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Abstract This paper presents the first experimental evi-
dence on electroosmotic flow at a liquid–air interface. A
PDMS microchannel with an opening to air was created
to allow for the formation of a liquid–air interface.
Polystyrene particles were used to visualize the liquid
motion and the experiments found that the particle
velocity at the liquid–air interface was significantly
slower than the particle velocity in the bulk. This result
agrees with a mathematical model that considers the
effects of electrical surface charges at the liquid–air
interface in electroosmotic flow.
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1 Introduction

Electroosmotic flow in microchannel systems has been
studied extensively over the past decade. Electroosmotic
flow occurs because of the presence of the electrical
double layer (EDL), which can be well described by the
widely accepted Gouy–Chapman–Stern model. Electro-
osmotic flow allows for precise liquid manipulation in a
complex microchannel network. It is also generally
known that electroosmotic flow has a plug-like velocity
profile.

Multi-phase microfluidic systems have attracted
attentions from researchers. Many of the systems
investigated involved oil droplet transport in micro-
channels (Marsh et al. 2004; Kevin et al. 2000). Re-
cently, studies of using electroosmotic flow to pump

indirectly non-polar liquid were also conducted (Brask
et al. 2003; Gao et al. 2005a, b). However, the theory for
electroosmotic flow in microchannels is insufficient in
fully describing the characteristic of electroosmotic flow
involving a liquid–fluid interface. The current Gouy–
Chapman–Stern model assumes the liquid is in contact
with a solid and the liquid and ions at the solid–liquid
interface are assumed to be immobile. In a liquid–fluid
two-phase system, the liquid is in contact with another
fluid phase. The interface is no longer immobile, and the
ions at the interface are mobile. The movement of ions
at the liquid–fluid interface must be taken into consid-
eration in the EDL model and the transport phenomena
model. To date, there has been very little discussion on
the physics of electroosmotic flow near an interface of
two immiscible fluids. Brask et al. (2003) and Gao et al.
(2005a, b) have theoretically investigated to two-phase
electroosmotic flow; however, neither physical explana-
tion nor justification was provided.

Recently, the authors of this paper have analyzed the
different theoretical models proposed for two-phase
electroosmotic flow and evaluated them against experi-
mental evidence (Lee et al. 2005). The results show that
the effect of surface charges must be considered along
with the Gouy–Chapman–Stern model to produce
results closed to that in experiments. This theoretical
model predicts that if the liquid–fluid interface zeta
potential is of the same sign as the microchannel walls’
zeta potential, then the liquid electroosmotic velocity at
the liquid–fluid interface would be slower than the
velocity in the bulk flow. In the case of a water–air
interface, where the zeta potential of water–air interface
is approximately �65 mV (Graciaa et al. 1995) and the
zeta potential of glass is approximately �86 mV
(Erickson et al. 2000), the interface fluid electroosmotic
velocity is significantly slower than the bulk fluid elec-
troosmotic velocity. The author’s previous work relies
on comparing the velocity profiles in the bulk flow re-
gion, thus, did not provide direct evidence of the velocity
at the liquid–fluid interface. The purpose of this work is
to provide the first experimental evidence on the liquid
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electroosmotic velocity at the interface between two
immiscible fluids; more specifically, the electroosmotic
velocity at a liquid–air interface.

2 Experimental device

The experiments involved a specially designed PDMS
microchannel with an opening to allow the liquid to
interface with air. Figure 1 illustrates the PDMS struc-
ture used in the experiments. The rectangular micro-
channel structure in PDMS was molded from a positive
SU-8 master created by standard soft-photolithography
process (Xia et al. 1998). Two different sizes of the mi-
crochannel (i.e., microchannel’s cross-sectional dimen-
sions) were used in this study, 100 lm by 100 lm and
50 lm by 50 lm. The bottom pieces of the PDMS
channel were created in the following way. First we use
plasma to treat a piece of flat PDMS to make the surface
hydrophilic. Then, this piece was cut into two and before
they were bonded to another piece of plasma treated
PDMS with the microchannel structure. This procedure
helped prevent liquid leaking through the edges of the
bottom PDMS. The separation of the bottom pieces was
5 mm. Finally, the whole PDMS structure was place on
a microscope slide. When liquid was filled through the
microchannel, a liquid–air interface would form in
the air gap of the microchannel due to surface tension.
The curvature of this interface was calculated to be in
the order of centimeters from the Laplace–Young
equation. Therefore, it is assumed flat in microscale.

The 0.5 lm fluorescence polystyrene particles (Bang
Laboratories Inc., IN, USA) were used to visualize the
liquid flow. Prior to use, the particles were diluted at
0.5% v/v ratio in the working solutions. The particle

motions were captured with a Leica DMLM fluorescent
microscope with a 32· air objective lens, a Retiga 12-bit
cooled CCD camera and OpenLab 3.1.5 image acquisi-
tion software. The focus plane of the objective lens has a
thickness of approximately 10 lm. Two sets of images
were captured: first set of images focused at the mid-
point of the microchannel (e.g., 50 lm away from the
liquid–air interface), and the second set of images fo-
cused at the liquid–air interface. Consecutive images
were taken at a frame rate of 0.2 s. These images were
digitalized and the distances between particles for con-
secutive images were measured using the OpenLab
software to calculate their speed.

The zeta potential of PDMS with working solutions
was measured using the current monitoring method (Sze
et al. 2003). The electrophoretic mobility of particles
was calculated by comparing the observed particle
velocities and the measured fluid velocities from the
current monitoring method. To this date, there has been
no study on the particle electrophoretic mobility at an
immiscible liquid interface; therefore, the electrophoretic
mobility of the particles in the bulk region and that in
the interface region are assumed to be the same. The
effects of this assumption are discussed in the following
section. In order to compare experimental results with
theoretical predictions, the zeta potentials of PDMS and
water–air interface must be known. The zeta potential
for deionized water and 1 mM NaCl in oxidized PDMS
channels was measured to be �98 and �85 mV,
respectively. The zeta potential for deionized water and
1 mM NaCl at a liquid–air interface were found to be
�65 mV (Graciaa et al. 1995) and �40 mV (Yang et al.
2001). The electrophoretic mobility of the particles in
deionized water and 1 mM NaCl were calculated to be
�1.53·10�8±0.2·10�8 and �2.3·10�8±0.3·10�8 m2/
V/s, respectively.

3 Observation and discussion

This study investigated two working fluids: Pure de-
ionized water and 1 mM NaCl solution at pH 7. Par-
ticles were diluted in the working solutions and were
injected to the reservoirs of the microchannel. The
particles near the liquid–air interface region were at-
tracted and trapped by the interface. This phenomenon
of particles attachment at a liquid–air interface was
commonly observed in the literature (Yang et al. 1999;
Fan et al. 2004; Drzymala 1999; Ralston et al. 1999).
When an external electric field was applied, both the
particles in the bulk liquid and at the liquid interface
would move. Figure 2a shows the effects of applied
electric field and channel size on the particle velocities
for the deionized water system. The fluid velocity was
calculated by ufluid=uobserved+lepE, where ufluid,
uobserved, and lepE are the calculated fluid velocity, the
observed particle velocity, and the electrophoretic
velocity of particles. The calculated velocities were
compared against the fluid velocities predicted by the

Fig. 1 Schematics of the PDMS microchannel with an opening to
allow for the formation of a liquid–air interface
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model presented in Lee et al. (2005) and Gao et al.
(2005a, b). The particle velocity in the bulk and the
liquid interface regions is found to increase linearly
with applied electric field. In addition, the channel size
(50–100 lm in width) is found to have no effects on the
particle velocity. Under the assumption of equal par-
ticle electrophoretic mobility in the bulk and liquid
interface regions as mentioned, the calculated fluid
velocities at the interface match the predicted velocity
with good accuracy. Furthermore, in Fig. 2b, it can be
clearly seen that the particles at the water–air interface
traveled at a much slower speed. This is the first direct
evidence that compares the electroosmotic flow at a

liquid interface and the bulk electroosmotic flow. The
physical explanation for the reduction in fluid speed at
the interface is that the surface charges at the liquid
interface will impose a surface shear stress counter
acting the flow under an applied electric field. This
stress, similar to the viscous stress in liquids near a
solid surface, slows down the liquid. More details on
the physical description on the model can be found in
Lee et al. (2005).

Figure 3 shows the particle velocities and calculated
fluid velocities for 1 mM NaCl solution. For this case, a
significant speed reduction at the liquid interface was
also observed. From the theoretical model (Lee et al.

Fig. 2 a Particle and calculated
fluid velocity as a function of
electric field strength in
deionized water. Pi-100 and Pb-
100 are the particle velocities at
the water–air interface and in
the bulk liquid for a 100 lm by
100 lm microchannel,
respectively. Pi-50 and Pb-50
are the particle velocities at the
water–air interface and in the
bulk liquid for a 50 lm by
50 lm microchannel,
respectively. Fi and Fb are the
calculated fluid velocities
(ufluid=uobserved+lep E) at the
water–air interface and in the
bulk liquid for a 100 lm by
100 lm microchannel,
respectively. Ti and Tb are the
predicted fluid velocities at the
water–air interface and in the
bulk liquid by the theoretical
model (Lee et al. 2005). b Image
sequences of electroosmotic
flow at a water–air interface
and in the bulk liquid. Images
1 and 2 are the sequence images
for electroosmotic flow at a
water–air interface. Images
3 and 4 are the sequence images
for electroosmotic flow in the
bulk liquid. The time lapse
between the respective
successive images is 0.4 s. The
electric field strength is 30 V/cm
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2005), the reduction in fluid speed occurs only inside the
EDL. Since the thickness of the EDL is in the order of
10 nm for 1 mM NaCl solution, this experimental result
indicates that the particles are indeed attached to the
liquid interface. The results show that the calculated
electroosmotic velocities at the interface are lower than
the predicted bulk electroosmotic velocities. Further-
more, the particles’ electrophoretic speed at the liquid
interface increases with the applied electric field but in
the opposite (negative velocity) direction to the liquid
electroosmotic flow. As a result, the observed particle
velocity is negative as shown in Fig. 3. Figure 3 also
shows the comparison between the calculated and pre-
dicted liquid velocity. Note again that the calculated li-
quid velocity is determined by ufluid=uobserved+lep

E. The bulk velocities compare very well; however, there
is a larger discrepancy in the liquid interface velocities
than that in the case shown in Fig. 2a. The possible
reasons are discussed below.

In this study, the electrophoretic mobility of particles
at the liquid interface and in the bulk flow is assumed to
be equal. However in reality, this may not be the case.
The electrophoretic mobility is dependent on dielectric
constant, the zeta potential of particle and viscosity of
fluid. Since the zeta potential is dependent on the ionic
concentration of both co-ions and counter-ions, the
particles at the liquid–air interface may have
non-uniform zeta potentials because the ions distribu-
tion at a liquid–air interface is non-uniform (Garrett
2004). Second, the electrical properties (such as dielectric
constant) and fluid properties (such as viscosity) at the
interface may be different from the bulk (Paluch 2000).
Third, there are more complicated phenomena such as
EDL interaction between particles and a liquid interface,
which would further complicate the electrophoresis at a

liquid–air interface. All these coupled effects would af-
fect the electrophretic mobility of a particle at a liquid–
fluid interface. Clearly, a more in-depth study of particle
motion at a liquid–fluid interface is needed. Neverthe-
less, this work provides the first experimental evidence
on velocity measured at a liquid–air interface under an
applied electric field and shows that velocity at a liquid–
air interface is slower than the bulk flow.

4 Conclusion

Experiments were conducted to examine the electroos-
motic flow at the liquid–air interface. Results show that
there was a significant reduction in the particle electro-
kinetic velocity and the electroosmotic velocity of the
fluid at the liquid–air interface, in comparison with that
in the bulk liquid. This result agrees with a theoretical
model that includes the effects of electrical surface
charges in the electroosmotic flow model.
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