a stream
potential which, for steady incompressible and laminar fl
can be related to theζ -potential via

(2)
Es

�P
= εrε0ζ

µ

1

(λb + 2λs/h)
,

whereEs is the streaming potential,�P is the pressure dif
ference,h is the channel height,λb is the bulk conductivity,
andλs is the surface conductivity (a more detailed theor
cal model of the streaming potential was described rece
by Erickson et al. [20]). While this technique is inheren
suitable for flat surfaces, accurately measuring the stre
ing potential may not be simple in practice. Additional
both ζ andλs must be determined, which requires a ser
of measurements ofEs and�P at several different channe
heights [20].

Most lab-on-a-chip devices use electroosmotic flow
transport solutions in microchannels. The electroosm
flow in these applications may be uniquely influenced
such effects as joule heating or electrophoretically indu
double-layer rearrangement (particularly important wh
heterogeneous surfaces are considered [21]) which ma
turn, influence theζ -potential. Therefore, it is highly de
sirable to measure theζ -potential under the electroosmot
flow condition. In this paper a new method is proposed
measuring theζ -potential of flat solid surfaces by combi
ing the Smoluchowski equation with the measured slop
current–time relationship in electroosmotic flow. It is ob
ous that the measurement of the total electrical curren
electroosmotic flow is relatively simple and easy in co
parison with the measurements in the electrophoresis
streaming potential methods. Because this approach
electroosmotic flow, as opposed to pressure-driven flow
the streaming potential case, it is more representative o
true operating conditions of a microfluidic device. This a
proach also allows the use of flat surfaces, which are m
flexible than capillary tubes in terms of surface treatm
(for example microcontact printing) [22]. In the followin
sections the proposed technique and apparatus are des
in detail. This technique is used to measure theζ -potential of
glass- and poly(dimethylsiloxane) (PDMS)-coated surfa
in several aqueous solutions.

2. Electroosmotic flow—current monitoring technique

The theory of electroosmosis was first set out in
present form by von Smoluchowski. When an electri
field is applied tangentially to a solid–liquid interface,
electrical body force is exerted on the excess counterion
s

d

Fig. 1. Schematic of a parallel-plate microchannel.

the diffuse layer of the EDL. The ions will move under t
influence of this applied electrical field, pulling the liqu
with them and resulting in an electroosmotic flow. Consi
an electroosmotic flow of an aqueous solution in a para
plate microchannel, as shown in Fig. 1. Generally m
electroosmotic flows, owing to the inherently low Reyno
number, reach a steady state very quickly and the entr
length tends to be extremely short. For the case exam
here the time to reach a steady state is on the order of 1
and the entrance length is approximately 10 µm. In addi
the slit channel geometry, where the width is much lar
than the height,w � a (see Fig. 1), minimizes the edg
effects and makes the velocity profile essentially unifo
along thex-axis. As such the flow could be assumed
steady, one-dimensional, and fully developed. Ifκa is large
(e.g., thin double layer or large channel height), it can
shown from the Smoluchowski equation that the aver
electroosmotic flow velocity is given by

(3)vav = εrε0ζ

µ
Ez,

whereEz is the applied electric field strength. The av
age velocity of an electroosmotic flow can be determi
by monitoring the change in the electric current as one e
trolyte solution replaces a slightly less concentrated one
vice versa) in a capillary [22,23]. An experimental set-
used for such a measurement is shown in Fig. 2a. Bri
reservoir 2 is filled with an electrolyte solution at a desi
concentration while reservoir 1 and the capillary tube
filled with the electrolyte solution at a concentration of 95
of that in reservoir 2. After placing the ends of the cap
lary tube in reservoirs 1 and 2, a high-voltage electric fi
is applied to induce an electroosmotic flow through the c
illary tube. During the electroosmosis, the higher concen
tion electrolyte solution from reservoir 2 migrates into t
capillary tube, displacing an equal volume of lower conc
tration electrolyte solution. As a consequence, the tota
sistance of the liquid in the capillary tube changes and
current increases, as is shown in Fig. 2b [24]. Once the lo
concentration solution in the tube is completely replaced
the higher concentration solution from reservoir 2, the c
rent will reach a constant maximum value. The time for
current to reach the plateau value is the time required to c
plete the filling of the capillary tube via the electroosmo
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(b)

Fig. 2. (a) Schematic of the experimental setup used to measure the c
variation and the complete displacement time for a two-concentra
system during electroosmosis. (b) typical result of current vs time.

flow and thus can be related to the average velocity via

(4)vav = L

�t
,

where, as before,L is the total length of the channel.vav can
then be related to theζ -potential via Eq. (3).

The current monitoring technique offers a simple met
for measuring theζ -potential under conditions similar t
those encountered in microfluidic transport applicatio
However, a major problem associated with this techni
is the difficulty of determining the exact time requir
for one solution to completely displace the other, due
small current fluctuations and the gradual transitions at
beginning and end of the replacement process, as can be
in Fig. 2b.

To avoid the above-mentioned problem, a new met
was introduced [22] to evaluate the average electroosm
velocity in a microchannel by using the slope of the curre
time relationship. It was observed that, despite the cu
beginning and ending sections, the measured current–
relationship is linear if the concentration difference is sm
In other words, only the middle section of the current–ti
relationship is needed to calculate the constant slope.
a more accurate estimate of the average velocity coul
obtained from the slope of this relationship. The slope
t

n

this current–time relationship is given by

(5)slope= �I

�t
,

where�I and�t are the changes in current and time o
the linear range. In electroosmotic flow, the total curr
consists of three components: the bulk conductivity curr
Icond, bulk, the surface conduction current,Icond, surf, and the
convection current,Iconv. Generally, the convection curre
can be neglected when the total current is determined, s
it is several orders of magnitude smaller than the other
current components. Then, under an applied electrical fi
Ez, the total current can be shown as

(6)Itotal = Icond, bulk + Icond, surf = λbAcrossEz + λsLEz.

Substituting Eq. (6) for the difference of the current (No
�λs = 0), Eq. (5) can be rewritten as

slope= �(EzAcrossλb)

�t
= �(EzAcrossλb)

�t

L

L

(7)= vav
EzAcross(λb2 − λb1)

L
,

where (λb2 − λb1) is the difference in bulk conductivity be
tween the high-concentration solution and the low conc
tration solution. Rearranging Eq. (7) yields

(8)vav = slope· L
EzAcross(λb2 − λb1)

.

The above expression shows that the average electroos
flow velocity can be determined by measuring the sl
of the current–time relationship. By using the slope of
current–time relationship, the difficulty in determining t
exact beginning and end of the displacement process i
current monitoring method can be avoided. Once the ave
velocity is determined, one can use thevav value and Eq. (3
to determine theζ -potential. In other words, combinin
Eq. (8) and Eq. (3) gives

(9)ζ = µ · slope· L
εrε0E2

zAcross(λb2 − λb1)
.

In the following section, an experimental set-up to m
sure the slope of the current–time relationship in the e
troosmotic flow to determine theζ -potentials of flat solid
surfaces will be described.

3. Methods and materials

3.1. Experimental apparatus

The new experimental apparatus consists of three m
parts: a microchannel cell (Fig. 3a), a liquid handling sys
(Fig. 3b), and an electroosmotic flow monitoring syst
(Fig. 3c). The microchannel cell itself consists primar
of a parallel-plate microchannel confined between an i
reservoir block and an outlet reservoir block. The para
plate microchannel is formed by two flat sample surfa
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Fig. 3. Schematics of (a) the microchannel cell (cross-section), (b)
experimental setup used for liquid handing, and (c) the electroosmotic
measuring system.

(15.5 × 37 mm). A positioning clamp is placed to kee
the surfaces parallel and to limit their deflection wh
exposed to pressure (during the flushing step, explaine
Section 3.4). The two equal-sized reservoirs form the i
and the outlet to the microchannel.

The parallel-plate microchannels were made using
identical test surfaces separated by two thin plastic sh
(Small Parts, Inc., Florida), which formed the chan
sidewalls. The shims were placed along the lateral edge
the cleaned surfaces and fixed by applying a small am
of epoxy (Devcon, USA), leaving a flow passage 3.5 m
wide. Once formed the channel was allowed to dry at ro
temperature air for 16 h. After that, the width and the len
of the microchannel were measured using a precision g
(Model CD-6′′B, Mitutoyo Co., Japan) with an accura
of ±1 µm. Finally, the microchannel was mounted in
supporting blocks, as illustrated in Fig. 3a, to form t
microchannel cell. A positioning clamp was then used
maintain the channel position.

As it is the most sensitive dimension in terms of introd
ing systematic error into the experimental results, the ch
nel height was measured by two independent technique
f

-

rect digital imaging analysis and volume flow rate calib
tion. Using a microscope and video camera system (Mo
4815-5000, Cohu; Wild Heerbrugg M7-5, Switzerland) w
a 40× objective the channel height and parallel could
measured to an accuracy of±0.8 µm prior to being placed
in the experimental system. The channel heights use
this study range from 200 to 300 µm. The height meas
ments at the channel inlet and outlet was found to be c
sistent within±2%. Once placed in the experimental sy
tem the channel height was also calibrated by using p
sure driven flow of a highly concentrated electrolyte so
tion (e.g., 10−2 M) to minimize any electrical double laye
effects. For a steady fully developed laminar flow, the ch
nel heighth can be related the measured pressure drop,�P ,
and volume flow rate,Q, via

(10)�P = Q

h3

12µL

w
.

The pressure drop was measured using a differential pre
transducer (Validyne, Model CD23, Engineering Co., C
USA) and volume flow rate through mass accumulation
the channel exit by using an electronic balance (Met
Instrument AG, Model BB240) with an accuracy of 1 m
The accuracy of the flow rate measurement was estimat
be±2%. The discrepancy between the results of the cha
height from the above two measuring methods was fo
to be within 2%, suggesting that an accurate estimate o
true channel height had been obtained.

A liquid handling system has been designed (Fig.
to clean the system after each run and introduce
solutions. Prior to the experiment, pure water is pum
from a solution reservoir to the flow loop and thou
the microchannel for at least half an hour by a hig
precision pump (Masterflex, Model 7550-60, Barnant C
IL), which has a flow rate range of 0.6 to 2900 ml/min.
Then the flushing process was repeated using the
solution until the electrical conductivity of the test soluti
exiting the microchannel reaches and remains at the stan
value for the specific electrolyte solution at the giv
concentration. The bulk electrical conductivity is measu
using a conductivity sensor (Model Inpro 7001/120, Met
Toledo Process Analytical Inc., MA), which is connect
to a conductivity/resistivity transmitter (CR7300, Mettl
Toledo Process Analytical Inc., MA).

The electroosmotic flow monitoring system, shown
Fig. 3c, consists primarily of the measuring cell with ele
trodes, a high-voltage power source (CZE 1000R, Spell
High Voltage Electronics Co., NY), and a PGA-DAS 08 da
acquisition card (OMEGA Engineering, Quebec, Cana
During the experiments, the high-voltage power source
used to apply a potential difference between the two re
voirs via platinum electrodes. The output voltage and cur
were recorded on a personal computer, via the data acq
tion card, using an output signal at 0–10 V from the pow
supply.
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3.2. Surface preparation

Glass surfaces were prepared from microscope sl
which had been cut and carefully polished to a dimens
of 15.5 by 37 mm, with an accuracy of±0.5 mm. The
glass plates were soaked in acetone (Caledon Labora
Ltd., ON, Canada) for 12 h and then vigorously wash
with acetone several times. After that, the surfaces w
submerged in deionized ultrafiltered water (DIUF) (Fis
Scientific, Canada) for 12 h. The surfaces were then d
under a heat lamp before use.

Many microfluidic devices reported in the literatu
have been fabricated in glass; for example, see Woolle
al. [25]. Recently, however, polymeric material has b
explored as an alternative for the fabrication of microflui

(a)

(b)

(c)

Fig. 4. Current vs time for 10−4 M KCl solution in a glass channel o
217 µm under an applied voltage of (a) 400 V, (b) 600 V, and (c) 80
over the 37-mm length of the channel.
,

s

systems, in particular poly(dimethylsiloxane) (PDMS) [2
27]. PDMS is a bulk polymer consisting of repeated un
of –OSi(CH3)2O– and was first introduced for microfluid
devices by Kumar and Whitesides [28] in 1993. Since t
it has become a popular material for building microflui
devices for a number of reasons: (i) it is much less expen
than glass and not as fragile as glass; (ii) channels ca
formed by molding or embossing rather than etching;
it is optically transparent down to 280 nm, so it can
used for a number of detection schemes; (iv) it cures at
temperatures; (v) it can be sealed reversibly to itself an
range of other materials, such as glass, by making molec
contact with the surface; and (vi) it is nontoxic—mammal
cells can be cultured directly on it [29,30].

(a)

(b)

(c)

Fig. 5. Current vs time for 10−3 M KCl solution in a glass channel o
217 µm under an applied voltage of (a) 400 V, (b) 600 V, and (c) 80
over the 37-mm length of the channel.
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Fig. 6.ζ -potential vs applied voltage and channel height for glass surfaces in (a) 10−4 M KCl, (b) 10−3 M KCl, (c) 10−4 M LaCl3, and (d) 10−3 M LaCl3
aqueous solutions.
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For the PDMS-coated glass surfaces, each glass plate
fixed to a glass dish lined with parchment paper. PD
base and curing agent (Sylgard 184, Dow Corning, Midla
MI, USA) were thoroughly mixed in a ratio of 10:1 and
then poured onto the cleaned surfaces. The PDMS was
degassed at room temperature for 1 h to permit the rem
of air bubbles. The glass dishes were then put in an o
at 65◦C for 30 min. After cooling, the PDMS-coated gla
surfaces were removed from the dishes and cleaned
acetone and DIUF water.

3.3. Solution preparation

Aqueous KCl and aqueous LaCl3 solutions were cho
sen for these experiments for two reasons. First, the e
trokinetic characteristics of these solutions in contact w
various solid surfaces have been well studied by sev
researchers using a variety of other techniques [14,
s

l

allowing a direct comparison with the results obtained h
Second, the effect of the valence and the symmetry of
ions on the flow characteristics in a microchannel could
examined, since the KCl solution has symmetrical 1:1 ions
(the valence is 1), while the LaCl3 has an unsymmetrical io
distribution, and the valence of the La+ ion is 3.

The electrolyte solutions were prepared by dissolv
KCl (Bioshop Canada Inc., ON, Canada) or LaCl3·H2O
(Fisher Scientific Co., NJ, USA) in DIUF water, whic
has pH 6.5 andλb = 1.16 µS cm−1 at 25◦C. The bulk
liquid conductivities of the solutions were measured us
a high-precision conductivity meter with an accuracy
±0.5% of its reading. The measured conductivities of
aqueous solutions used here were 10−4M KCl with λb =
16.3 µS cm−1, 10−3 M KCl with λb = 146.0 µS cm−1,
10−4 M LaCl3 with λb = 41.1 µS cm−1, and 10−3 M LaCl3
with λb = 410.8 µS cm−1.
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3.4. Experimental procedure

Prior to the introduction of a test solution into t
apparatus the microchannel cell and the entire piping sy
were bidirectionally rinsed with DIUF water for 1 h
order to remove any contaminants (such as electro
remaining from previous experiments). Following that
second 15-min rinsing cycle was initiated using the des
test solution. The transparent nature of the microcha
surfaces allowed visual inspection of the channel to en
that all bubbles had been removed. Once the flushing
complete, the microchannel cell was detached from
liquid-handling system and the temperature, pH level,
bulk conductivity of the solution in the reservoirs we
measured, while any fluid height difference between
two reservoirs was allowed to equilibrate. The conten
reservoir 1 was then diluted to 95% of the test solut
by pipetting a predetermined amount of DIUF water
equivalent volume was also removed from the reservo
ensure the system remained at mechanical equilibrium)

Once both reservoirs and the microchannel were fi
with electrolyte, the electroosmotic flow measurement
gan. Immediately after placing the platinum electrodes
each reservoir and ensuring that they were aligned per
dicular to the channel, a voltage difference was applied.
lower concentrated electrolyte from reservoir 1 thus gr
ually displaced the higher concentrated electrolyte in
microchannel, increasing the overall channel resistance
thus decreasing the current draw, which was monitored
the data acquisition system. The voltage was applied
no longer than 1 min, after which the power supply w
switched off and the electrodes were removed from the
crochannel cell. All experiments were repeated in triplic
and conducted at room temperature, 25◦C.

4. Results and discussion

As mentioned earlier, the purpose of this study was
measure theζ -potential of glass and PDMS surfaces us
the system described above. Measurements were made
four different channel heights (217, 229, 284, and 298
and four different solutions (10−3 M and 10−4 M KCl and
LaCl3, respectively) over a range of applied voltages fr
100 to 800 V (applied over the 37-mm length of the chann

4.1. Glass surfaces

As examples, Figs. 4 and 5 show the current cha
with time for 10−4 M and 10−3 M KCl solutions with
glass surfaces at three different applied voltages. In
cases measurements were done three times to co
the repeatability. As seen from these figures, a line
decreasing relationship between current and time is evi
for the first 20 s of each set. In the low-applied-voltage ca
the current ultimately reaches a constant value when
l

-

g

t

(a)

(b)

(c)

Fig. 7. Current vs time for a 10−4 M KCl solution in a PDMS-coated glas
channel of 229 µm under an applied voltage of (a) 200 V, (b) 400 V,
(c) 600 V over the 37-mm length of the channel.

high-concentration solution in the microchannel has b
completely replaced by the lower concentration solut
such as Fig. 4a. In the high-concentration solution
high-electrical-field-strength cases, such as Fig. 5c,
current draw became unstable at the end of the experim
It is believed that the fluctuation of the current va
is due to the joule-heating effect. For these experime
then, the slope current vs time was taken over the
20 s of the displacement process in order to avoid
complication.

The slopes of the current–time relationship shown
the previous figures were used to determine theζ -potential
of the glass plate surface using Eq. (9) and the follow
physical properties of DIUF water:εr = 80, ε0 = 8.854×
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10−12 CV−1 m−1, and µ = 0.001 N s m−2 [32]. Figure 6
shows calculatedζ -potential as a function of applied voltag
and channel height for (a) 10−4 M KCl, (b) 10−3 M
KCl, (c) 10−4 M LaCl3, and (d) 10−3 M LaCl3 solutions.
As expected, theζ -potential shows no dependence on
channel height or the magnitude of the applied field and
results were found to be repeatable within±5%. From these
results theζ -potential was found to be−88 mV for 10−4 M
KCl, −78 mV for 10−3 M KCl, −77 mV for 10−4 M
LaCl3, and −66 mV for 10−3 M LaCl3. These values
are similar to those obtained for glass surfaces using
electrophoresis technique [15] and the streaming pote
technique [33].

4.2. PDMS-coated glass surface

For the PDMS-coated surfaces, a sample experime
result of current vs time for the 10−4 M solution in a
microchannel with height of 229 µm is plotted in Fig.
As before, measurements under the same conditions
l

repeated three times to confirm the reproducibility, wh
was found to be within±3%. For the PDMS coated surfac
the input voltage was reduced to a maximum of 600
and thus the current fluctuation could be eliminated in m
cases. As before, the slopes of the current–time relation
were measured over the initial 20-s time period.

Figure 8 shows theζ -potential calculated by Eq. (9
against the applied voltage for (a) 10−4 M KCl, (b) 10−3 M
KCl, (c) 10−4 M LaCl3, and (d) 10−3 M LaCl3 solutions.
As in the previous cases of the glass surface, theζ -potential
shows no dependence on the channel height or the m
tude of the applied field and the measured results are
producible within±6%. Using these results the measu
ζ -potential values were−110,−87,−82, and−68 mV for
10−4 M KCl, 10−3 M KCl, 10−4 M LaCl3, and 10−3 M
LaCl3 solutions, respectively. Examination of Figs. 6 an
indicates that the magnitude of theζ -potential for a PDMS-
coated glass surface is higher than that for a glass su
under the same conditions. This is in agreement with
Fig. 8.ζ -potential vs applied voltage and channel height for PDMS surfaces in (a) 10−4 M KCl, (b) 10−3 M KCl, (c) 10−4 M LaCl3, and (d) 10−3 M LaCl3
aqueous solutions.
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findings of other authors [16,17] for similar polymer s
faces.

5. Summary

The ζ -potential is an important parameter in the ch
acterization of solid–liquid interfaces for a number of a
plications. The purpose of this research is to determ
the ζ -potential of glass and PDMS-coated surfaces in c
tact with 10−4 M and 10−3 M aqueous KCl solutions an
10−4 M and 10−3 M aqueous LaCl3 solutions by a techniqu
combining the Smoluchowski equation with the measu
slope of the current–time relationship in electroosmotic fl

Using the new experimental method theζ -potential was
found to vary from−88 to−66 mV for glass and−110 to
−68 mV for PDMS surfaces, depending on the electro
and the ionic concentration. These values were foun
be independent of channel height and the magnitude o
applied electric field and were repeatable within±6%. The
measurements involving a high electrolyte concentra
and high applied voltage were limited due to joule-hea
effects near the end of the experiment. By measuring
slope over the first 20 s of the experiment, however,
influence of this effect on the measuredζ -potential was
minimized.
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