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a b s t r a c t

Porous structures with submicron pore diameters and low ionic strength electrolytes yield more efficient
electroosmotic (EO) pumps. For these conditions, however, electric double layers may carry a substan-
tial portion of ionic current, creating an imbalance between current carried by anions versus cations.
This leads to the formation of net neutral regions of ion depletion and enrichment on opposite sides
of the pump. We visualize ionic concentration enrichment and depletion using a custom visualization
eywords:
lectroosmotic pump
lectrokinetic pump
oncentration polarization
uhkin number

setup with an embedded porous glass EO pump. Visualizations and conductance measurements indicate
that concentration polarization (CP) zones are formed and propagate in EO pump systems with order
100–1000 �M ionic strength. To date, no EO pump model has taken CP into account and yet CP has a
significant effect on pumping rate and power consumption. We propose pore-volume-to-surface-area
ratio as a new Duhkin number length scale for predicting CP regimes in EO pumps. CP and its propagation
can have profound and long-range effects on ionic conductivity and electric fields in EO pumps.
anochannel
urface conduction

. Introduction

Electroosmotic (EO) pumps can potentially provide a large range
f flow rates and pressure capacities, have no moving parts, and
ave a high self-pumping frequency [1,2]. A simple EO pump con-
ists of a porous substrate (often glass), two electrodes, and a power
ource. Electrodes are used to create an electric field which imposes
Lorentz force on mobile counterions of electric double layers

EDL) to create bulk fluid flow [2]. EO pumps have been applied
n fuel cells [3,4], high pressure liquid chromatography [5], and
rug delivery [6]. Challenges to EO pump implementation include
chievement of low applied voltage and high flow rate per power,
nd the effects of electrolysis bubbles [7–10]. These challenges
rive designs to pore radii of order of 100 nm [11–13].

When electric fields are applied to systems which incorporate
ubmicron channels, net neutral concentration enrichment and
epletion regions may form at interfaces with larger channels;
n effect called concentration polarization (CP) [14]. We show CP

chematically in Fig. 1. The effects of surface conduction on station-
ry CP have been modeled and experimentally studied for over 40
ears [15]. CP has been visualized experimentally in systems con-
aining nanochannels [16,17], mesoporous beads [18,19], packed
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beads [20] and porous monoliths [20,21]. In addition, Postler et al.
[22] developed a numerical model for electroosmosis in submicron
channels which captures CP onset and the effect of adverse pressure
loads.

In some cases, CP can propagate and induce strong, system-wide
spatiotemporal variations in ionic strength [16,23]. To the best of
our knowledge, propagating CP has not been confirmed experimen-
tally in EO pump operation, and models of EO pumps with order
100 nm pore radii do not account for CP [11,12,24]. In this work, we
therefore document and study the propagation of CP in an EO pump
system. We present visualizations and conductance measurements
which confirm experimentally the occurrence of propagating CP in
an EO pump with mean pore diameter of order 100 nm. Our intent
is to provide compelling evidence that propagating CP is important
in EO pump performance and motivate studies which investigate
CP in EO pumping.

2. Theory

CP arises when mobile EDL counterions carry a significant por-
tion of the total ionic current. In an EO pore, the associated flux
imbalance between co- and counter-ions results in net neutral
ion enrichment and depletion downstream and upstream of the

pump, respectively. CP can be characterized by a Dukhin number,
a surface-to-bulk conductance ratio of the form [16,23,25]:

Du ≡ �surf

�bulkl
= − s�1z1

Fz1cr(�1z1 − �2z2)(r/2)
. (1)
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Fig. 1. Schematic of propagating CP in an electroosmotic pump device. System con-
sists of a porous glass structure (grey), connecting channels, and electrodes. Top
zoom view depicts the flow through a single pore with direction of electroosmotic
flow (EOF) indicated by the grey arrow. When in contact with water, pore walls
deprotonate to form EDLs of negative stationary wall charges and diffuse mobile
cations. Pores contain an increased cation concentration (c+) and there are more
mobile cations than anions. Electromigration and advection of charge both cause a
net cationic flux (J+) significantly greater than anionic flux (J−). (Here J is the total
ion flux of a species due to electromigration, advection, and diffusion.) A control
volume analysis (dashed boxes) indicates net flux of total (positive plus negative)
charge into the cathode side and out of the anode side regions. These regions of net
ion accumulation and depletion are sufficiently far from wall charge (at least a few
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ebye lengths away) and so they are approximately net neutral. In some cases, the
esulting ion enrichment and depletion zones propagate as concentration shocks
black arrows) and can therefore have long-range spatial effects on concentration
istribution [16,23].

ere, �surf and �bulk are surface and bulk conductance, and l is a
haracteristic length [25]. s is the surface charge density, cr is ini-
ial electrolyte concentration, � is ionic mobility, z is ionic charge,
is characteristic pore radius, and F is Faraday’s constant. Sub-

cripts 1 and 2 denote counter- and co-ion of the binary electrolyte,
espectively. We temporarily use r/2 for l, consistent with recent
P literature [23],1 but further discuss this scale below. Optimized
O pump designs require submicron pores and low ionic strength
lectrolytes [2,9,13], which result in order unity or higher Du (e.g.,
00 nm pore radius silica pump using 1 mM ionic strength has Du
f approximately unity).

In some cases, concentration enrichment and depletion zones
ropagate outwards as shocks. As predicted by Mani et al. [23]
nd experimentally verified by Zangle et al. [16], propagation is
overned by two non-dimensional parameters: a Dukhin number
nd a co-ion electrophoretic mobility normalized by electroos-
otic mobility. When CP propagates, the depletion zone travels

pstream against bulk flow, and the enrichment zone propagates
ownstream. In non-propagating CP, these zones remain local to
anochannel interfaces.

. Materials and methods

Fig. 2 shows a schematic of the experimental setup. The device
onsists of (from A to B) a platinum wire electrode and 3.0 mL well,
orous glass frit (“frit” is a term describing a glass filter disc made
rom sintered glass granules) with 450 nm median pore diameter

EoPlex, Redwood City, CA), 1 mm × 150 �m × 5 cm visualization
hannel, and a second electrode and 3.0 mL well. We galvanos-
atically controlled all experiments at 5 �A DC using a Keithley
ourcemeter (Cleveland, OH), with positive current defined when

1 Mani et al. [11] presented a Dukhin number with l = h/2 (the half height of an
nfinitely wide channel). A cylinder with diameter h (e.g. an EO pump pore) has twice
he perimeter-to-area ratio as an infinitely wide channel of height h and so we use
= r/2 for comparisons.
Fig. 2. Experimental setup used to visualize CP and measure channel conductance.
The pump substrate is located just below reservoir A, and the view area of the chan-
nel is several millimeters past reservoir A. The inset shows the microfluidic chip
design.

reservoir A is at high potential. Our chip’s layers are, from bottom
to top, a transparent mylar backing, mylar channel layer, acrylic frit
mount, and acrylic well support.

We captured images using an inverted epifluorescence
microscope (Nikon Eclipse TE300), mercury bulb light source, epi-
fluorescent filter cube, 5×, 0.1 NA objective, and 1.3× demagnifier.
We used 10 �M Alexa Fluor 488 succinimidyl ester (Molecular
Probes, Eugene, OR) to visualize ionic concentration, and sodium
tetraborate decahydrate (Mallinckrodt, Hazelwood, MO) buffer to
set ionic strength.

4. Results

4.1. Depletion and enrichment visualization

We performed visualization experiments using 100 �M borate
buffer (a very weak buffer with measured pH of 6.8). We here give
the concentration of all borate buffers used as the Na+ concentra-
tion, where a mole of sodium tetraborate (borax) dissolves to form
two moles of Na+. For our conditions, we can accurately assume
that the concentration of tetraborate (divalent buffering ion) is
approximately equal to one half the concentration of Na+. Mea-
sured conductivity and pH values of all buffers used are given in
Table S-1 of the supporting materials. In all cases, we used applied
currents of +5 and −5 �A. Fig. 3 shows spatiotemporal plots of ion
concentration measurements, where we plot transverse-averaged
Alexa Fluor intensity versus axial distance and time. The data show
concentration depletion and enrichment on the upstream (high
potential) and downstream (low potential) sides, respectively, as
expected from CP models [16,23]. In the depletion case, ion con-
centration decreased by an order of magnitude within 90 s. We
observed propagation of a depletion concentration front with an
approximate front velocity of 400 �m/s. In the enrichment case,
characteristic time scales were significantly longer and axial con-
centration gradients very diffuse; so we were unable to identify
clearly an enrichment front or propagation velocity. The final mea-
sured enrichment factor was ∼1.9.

4.2. System conductance

The potential applied at the electrodes is dropped primarily
across the viewing channel [26]. We therefore measured applied
potential at constant current to characterize variations in view-

ing channel conductance. When enrichment or depletion zones
propagate into the channel, conductance respectively increases
and decreases. Fig. 4 shows conductance measurements for borate
concentrations of 100 and 150 �M (measured pH = 6.8 and 6.9,
respectively), and applied currents of −5 and +5 �A. For both buffer
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Fig. 3. Spatiotemporal plots of ion concentration enrichment factor versus axial
distance from pump-side of viewing window and time. The color intensity data
shown is unfiltered, raw data. The contours are based on data convolved with a
two-dimensional Gaussian with 15 s and 300 �m widths. (a) Applied current of
−5 �A. Data show propagating concentration depletion zone, with front velocity
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Fig. 5. Measured conductance transients for borate buffer concentrations of 700
(�), 800 ( ), 900 ( ) and 1000 �M (�). We normalized conductance by the initial
measured value. The dashed line represents conductance predicted by traditional
f ∼400 �m/s. (b) Applied current of +5 �A. Data show enrichment zone propaga-
ion. Concentration reached a final enrichment factor of ∼1.9. The enrichment front
as significantly more diffuse than the depletion front (this is more clearly apparent

n the movies included in the supporting materials).

oncentrations, conductance respectively decreased and increased

or negative and positive applied current. This is consistent with the
isualized concentration changes, and a confirmation of CP propa-
ation. Conductance versus time measurements also highlight the
ong-range effects of CP. For the 100 �M depletion case, conduc-

ig. 4. Measurements of channel conductance (G) in time for applied currents of
5 �A (open symbols) and +5 �A (closed), and borate concentrations of 100 (�) and
50 �M (�). For both −5 �A cases, conductance decreased to approximately 50% of
he initially measured value. For both +5 �A cases, conductance change was more

oderate, and increased by up to ∼50% (for 100 �M) over the full 2000 s observation
eriod. We attribute these results to depletion zone (former) and enrichment zone
latter) propagation into the visualization channel. This is consistent with visualiza-
ions shown in Fig. 3, and is a strong confirmation of propagating CP in our EO pump
ystem.
EO pump models, which assume constant spatial and temporal ionic strength dis-
tributions. Characteristic time scales of transients increased with increasing initial
concentration. For all cases, results indicated propagating CP, although calculations
of Duhkin number using mean pore radius predict non-propagating CP.

tance did not stabilize until ∼1400 s (reaching 95% of final value).
This indicates the depletion zone (with velocity of 400 �m/s) prop-
agated through the 5 cm length visualization channel and into the
upstream well.

Characteristic time scales of conductance transients were sig-
nificantly longer for the 150 �M cases, where depletion-case
conductance stabilized at ∼1900 s. We attribute this to the reduced
Du associated with the increased initial ionic strength.

4.3. Propagating CP at higher ionic strength

We measured depletion-case (−5 �A applied current) conduc-
tance transients at higher borate buffer concentrations. Fig. 5
shows conductance measurements for four borate concentrations
from 700 to 1000 �M. As with the lower concentrations, the
characteristic time scale of transients increased with increasing
concentration.

Even at 1 mM ionic strength, CP induces long-range concentra-
tion changes. If we use median pore diameter to calculate Du, the
model of Mani et al. [23] predicts non-propagating CP at these
higher borate concentrations. However, predictions for porous
media are not straightforward. For example, from porosimetry
data (Porous Materials Inc., Ithaca, NY) of a similar porous glass
sample, ∼25% of the pore volume should be composed of pores
small enough to be within the propagation regime. We hypothesize
that the total pore-volume-to-surface-area ratio may instead be a
better characteristic length scale for Du; as this more accurately
describes current carried by EDLs. Porosimetry data indicate our
pore-volume-to-surface-area ratio is order 10 nm. Using this length
scale, the Mani et al. model predicts propagation at the highest
buffer concentration of 1000 �M, in agreement with our observa-
tions. Full characterization of CP propagation in porous media is
beyond the scope of this paper and we plan to further investigate
this.

5. Conclusion
We experimentally observed propagating concentration polar-
ization (CP) in an EO pump system. At an ionic strength of 100 �M,
we observed a depletion shock with front velocity of approximately
400 �m/s (and at least 10-fold drop in ionic strength) and an enrich-
ment front with final enrichment factor of ∼1.9. We confirmed
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nrichment and depletion zone propagation by measuring system
onductance. Results indicate that CP propagation rate decreased
ith increasing initial ionic strength (increased Dukhin number),

s expected from established CP theory [23]. The temporal dynam-
cs of conductance indicated that CP fronts propagated through the
ntire channel.

Conductance measurements suggested CP propagated at an
onic strength of 1000 �M, which is not expected if mean pore
adius is used as the characteristic length scale. We propose using
ore-volume-to-surface-area ratio as the characteristic length,
hich for our system accurately predicts CP propagation at

000 �M. In future work, we hope to develop models for CP prop-
gation in porous media, where the distribution of pore-sizes
ntroduces significant complexity.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.snb.2009.10.005.
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