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Abstract This study demonstrated electroosmotic
pumping with high flow rate per unit area at a rather low
applied voltage by using alumina nano-porous membrane.
The platinum mesh electrode is perpendicular to, and has
direct contact with the nano-channel inlet for proving
uniform electric field and for reducing the electric voltage
drop in the reservoir. The measured flow rate versus elec-
trolyte (KCl) concentration reveals two distinct
characteristics. First, the flow rate is usually high at low
concentrations (1075 to 1077 M) in which a maximum
value occurs. Second, a remarkable drop of flow rate is
seen when the concentration surpasses 10~* M. The max-
imum flow rate achieved from this study is 0.09 mL/
min V cm? and the energy transfer efficiency is 0.43% at
an operation voltage of 20 V. The mesh electrodes with 33
wire spacing are capable of providing an uniform electric
field, the nano-porous membrane with a low electrolyte
concentration provides the environment for strong over-
lapping of electric double layer, in association with the thin
alumina membrane, leading to a high flow rate at a rather
low applied voltage (20-80 V). The flow rate is
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comparable to the existing results whereas the corre-
sponding operation voltage of this study is about one to two
orders lower than most of the existing results.

Keywords Electroosmotic pumping - Pt mesh
electrodes - Low voltage - Energy transfer efficiency -
Nano-porous alumina membranes

1 Introduction

Electroosmotic flow (EOF) is developed through an applied
electrical potential across a fine channel by manipulating
the electrical double layer (EDL) between the electrolyte
solution and dielectric channel wall (surface). The surface
charge, zeta potential, ionic strength, applied electric
strength, and the dielectric property of the mobile phase,
characterize the magnitude of EOF. Over the past few
years, EOF devices had shown promising aspects in a
variety of applications including microflow pumping,
microelectronics cooling, and bio-analytical applications
(Laser and Santiago 2004; Chang and Yang 2007). How-
ever, some problems accompanied with conventional EOF
pumping such as the need of a high supplied voltage
(ranging from several hundred volts to several thousand
volts) and low thermodynamic efficiency (<1%) may
prohibit EO pumping from widespread exploitation. For
the past several years, efforts toward augmentation of the
thermodynamic efficiencies were reported, and efficiencies
above 1% by applying high voltage [1.3% at 2 kV of Zeng
et al. (2001); 5.6% at 1 kV of Reichmuth et al. (2003);
2.2% at 6 kV of Wang et al. (2006)] were reported. In
addition to the low efficiency, high supplied voltage for the
EO pumping may be even more severe. Firstly, the
required high voltage may impede the applications of
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integration with micro-electro-mechanical system (MEMS)
and nano-electro-mechanical system (NEMS) (Zeng et al.
2001; Takamura et al. 2003; Yao et al. 2003; Brask et al.
2005). Furthermore, voltage drop, which was quantified
by the ratio of applied voltage to the effective voltage
(Vapp/Vesr), is regarded as one of the major reasons
responsible for the loss in efficiency (Yao and Santiago
2003). Hence, several studies had employed an electrode-
free design within internal channel to avoid integration
problem (McKnight et al. 2001; Dunphy Guzman et al.
2006) and to provide a roughly uniform electric field
(Prakash et al. 2006; Yao et al. 2006).

According to previous studies (Yao et al. 2006; Vajan-
dar et al. 2007), the utilization of porous media (Gan et al.
2000; Zeng et al. 2002; Tripp et al. 2004; Yao et al. 2003;
Chen L et al. 2005a, b), or porous membrane (Chen W
et al. 2005; Evans et al. 2006; Prakash et al. 2006; Yao
et al. 2006; Vajandar et al. 2007) for EO pumping are quite
beneficial for it have a high porosity, a low channel tor-
tuosity, and a short channel length. Among the two,
membrane-based EO pump is more attractive since it not
only possesses the forgoing characteristics but can also be
easily fabricated with a thinner membrane along with a
high electric field. Recently, porous silicon membranes
(Yao et al. 2006) and porous anodic alumina membranes
(Chen W et al. 2005; Vajandar et al. 2007) have been
demonstrated with high output flow rate capacity at a low-
operation voltage (<100 V).

To achieve a maximum thermal efficiency is another
requirement for EO pump development. Upon this
requirement, several theoretical studies, such as Yao and
Santiago (2003), Daiguji et al. (2004), and Min et al.
(2004), indicated that the thermodynamic efficiency will
reach a maximum when the channel size is comparable to
the thickness of electric double layer (EDL), or even the
EDL is strongly overlapped (van der Heyden et al. 2006).
This is because the electrolyte becomes a unipolar liquid
inside the channel. However, only very rare experimental
studies (van der Heyden et al. 2006; Conlisk et al. 2007)
had experimentally reported the feasibility of the concept
concerning comparable EDL but none of them had dem-
onstrated the concept of strongly EDL overlapped for EO
pumping.

Motivated by the need to understand the EO flow in the
nano-pipe whose electric double layer may be strongly
overlapped, the objective of this study is to investigate the
influence of nano-pore sizes (20, 100, and 200 nm) and
electrolyte (KCI) concentrations (KCL, 1077 to 1073 M)
subject to a low operating voltage on the performance of a
EO pump. In addition, the characteristics of EO flow in a
nano-pipe, such as conductance saturation, output flow
rate, and energy transfer efficiency, are discussed.
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2 Theory

Alumina is an amphoteric material whose surface electrical
properties depend on the pH value of solution and its iso-
electric point is at a pH value around 8. The pH value of
present working fluid [deionized water (DI water) or
aqueous KClI] is below 8; thus, alumina is protonated and
has a positively charged surface (Chen W et al. 2005).
When a voltage is applied across an alumina membrane,
the excess counterions (OH™ of DI water or C1™ of aqueous
KCI) in the electric double layer (EDL) of the nano-pore
will move and drag the liquid molecules with them by
viscous force, giving rise to an electroosmotic flow (EOF).
The alumina nano-porous membrane featuring high
porosity, low tortuosity, and thin channel length is the key
of the present electroosmotic pump (Vajandar et al. 2007).
Due to the low tortuosity, each of the pores of the alumina
membrane can be considered as an independent cylindrical
channel.

2.1 Electroosmotic flow model

The equation of electroosmotic flow through a cylindrical
pore can be expressed as (Levine et al. 1975):
1, , L,dp ¢
=——(a-r)——I|{- E 1

O e s sl S ) 1)
where dp/dx is the pressure gradient, a is the radius of
circular tube, r is the distance from symmetry axial, ¢ is the
permittivity of the electrolyte, { is the zeta potential, y/(r) is
the radial potential due to the diffuse double layer, and E is
the strength of the electric field.

The volume flow rate (Q) is given as (Levine et al.
1975):

a

4 2
0= 2n/ ru(rydr = —%% _#a’(1 -G (z; G)E (2)
0
where
2 a
G = @/ ry(r)dr (3)
0

which is the ratio of the mean electrostatic potential across
the capillary to the {-potential.

In a symmetric electrolyte solution, z" = —z~, the
Poisson—Boltzmann (PB) equation can be expressed as
1d dys 2npze . zey
——\|r—) = h|{— 4
rdr (r dr) e on (kT “)

where ny is the ionic number concentration, z is the
absolute value of the ionic valence, ¢ is the fundamental
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charge of an electron, k is the Boltzmann constant, and 7 is
the absolute temperature. Yao and Santiago (2003) solved
Eq. 4 and compared the result of yy with Debye—Hiickel
approximation. The Debye—Hiickel approximation is valid
when the electrical potential is small in comparison with
the thermal energy of ions, i.e. |zey| <kT (surface potential
Y <25 mV, Hunter 1981). Their result revealed a
discrepancy between their direct numerical simulation
and that by Debye—Hiickel approximation, which was
particularly pronounced for a/A ratio of order 1 but
virtually no difference when the ratios of a/A was greater
than 100 or less than 0.1. Here, 4 is the Debye length (the
reciprocal of the Debye—Hiickel parameter, x) and is
calculated as

Ska
P =\ e ®)

In the present study, the corresponding a/Z values calcu-
lated from the nano-pore sizes with dilute KCI solution are
generally between 0.01 and 10. Although the Debye-—
Hiickel approximation may not be suitable for describing
the physical phenomenon of the present case, the Debye—
Hiickel parameter (x = 1/4) is still used as an indicator for
dimensionless pore size.

2.2 Thermodynamic efficiency of EO pump

The maximum flow rate (Qn.x) can be evaluated directly
from Eq. 2 by setting the pressure gradient (dp/dx) to zero,
while the maximum pressure or the maximum backpres-
sure (Ppay) is obtained for the condition of zero net flow
rate (Q = 0). The important characteristic of the EO pump
is its energy transfer efficiency, Eg, which is defined as the
ratio of the useful work, APQ, to the applied electrical
work, VI (Zeng et al. 2001).

APQ — EPmameax (6)
Vi 4 VI

Where AP, Q, V, and I are the backpressure, output flow
rate, applied electric potential, and measured current,
respectively. The useful work (APQ) is determined
experimentally from flow rate versus backpressure (which
is the pressure applied in the outlet of EO pump), and APQ
is equal to Y2P.x X Y20max-

Ex =

2.3 Joule heating effect on electroosmotic flow

The temperature rise caused by the applied electric field is
one of the major concerns of EO pumping. According to
the energy balance in the channel, the following equation is
used to describe the temperature rise (AT) over a period
time At (Li 2004):

EZC;LkA[

T‘4m@qp ™
where C is the ionic concentration (M), Jy is the resistivity
of KClI solution (m*Q/mol), C, is the specific heat capacity
[kcal/(kg °C)], p is the liquid density [kg/m’]. From Eq. 7,
the temperature rise (A7) is proportional to the square of
the applied electric field. For a given concentration, the
upper limits of electric field should be examined to avoid
the effect of the fluid properties by Joule heating (Li 2004).

3 Experimental setup

The schematic of the experimental setup is shown in Fig. 1.
The fluidic system includes a holder which contains a
nano-porous alumina membrane (Whatmann Inc.), a pair of
Pt mesh electrodes, and a pair of Pt wire electrodes
(Fig. 1). The Pt mesh electrodes are perpendicular to the
flow direction and are placed fore and after the nano-por-
ous alumina membrane. The fluid within the channel was
driven by the provided electric field (power supplier, GW
Instek GPR-11H30D), and the resultant flow rate and
current were measured by an electronic balance meter
(AND GF300) and a multi-meter (YOKOGAWA WT230)
as depicted in Fig. 1.

Three different alumina membranes having nominal
pore sizes of 20, 100, and 200 nm with a pore density of
1011, 4 x 109, and 10° per cm? were studied in the present
experiment. The diameter and thickness of the membrane
are 2.1 cm and 60 pm, respectively. The actual porosity of
membranes with pore sizes of 20, 100, and 200 nm are
calculated by the ratio of total pore area to total membrane
area. The resultant porosity of membranes with 20, 100,
and 200 nm pore size are all equal to 0.31. Thus the
porosity effect could be neglected in the present study.
The working fluid is deionized (DI) water in association
with KCI electrolyte concentration ranging from 10~ to
10~ M. The Pt mesh electrodes were made by evaporating
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Fig. 1 The schematic of experimental setup
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500 nm thick layer of Pt on the stainless mesh via an
electron beam (E-gun). The stainless meshes from TWP
Inc. with wire diameter and spacing of 20 and 20 pum, 30
and 33 pum, and 48 and 105 pm, are chosen for testing the
effect of the electric field.

4 Results and discussion
4.1 Effect of mesh electrode spacing

The flow rate was measured and compared by using the
following three spacing of meshes electrode, termed as
E_A, E_B, and E_C. The corresponding wire diameter and
spacing is 20 and 20 um for E_A, 30 and 33 um for E_B,
and 48 and 105 pm for E_C. Figure 2 shows the compar-
ison of flow rate versus voltage by using mesh electrodes
E_A, E_B, and E_C. The measured flow rate for E_C is
about 30-40% lower than those of E_A and E_B, indi-
cating that the wire spacing of E_C (105 pm) is too sparse
to provide enough uniform electric field for electroosmotic
pumping. E_A (20 pm) and E_B (33 pm) are dense
enough for providing a uniform electric field. The influence
of wire diameter for the mesh electrode is rather small as
seen in the figure. For effective pumping of the liquid flow,
suitable mesh electrode wire spacing is needed. For the
subsequent investigations, the E_B mesh electrode was
chosen for further study.

+{r-rr—r—rTrrT—Trrr T T T T T T T T

—F— EA(0m 20,m) i

- = £% - - E-B(30um, 33 m)
5 1) _._@..--- E-C (48 pm, 105 um) G

Flow Rate (mL/min)

0 20 40 60 80 100
Applied Voltage (V)

Fig. 2 The comparison flow rate versus voltage by using three
electrode meshes spacing. E_A of wire diameter 20 pm and spacing
of 20 um; E_B of wire diameter 30 pm and spacing of 33 um, and
E_C of wire diameter 48 um and spacing of 105 um (working
fluid = DI water, pore size = 100 nm)
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Accumulation flow rate versus time was recorded at a
fixed applied voltage. After the voltage is applied, the flow
rate (velocity) is increased from zero to a stable flow rate,
and stays there for a sufficient time before it finally falls off
due to deterioration. The deterioration is usually related to
damage of electrode mesh or the bubble blockage inside
the nano-pipe by water electrolysis. This period of time for
stable flow rate is defined as the usable time (life span) of
EO pump. The stable flow rate (velocity) in this process is
defined as the output flow rate of a given voltage. The
usable time versus applied voltage is plotted in Fig. 3. The
usable time is more than 12 h of 20 V, and is less than 4 h
of 80 V. It showed that the usable time of the present EO
pump operated at a low applied voltage (~20 V) is longer
than that at a high applied voltage (~60-80 V). The lower
operation voltage in a short membrane length subject to a
high electric field is quite essential for a long period of
electroosmotic pumping.

The thickness of the present porous alumina membrane
is 60 um. The electric field across the membrane ranges
from 0.33 to 1.33 MV/m corresponding to a supplied
voltage from 20 to 80 V. The effect of Joule heating on the
temperature rise (A7) was less than 1°C for an applied
voltage of 80 V (1.33 MV/m). For a typical ionic con-
centration C=1 x 107°M, A = 149.79 x 10~* m2Qy/
mol, C, = 1.0 kcal/(kg °C) and p = 1,000 kg/m3, Eq. 7
can be expressed as AT = (3.58 x 10712)E2 At (Li 2004).
The corresponding temperature rise (Eq. 7) at an electric
field 1.33 MV/m is near to 1.2°C, in which the period of
time (Af) was near to 0.2 s. At is calculated by the ratio of
flow path (alumina membrane thickness = 60 um) to the
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Fig. 3 The usable time versus applied voltage by using E_B (30 and
33 um) Pt mesh electrode (working fluid = DI water, pore
size = 100 nm)
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measured average velocity. Notice that the resistivity (/i)
of the working fluid also contributes to the Joule heating,
and it is proportional to the electrolyte concentration. Tang
et al. (2006) indicated that the Joule heating is negligible
for a dilute concentration (<10~* M). Li (2004) also
indicated the upper limit of electric field of concentration
C=1x 107" Mis 1.4 x 10> MV/m, and under this limit,
the Joule heating will not affect the fluid properties. The
present study uses DI water with a low KCI electrolyte
concentration (< 1073 M), and the electric field is less than
1.33 MV/m. In summary of the foregoing discussion, it is
concluded that the Joule heating effect is negligible.

4.2 Effect of membrane pore size

Figure 4a presents the flow rate versus applied electric
voltage by using porous alumina membranes having
diameters of 20 nm, 100 nm, and 200 nm, respectively. As
expected, the flow rate is increased with the size of pore
diameter at a fixed voltage. However, one should notice
that there is an upper limit of pore diameter. Based on the
numerical analysis of Rice and Whitehead (1965), Levine
et al. (1975), and Yao and Santiago (2003), the flow rate
increased steadily with a/A ratio in the range of 1-100, but
it reaches a maximum value and stays unchanged when a/4
is larger than 100. This is because the pore size is too large
compared to the thickness of EDL (A); therefore, the gen-
erated EO pumping is too small to drag more liquid outside
the diffuse layer. As a result, a low energy transfer effi-
ciency is encountered. Note that there was no direct
conduction of current through anodic membrane because
the current—voltage characteristic with DI water shows a
linear trend even at an applied voltage of 80 V (Fig. 4b),
suggesting a good condition of electroosmotic pumping up
to 80 V (electric field ~1.33 MV/m). The data obtained
from this study is repeatable (actually all experiments have
been repeated at least three times to ensure its repeatabil-
ity). The fluctuation of flow rate, backpressure, and current
were reflected by the error bar. The linear regression was
also plotted in Figs. 4, and 5, and the R* value was greater
than 0.95.

The characteristic of EO pump performance is shown in
Fig. 5. For a given voltage, the backpressure (P.x) i
proportional to the applied voltage (Fig. 5a), but it is
inversely related to the channel size. Based on the Debye—
Hiickel approximation, the Debye Length (/) from Eq. 5 of
DI water is near 960 nm. Therefore, the influence of EDL
overlapping is comparatively strong for a smaller channel
like 20 nm, leading to higher ionic concentration and
mobility inside the channel. This inevitably generates the
highest backpressure for the smallest channel (20 nm). The
energy transfer efficiency of three different pore sizes (20,
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- - /A -~ d=100nm .
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-

PN TN TN (NN TR TN TN N TR TN TS N N TN SO T
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Fig. 4 a Flow rate versus electric voltage, and b current—voltage
characteristic of 20, 100, and 200 nm porous diameter (buffer: DI
water)

100, and 200 nm) with applied electric filed is plotted in
Fig. 5b. As seen in the figure, the maximum energy transfer
efficiencies decreased with the rise of supplied voltage for
all the pore diameters. The possible reason for the drop of
efficiency is obviously related to bubble formation caused
by water electrolysis at a sufficiently high electric field.
The generated bubble will easily block the nano-channel
and fail the whole system. For a low applied voltage
(20 V), the maximum efficiencies for pore sizes of 20, 100,
and 200 nm are approximately 0.28, 0.43, and 0.35%.
From the result, there seems no direct linkage between
efficiency and pore size. Part of the reasons may be
attributed to the complicated composite interactions caused
by the strong overlapping of electric double layer, bubble
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Fig. 5 a P\, and b energy transfer efficiency versus electric voltage
of pore diameter 20, 100, and 200 nm (buffer: DI water)

formation, or electroviscous in the low concentration
electrolyte flow.

4.3 The effect of aqueous ionic concentration

The effect of ionic concentration plays an important role in
EO pumping for it changes the thickness of the electric
double layer. Figure 6a shows the relevant influence on the
measured flow rate subject to an external electric field 20 V
for three pore dimensions, yet the electrolyte solution is
KCl with its range of concentration being varied from 10~ to
107 M. As seen, regardless of the influence of pore diam-
eter, the measured flow rate versus concentration reveals two
distinct characteristics. Firstly, the flow rate is usually high in
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Fig. 6 a Flow rate versus KCl aqueous concentration; b the
normalized flow rate versus nondimensional pore size a' (=a/l) of
200, 100, and 20 nm of 20 V applied voltage

low concentrations (107> to 10~7 M) in which a maximum
value occurs. Secondly, a remarkable drop of flow rate is
seen when the concentration surpasses 10~* M. According
to the theoretical analysis of Eqs. 1-3, the flow rate is line-
arly related to zeta potential ({) and electric filed (E). The
reasons for the measured flow rate peaks at low concentration
are mainly attributed to: (1) zeta potential ({) reaches a peak
value at a certain concentration, (2) a rapid voltage drop in
the nano-pore entrance, and (3) the thicker EDL of low
electrolyte concentration. More detailed explanations about
the foregoing reasons are in the following:

1. Zeta potential reaches a peak value at a certain
concentration: The zeta potential of channel wall
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surface is dependent on the ionic strength of electrolyte
solution (Modi and Fuerstenau 1957; Hunter 1981).
Modi and Fuerstenau (1957) had clearly showed the
distinct behavior of a positively charged alumina
surface pertaining to C1~ and Na*. From their results,
the zeta potential is generally increased with the
concentration and peak at a certain concentration (near
2 x 107° M); then, it is decreased thereafter with
further increase in concentration. A noticeable drop of
the zeta potential is seen when the concentration is
larger than 10~* M. Huang and Yang (2007) also
pointed out that the surface charge density is insensi-
tive to the concentration in the low-salt regime. In
summary to the forgoing discussions, the flow rate thus
peaks at 107> to 1077 M, and it drops significantly
when the concentration is increased to 10™* M in the
present study (Fig. 6a). However, our result is opposite
to the report by Vajandar et al. (2007), in which the
electroosmotic pumping was operated using a borate
buffer (Na,B,O7) with pH ~9 and the flow rate was
increased as concentration changing from 0.1 to
7.5 mM. They also mentioned that their results were
opposite to the reports by Hunter (1981), Arulanandam
and Li (2000), and Kirby and Hasselbrink (2004), but
our results are in line with these previous studies. The
complex adsorption process of ions is another reason
in such a strongly overlapped case.

A rapid voltage drop in the nano-pore entrance: In this
work, we found that the flow rate is high at a low
concentration (Fig. 6a). From Eq. 2, the flow rate is
proportional to the electric field (E). The low electric
conductivity of low electrolyte concentration results in
a rapid voltage drop at the nano-pore entrance and will
lead to a high electric field (Conlisk et al. 2007). The
high electric field at the nano-pore entrance becomes a
dominant force by which a high flow rate occurring at
the low concentration regime is encountered. Fig-
ure 7a, b shows the measured electrical current and
electrical conductance (S = I/E) of the nanotube with a
diameter of 20 nm. The electrical conductance is
obtained by S = I/E, where [ is the ionic current, and E
is the parallel electric field. The measured electrical
current and electrical conductance are increased line-
arly with the concentration (n) at high concentration
region (1073 to 1077 M), and a further reduction of
concentration from 107> to 10~ results in a striking
saturation regime in which both conductance and
current were virtually independent of concentration.
The present experimental results agree well with the
conductance measurements reported by Karnik et al.
(2005) and Stein et al. (2004). Based on the evidence
of the conductance saturation at a low concentration, it
is no surprise that the voltage drop caused by the nano-
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Fig. 7 a The electrical current versus applied voltage of KCI aqueous
concentration ranging from 10~ to 107> M; b electrical conductance
versus KCI aqueous concentration of applied voltage ranging from 20
to 80 V (diameter = 20 nm)

pore entrance at a low concentration may lead to a
larger flow rate.

3. The thicker EDL of low electrolyte concentration:
From Eq. 5, the Debye length of KCI electrolyte is
960, 304, 96, 30, and 9.6 nm for a concentration of
1077,107%, 107>, 107*, and 107>M, respectively. The
permittivity of KCl aqueous is near 79. The corre-
sponding a/A values are between 0.01 and 10.
Figure 6b plots the flow rate (Qn.) versus a/A for
pore diameters of 200 nm, 100 nm, and 20 nm at a
supplied voltage of 20 V. The flow rate is compara-
tively high for a/4 < 1, but it drops considerably when
all > 1. The measured flow rate increases significantly
when the electric double layer is overlapped at a given
low electrolyte concentration. As shown by several
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reports (Rice and Whitehead 1965; Levine et al. 1975;
Yao and Santiago 2003; Vajandar et al. 2007), the flow
rate is decreased in the range of 10 > a/l > 1.
However, it is unclear when a/A is less than 1.
Recently van der Heyden et al. (2006) showed that the
maximum energy conversion efficiency of electro-
viscous effect on pressure-driven liquid flow occurs at
a low salt concentration in which the double-layer is
strongly overlapped (a/4 < 1). Although, our results
agree with their theoretical analysis, further studies are
needed to quantify the influence of strongly overlapped
double-layer on the resultant electroosmotic flow.

The forgoing discussions provide several clues for expla-
nations of the measured results. However, it is difficult at
this stage to identify which is the major effect on the
resultant flow rate.

4.4 The performance of low-voltage EO pump

As mentioned earlier that one of the benefits of the present
EO pump is a high porosity, a low channel tortuosity, and a
short channel length accompanied with the alumina
membrane. By applying a low operation voltage (20 V), it
could provide a high electric field (0.33 MV/m) to drive
fluid flow. Many previous studies had employed much
higher voltage to provide a comparable electric field. For
examples, 0.037 MV/m at 2 kV of Zeng et al. (2001),
1 MV/m at 1 kV of Chen and Santiago (2002), 0.05 MV/m
at 5 kV of Chen L et al. (2005a), and 0.1 MV/m at 6 kV of
Wang et al. (2006), and the like. However, it has been
mentioned in Sect. 1 that high voltage may impede the
applications of EO pumping. Hence, it would be interesting
to make comparisons about this feature among existing
literature. By including the present test results along with
the previous comparisons made by Vajandar et al. (2007),
the resultant flow rate versus applied voltage is shown in
Fig. 8. The maximum flow rate achieved from this study is
0.09 mL/min V cm? at an operation voltage of 20 V, a
pore diameter of 200 nm, and an electrolyte concentration
of 107°M (Fig. 6a). The measured flow rate is comparable
to the existing results whereas the corresponding operation
voltage (20 V) of this study is about one to two orders
lower than most of the existing results. The maximum
thermodynamic efficiency is near 0.43% with an operation
voltage of 20 V, a pore diameter of 100 nm, and electrolyte
of DI water (Fig. 6a). A similar work by Yao et al. (2006),
who used a spiral electrode with pore sizes ranging from
0.86 to 2.9 um, showed that the maximum flow rate is as
high as 0.13 mL/min V cm? at a supplied voltage of 25 V
but the maximum thermodynamic efficiency is only near
0.0003-0.005%. The main difference in efficiency is
associated with the present test configurations being

@ Springer

capable of providing strongly overlapped EDL for effective
electroosmotic pumping. For the EO pumping system, it
not only needs to consider the output flow rate but also the
power consumption (thermodynamic efficiency) of the
system.

5 Conclusions

The present study has successfully demonstrated a low-
voltage electroosmotic (EO) pumping system by using
alumina nano-porous membrane with a Pt mesh electrode.
Efforts are made towards a low operating voltage and a
high energy transfer efficiency EO pump by manipulating
nano-porous alumina membrane having three different
pore sizes (20, 100, and 200 nm) and electrolyte concen-
tration of KCl varying from 1077 to 107> M. The
maximum flow rate achieved is 0.09 mL/min V ¢cm? and
the maximum energy transfer efficiency is 0.43% at an
operation voltage of 20 V. The flow rate peaks at a low
concentration, where the electric double layer is strongly
overlapped (a/A < 1), is discussed. Some other major
results from this study include:

1. The design of perpendicular mesh electrode can
effectively reduce the electric voltage drop in the
reservoir. The output flow rate is decreased as the Pt
electrode mesh with sparse wire spacing (105 pm), and
suitable mesh wire spacing of 33 pum is chosen for
providing uniform electric field.
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Fig. 8 Comparison of the flow rate between this study and other
literatures listed: [/] Chen and Santiago (2002), [2] Jiang et al.
(2002), [3] Gan et al. (2000), [4] Guenat et al. (2001), /5] McKnight
et al. (2001), [6] Tripp et al. (2004), [7] Vajandar et al. (2007), [8]
Wang et al. (2006), [9] Yao et al. (2003), [10] Yao et al. (2006), [11]
Zeng et al. (2001), and [12] Zeng et al. (2002)
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2. The flow rate is increased with pore diameter whereas
the energy transfer efficiencies decreased with the rise
of supplied voltage for these three different pore sizes.
This is because bubble formation from water electrol-
ysis at a high electric field may give rise to a blockage
of the nano-channel.

3. The measured flow rate versus KCI electrolyte con-
centration reveals two distinct characteristics. Firstly,
the flow rate is usually high in low concentration (10~°
to 107’ M) in which a maximum value occurs.
Secondly, a remarkable drop of flow rate is seen when
the concentration surpasses 10~* M. The flow rate
peaks at a low concentration are attributed to (1) zeta
potential ({), which reaches a peak value at a certain
concentration; (2) a rapid voltage drop in the nano-
pore entrance; and (3) the thicker EDL of low
electrolyte concentration. However, it is difficult at
this stage to identify which is the major effect on the
resultant flow rate.
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