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Abstract

The¢-potential of a solid—liquid interface is an important surface characterization quantity for applications ranging from the development
of biomedical polymers to the design of microfluidic devices. This study presents a novel experimental technique to meagpoterttials
of flat surfaces. This method combines the Smoluchowski equation with the measured slope of current—time relationship in electroosmotic
flow. This method is simple and accurate in comparison with the traditional streaming potential and electrophoresis techniques. Using this
method the; -potentials of glass and poly(dimethylsiloxane) (PDMS) coated surfaces in KCl and bg@éous solutions were measured
using several flow channels ranging from 200 to 300 um in heightZ¥ngtential was found to vary from88 to —66 mV for glass surface
and—110 to—68 mV for PDMS surfaces depending on the electrolyte and the ionic concentration. The measured valuggpofahgal
are found to be independent of the channel size and the applied driving voltage and generally are repeatatié%ithin
0 2003 Elsevier Science (USA). All rights reserved.

Keywords: Electroosmosis; -potential; Glass; PDMS

1. Introduction colloidal and interfacial phenomena associated with these
applications requires the knowledge of theotential.

When a solid surface is in contact with an aqueous Theimportance of the-potential to so many applications
solution, the formation of an interfacial charge causes a in science and engineering has lead to the development of
rearrangement of the local free ions in the solution to a number of techniques for measuring this quantity, based
produce a thin region of nonzero net charge density nearon one of the three electrokinetic effects: electrophoresis,
the interface. The arrangement of the charges at the solid—electroosmosis, and the streaming potential [11]. In the elec-
liquid interface and the balancing counterions in the liquid trophoresis method [11-13], thepotential is determined
is usually referred to as the electrical double layer (EDL). by placing fine particles in an electric field and measuring
There is a thin layer of counterions immediately next to their mobility, vg, using a suitable microscopic technique.
the charged solid surface, called the compact layer. The The mobility is then related to the-potential at the inter-
counterions in the compact layer are immobile due to face using the Smoluchowski equation [14],
the strong electrostatic attraction. Counterions outside the
compact layer are mobile. This part of the EDL is called ,,c — 4744, ¢ (14 «r), 1)
the diffuse layer. The zeta ) potential is the electrostatic T U
potential at the boundary dividing the compact layer and the ;yere ¢o and ¢ are the relative dielectric constant and
diffuse layer. The zeta potential is an important parameter \he electrical permittivity of a vacuum respectively, is
for a number of applications mcludln'g gharacterlzatlon the solution viscosityy is the particle radius and —
of plomed|cal polymers [1,2], electrokinetic 'tr'ansport of (2n0z2¢?/ereoks T)Y/? is the Debye—Hiickel parameter
particles [3,4] or blood cells [5], membrane efficiency [6,7], s the bulk ionic concentration, is the valence of the iom,
and microfluidics [8-10]. The understanding of the distinct ;g he charge of an electrokg is the Boltzmann constant,

andT is the absolute temperature. This technique has been

* Corresponding author. applied to characterize flat surfaces by initially grinding
E-mail address: dli@mie.utoronto.ca (D. Li). then into fine particles; for example, see Sanders et al. [15].
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However, it is unclear if the surface electrostatic properties
of these particles are equivalent to the precrushed surfaces. L
The streaming potential technique has been extensively

applied to flat polymer and glass surfaces to study solid— o . A
liquid interface electrical properties [16-19] in a parallel 2a=h1:. = . x
plate microchannel. In this technique the downstream con-
vection of ions via pressure driven flow induces a streaming K ” >
potential which, for steady incompressible and laminar flow,
can be related to thg-potential via Fig. 1. Schematic of a parallel-plate microchannel.
Es _ ereod 1 )
AP o (p+2rs/h)’ the diffuse layer of the EDL. The ions will move under the

whereEs is the streaming potential P is the pressure dif-  influence of this applied electrical field, pulling the liquid
ferencej is the channel height,, is the bulk conductivity, with them and resulting in an electroosmotic flow. Consider
and s is the surface conductivity (a more detailed theoreti- an electroosmotic flow of an aqueous solution in a parallel-
cal model of the streaming potential was described recently plate microchannel, as shown in Fig. 1. Generally most
by Erickson et al. [20]). While this technique is inherently electroosmotic flows, owing to the inherently low Reynolds
suitable for flat surfaces, accurately measuring the stream-number, reach a steady state very quickly and the entrance
ing potential may not be simple in practice. Additionally, length tends to be extremely short. For the case examined
both ¢ and s must be determined, which requires a series here the time to reach a steady state is on the order of 10 pm
of measurements dfs and A P at several different channel and the entrance length is approximately 10 pm. In addition
heights [20]. the slit channel geometry, where the width is much larger
Most lab-on-a-chip devices use electroosmotic flow to than the heightw > a (see Fig. 1), minimizes the edge
transport solutions in microchannels. The electroosmotic effects and makes the velocity profile essentially uniform
flow in these applications may be uniquely influenced by along thex-axis. As such the flow could be assumed as
such effects as joule heating or electrophoretically induced steady, one-dimensional, and fully developed:dfis large
double-layer rearrangement (particularly important when (e.g., thin double layer or large channel height), it can be
heterogeneous surfaces are considered [21]) which may, inshown from the Smoluchowski equation that the average
turn, influence the;-potential. Therefore, it is highly de-  electroosmotic flow velocity is given by
sirable to measure theg-potential under the electroosmotic
flow condition. In this paper a new method is proposed for ereod
measuring the -potential of flat solid surfaces by combin- &=
ing the Smoluchowski equation with the measured slope of . . o
current—time relationship in electroosmotic flow. It is obvi- Where Ez is the applied electric field strength. The aver-
ous that the measurement of the total electrical current in @9€ Velocity of an electroosmotic flow can be determined
electroosmotic flow is relatively simple and easy in com- by monitoring the change in the electric current as one elec-
parison with the measurements in the electrophoresis andirolyte solution replaces a slightly less concentrated one (or
streaming potential methods. Because this approach usedice versa) in a capillary [22,23]. An experimental set-up
electroosmotic flow, as opposed to pressure-driven flow in Used for such a measurement is shown in Fig. 2a. Briefly,
the Streaming potentia| case, it is more representative of thereserVOir 2 is filled with an eleCtrOlyte solution at a desired
true operating conditions of a microfluidic device. This ap- concentration while reservoir 1 and the capillary tube are
proach also allows the use of flat surfaces, which are morefilled with the electrolyte solution at a concentration of 95%
flexible than capillary tubes in terms of surface treatment Of that in reservoir 2. After placing the ends of the capil-
(for example microcontact printing) [22]. In the following lary tube in reservoirs 1 and 2, a high-voltage electric field
sections the proposed technique and apparatus are described applied to induce an electroosmotic flow through the cap-

Ey, 3)

in detail. This technique is used to measuregtigotential of  illary tube. During the electroosmosis, the higher concentra-
glass- and poly(dimethylsiloxane) (PDMS)-coated surfaces tion electrolyte solution from reservoir 2 migrates into the
in several aqueous solutions. capillary tube, displacing an equal volume of lower concen-

tration electrolyte solution. As a consequence, the total re-
sistance of the liquid in the capillary tube changes and the
2. Electroosmotic flow—current monitoring technique currentincreases, as is shown in Fig. 2b [24]. Once the lower
concentration solution in the tube is completely replaced by
The theory of electroosmosis was first set out in its the higher concentration solution from reservoir 2, the cur-
present form by von Smoluchowski. When an electrical rent will reach a constant maximum value. The time for the
field is applied tangentially to a solid-liquid interface, an currentto reach the plateau value is the time required to com-
electrical body force is exerted on the excess counterions inplete the filling of the capillary tube via the electroosmotic
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Computer this current-time relationship is given by

Al
lope= ——
slope = 5)

whereAT and At are the changes in current and time over
the linear range. In electroosmotic flow, the total current
consists of three components: the bulk conductivity current,
Icond bulk, the surface conduction curretigond surf, and the

electrode electrode

C = 100% convection current/cony. Generally, the convection current
A i can be neglected when the total current is determined, since
Reservoir | Reservoir 2 s H
@ it is several orders of magnitude smaller than the other two
1o current components. Then, under an applied electrical field,

E, the total current can be shown as

Itotal = Icond bulk + Icond surf = AbAcrossEz + AsL E. (6)

Substituting Eq. (6) for the difference of the current (Note:
A)s = 0), Eg. (5) can be rewritten as

A(EzAcrosg\b) . A(EzAcrosd\b) £
At - At L
E7AcrosdAb2 — Ap1)

= Vav I s (7)

15 . where ¢.p2 — Ap1) is the difference in bulk conductivity be-
0 40 80 tween the high-concentration solution and the low concen-
tration solution. Rearranging Eq. (7) yields

1.7

Current (uA)

slope=

Time (s)
(b) slope- L

Vav = . (8)
. . . EzAcrosi)th - )hbl)
Fig. 2. (a) Schematic of the experimental setup used to measure the current . .
variation and the complete displacement time for a two-concentration | N€ above expression shows that the average electroosmotic

system during electroosmosis. (b) typical result of current vs time. flow velocity can be determined by measuring the slope
of the current—time relationship. By using the slope of the
current—time relationship, the difficulty in determining the
exact beginning and end of the displacement process in the

L current monitoring method can be avoided. Once the average
Vay =~ (4) velocity is determined, one can use thg value and Eq. (3)

) to determine the-potential. In other words, combining
where, as beford, is the total length of the channel, can Eq. (8) and Eq. (3) gives

then be related to the-potential via Eq. (3).
The current monitoring technique offers a simple method , _ 1+ - slope- L _ )
for measuring the; -potential under conditions similar to ere0E2 Acrosd b2 — Ab1)

those encountered in microfluidic transport applications. In the fo”owing Section, an experimenta| set-up to mea-
However, a major problem associated with this technique syre the slope of the current—time relationship in the elec-

is the difficulty of determining the exact time required troosmotic flow to determine the-potentials of flat solid
for one solution to completely displace the other, due to syrfaces will be described.

small current fluctuations and the gradual transitions at the
beginning and end of the replacement process, as can be seen
in Fig. 2b. 3. Methods and materials

To avoid the above-mentioned problem, a new method
was introduced [22] to evaluate the average electroosmotic3.1. Experimental apparatus
velocity in a microchannel by using the slope of the current—
time relationship. It was observed that, despite the curved The new experimental apparatus consists of three major
beginning and ending sections, the measured current—timeparts: a microchannel cell (Fig. 3a), a liquid handling system
relationship is linear if the concentration difference is small. (Fig. 3b), and an electroosmotic flow monitoring system
In other words, only the middle section of the current-time (Fig. 3c). The microchannel cell itself consists primarily
relationship is needed to calculate the constant slope. Thusof a parallel-plate microchannel confined between an inlet
a more accurate estimate of the average velocity could bereservoir block and an outlet reservoir block. The parallel-
obtained from the slope of this relationship. The slope of plate microchannel is formed by two flat sample surfaces

flow and thus can be related to the average velocity via
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Parallel Plate L . . . .
Positioning Clamp rect digital imaging analysis and volume flow rate calibra-

Microchannel
Reservoir 1 \ Reservoir 2 tion. Using a microscope and video camera system (Model
L/ [ ] L 4815-5000, Cohu: Wild Heerbrugg M7-5, Switzerland) with
_ a 40x objective the channel height and parallel could be
| ] Supporting measured to an accuracy £0.8 pm prior to being placed
in the experimental system. The channel heights used in
(a) this study range from 200 to 300 um. The height measure-
ments at the channel inlet and outlet was found to be con-
sistent within+2%. Once placed in the experimental sys-
Pump tem the channel height was also calibrated by using pres-
l sure driven flow of a highly concentrated electrolyte solu-
tion (e.g., 102 M) to minimize any electrical double layer

effects. For a steady fully developed laminar flow, the chan-
IX nel height: can be related the measured pressure dkap,
lil_ and volume flow rateQ, via

T <+—» [T

Microchannel AP = h_ T (10)

Thermocouple The pressure drop was measured using a differential pressure
Conductivity ‘EH_LLJ\IJH Probe transducer (Validyne, Model CD23, Engineering Co., CA,

Sensor USA) and volume flow rate through mass accumulation at
(0) the channel exit by using an electronic balance (Mettler

Instrument AG, Model BB240) with an accuracy of 1 mg.
High Pt Electrodes Ground The accuracy of the flow rate measurement was estimated to
\]’gij;é:’ / \ 1 be+2%. The discrepancy between the results of the channel
| =] | souree : i height from the above two measuring methods was found
C=95% L= o to be within 2%, suggesting that an accurate estimate of the
Computer Reservolr ] Reservoir2 true channel height had been obtained.

(©) A liquid handling system has been designed (Fig. 3b)
to clean the system after each run and introduce new
solutions. Prior to the experiment, pure water is pumped
from a solution reservoir to the flow loop and though
the microchannel for at least half an hour by a high-
(155 x 37 mm). A positioning clamp is placed to keep precisiqn pump (Masterflex, Model 7550-60, Barnarjt Co,,
the surfaces parallel and to limit their deflection when L), which has a flow rate range of 0.6 to 2900 /miin.
exposed to pressure (during the flushing step, explained inThen the flushing process was repeated using the test
Section 3.4). The two equal-sized reservoirs form the inlet so!qnon unt|I- the electrical conductivity of the test solution
and the outlet to the microchannel. exiting the microchannel reaches and remains at the standard

The parallel-plate microchannels were made using two Value for the specific electrolyte solution at the given
identical test surfaces separated by two thin plastic shimsconcentration. Thg bulk electrical conductivity is measured
(Small Parts, Inc., Florida), which formed the channel Usinga conductivity sensor (Model Inpro 7001/120, Mettler
sidewalls. The shims were placed along the lateral edges offoledo Process Analytical Inc., MA), which is connected
the cleaned surfaces and fixed by applying a small amountt0 & conductivity/resistivity transmitter (CR7300, Mettler
of epoxy (Devcon, USA), leaving a flow passage 3.5 mm Toledo Process Analytical Inc., MA).
wide. Once formed the channel was allowed to dry at room  The electroosmotic flow monitoring system, shown in
temperature air for 16 h. After that, the width and the length Fig. 3c, consists primarily of the measuring cell with elec-
of the microchannel were measured using a precision gaugerodes, a high-voltage power source (CZE 1000R, Spellman
(Model CD-8'B, Mitutoyo Co., Japan) with an accuracy High Voltage Electronics Co., NY), and a PGA-DAS 08 data
of +1 pm. Finally, the microchannel was mounted in the acquisition card (OMEGA Engineering, Quebec, Canada).
supporting blocks, as illustrated in Fig. 3a, to form the During the experiments, the high-voltage power source was
microchannel cell. A positioning clamp was then used to used to apply a potential difference between the two reser-
maintain the channel position. voirs via platinum electrodes. The output voltage and current

As it is the most sensitive dimension in terms of introduc- were recorded on a personal computer, via the data acquisi-
ing systematic error into the experimental results, the chan-tion card, using an output signal at 0-10 V from the power
nel height was measured by two independent techniques, di-supply.

Solution
Reservoir

=1

=—1<]

Fig. 3. Schematics of (a) the microchannel cell (cross-section), (b) the
experimental setup used for liquid handing, and (c) the electroosmotic flow
measuring system.
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3.2. Surface preparation systems, in particular poly(dimethylsiloxane) (PDMS) [26,
27]. PDMS is a bulk polymer consisting of repeated units
Glass surfaces were prepared from microscope slides,of —OSi(CHs),O— and was first introduced for microfluidic
which had been cut and carefully polished to a dimension devices by Kumar and Whitesides [28] in 1993. Since then
of 15.5 by 37 mm, with an accuracy af0.5 mm. The t has become a popular material for building microfluidic
glass plates were soaked in acetone (Caledon Laboratoriegjevices for a number of reasons: (i) it is much less expensive
Ltd., ON, Canada) for 12 h and then vigorously washed than glass and not as fragile as glass; (i) channels can be
with acetone several times. After that, the surfaces were fgrmed by molding or embossing rather than etching; (iii)
submerged in deionized ultrafiltered water (DIUF) (Fisher j; ig optically transparent down to 280 nm, so it can be

Scientific, Canada) for 12 h. The surfaces were then dried ;seq for a number of detection schemes: (iv) it cures at low
under a heat lamp before use.

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

temperatures; (v) it can be sealed reversibly to itself and a
range of other materials, such as glass, by making molecules
contact with the surface; and (vi) it is nontoxic—mammalian
cells can be cultured directly on it [29,30].
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Fig. 4. Current vs time for 10* M KCI solution in a glass channel of Fig. 5. Current vs time for 103> M KCI solution in a glass channel of
217 ym under an applied voltage of (a) 400 V, (b) 600 V, and (c) 800 V 217 um under an applied voltage of (a) 400 V, (b) 600 V, and (c) 800 V
over the 37-mm length of the channel. over the 37-mm length of the channel.
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Fig. 6. ¢-potential vs applied voltage and channel height for glass surfaces in {4)MXCI, (b) 10~3 M Kcl, (c) 1074 M LaCls, and (d) 103 M LaClg
aqueous solutions.

For the PDMS-coated glass surfaces, each glass plate waallowing a direct comparison with the results obtained here.
fixed to a glass dish lined with parchment paper. PDMS Second, the effect of the valence and the symmetry of the
base and curing agent (Sylgard 184, Dow Corning, Midland, jons on the flow characteristics in a microchannel could be
MI, USA) were thoroughly mixed in a ratio of 1D and  examined, since the KCI solution has symmetricdl ibns

then poured onto the cleaned surfaces. The PDMS was ther‘(the valence is 1), while the Laghas an unsymmetrical ion
degassed at room temperature for 1 h to permit the removaly;isiripution. and the valence of the téon is 3.

of air bubbles. The glass dishes were then put in an oven
at 65°C for 30 min. After cooling, the PDMS-coated glass
surfaces were removed from the dishes and cleaned with
acetone and DIUF water.

The electrolyte solutions were prepared by dissolving
KCI (Bioshop Canada Inc., ON, Canada) or LgE&hbO
(Fisher Scientific Co., NJ, USA) in DIUF water, which
has pH 6.5 andy, = 1.16 uScnt! at 25°C. The bulk
liquid conductivities of the solutions were measured using
a high-precision conductivity meter with an accuracy of

Aqueous KCI and agueous LaCsolutions were cho-  £0.5% of its reading. The measured conductivities of the
sen for these experiments for two reasons. First, the elec-2queous solutions used here were @ KCI with 1 =
trokinetic characteristics of these solutions in contact with 16.3 uScnt?t, 103 M KCI with i, = 1460 pScnr?,
various solid surfaces have been well studied by several10~* M LaCls with Ap =411 uScnt?, and 103 M LaCls
researchers using a variety of other techniques [14,31],with Ap = 4108 pScntl.

3.3. Solution preparation
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3.4. Experimental procedure

O Set 1
O Set 2
8 1 ASet3

Prior to the introduction of a test solution into the
apparatus the microchannel cell and the entire piping syste
were bidirectionally rinsed with DIUF water for 1 h in
order to remove any contaminants (such as electrolytes
remaining from previous experiments). Following that, a ¢
second 15-min rinsing cycle was initiated using the desired
test solution. The transparent nature of the microchannel 3 ' ' ' ' '

surfaces allowed visual inspection of the channel to ensure 0 10 20 30 40 50 60
that all bubbles had been removed. Once the flushing was Time [s]
complete, the microchannel cell was detached from the @
liquid-handling system and the temperature, pH level, and 17
bulk conductivity of the solution in the reservoirs were O Set 1

. . . . 16 O Set2
measured, while any fluid height difference between the ASet 3

two reservoirs was allowed to equilibrate. The content of
reservoir 1 was then diluted to 95% of the test solution
by pipetting a predetermined amount of DIUF water (an
equivalent volume was also removed from the reservoir to ©
ensure the system remained at mechanical equilibrium).

Once both reservoirs and the microchannel were filled
with electrolyte, the electroosmotic flow measurement be-
gan. Immediately after placing the platinum electrodes into
each reservoir and ensuring that they were aligned perpen-
dicular to the channel, a voltage difference was applied. The
lower concentrated electrolyte from reservoir 1 thus grad-
ually displaced the higher concentrated electrolyte in the
microchannel, increasing the overall channel resistance and
thus decreasing the current draw, which was monitored via <
the data acquisition system. The voltage was applied for =
no longer than 1 min, after which the power supply was
switched off and the electrodes were removed from the mi-
crochannel cell. All experiments were repeated in triplicate
and conducted at room temperature; 25

urrent [HA]

Curre

0 10 20 30 40 50 60
Time [s]

©

As mentioned earlier, the purpose of this study was 0 kg 7. current vs time for a 10" M KCI solution in a PDMS-coated glass
measure the -potential of glass and PDMS surfaces using channel of 229 pm under an applied voltage of (a) 200 V, (b) 400 V, and
the system described above. Measurements were made usin) 600 V over the 37-mm length of the channel.
four different channel heights (217, 229, 284, and 298 um)
and four different solutions (I M and 10* M KCI and high-concentration solution in the microchannel has been
LaCls, respectively) over a range of applied voltages from completely replaced by the lower concentration solution,
100to 800V (applied over the 37-mm length of the channel). such as Fig. 4a. In the high-concentration solution and

high-electrical-field-strength cases, such as Fig. 5c, the
4.1. Glass surfaces current draw became unstable at the end of the experiment.
It is believed that the fluctuation of the current value

As examples, Figs. 4 and 5 show the current changeis due to the joule-heating effect. For these experiments,
with time for 104 M and 103 M KCI solutions with then, the slope current vs time was taken over the first
glass surfaces at three different applied voltages. In all 20 s of the displacement process in order to avoid this
cases measurements were done three times to confirmcomplication.
the repeatability. As seen from these figures, a linearly  The slopes of the current—time relationship shown in
decreasing relationship between current and time is evidentthe previous figures were used to determinegtmotential
for the first 20 s of each set. In the low-applied-voltage cases of the glass plate surface using Eqg. (9) and the following
the current ultimately reaches a constant value when thephysical properties of DIUF wateg; = 80, g9 = 8.854 x

4. Resultsand discussion
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10712 cv~Im1, andu = 0.001 Nsn1? [32]. Figure 6  repeated three times to confirm the reproducibility, which
shows calculated-potential as a function of applied voltage was found to be withinE3%. For the PDMS coated surfaces
and channel height for (a) 10 M KCl, (b) 1073 M the input voltage was reduced to a maximum of 600 V
KCl, (c) 107* M LaCls, and (d) 10° M LaCls solutions.  and thus the current fluctuation could be eliminated in most
As expected, thg -potential shows no dependence on the cases. As before, the slopes of the current-time relationship
channel height or the magnitude of the applied field and the yere measured over the initial 20-s time period.
results were found.to be repeatable withiB%. Fromt‘[\ese Figure 8 shows the -potential calculated by Eq. (9)
results the; -potential W?S found to be 88 mV for 10‘4 M against the applied voltage for (a) ¥0M KCI, (b) 103 M
KCl, =78 mV for 107" M KCI, —77 mV for 10" M 5| ") 104 M LaCls, and (d) 103 M LaCls solutions.
LaClz, and —66 mV for 10> M LaCls. These values . . .
are similar to those obtained for glass surfaces using theAS in the previous cases of the glass surfagegﬂpetentlal .
electrophoresis technique [15] and the streaming potentialShOWS no depen'denc.e on the channel height or the magni-
technique [33]. tude of_ the qpplled field a_nd the measured results are re-
producible within+6%. Using these results the measured

¢-potential values were-110,—87, —82, and—68 mV for
10~ M KClI, 1072 M KCI, 107* M LaCls, and 103 M

For the PDMS-coated surfaces, a sample experimentallaClz solutions, respectively. Examination of Figs. 6 and 8
result of current vs time for the T8 M solution in a indicates that the magnitude of thepotential for a PDMS-
microchannel with height of 229 um is plotted in Fig. 7. coated glass surface is higher than that for a glass surface
As before, measurements under the same conditions werainder the same conditions. This is in agreement with the

4.2. PDMS-coated glass surface
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Fig. 8. -potential vs applied voltage and channel height for PDMS surfaces in (&) MIOKCI, (b) 103 M KCl, (c) 104 M LaCls, and (d) 103 M LaClg
aqueous solutions.
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findings of other authors [16,17] for similar polymer sur-
faces.
5. Summary

The ¢-potential is an important parameter in the char-
acterization of solid-liquid interfaces for a number of ap-

plications. The purpose of this research is to determine
the ¢-potential of glass and PDMS-coated surfaces in con-

tact with 104 M and 103 M aqueous KCI solutions and
10~4 M and 102 M aqueous LaGlsolutions by a technique
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