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Electroosmotic Flow Rectification in Pyramidal-Pore Mica Membranes
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Electroosmotic flow (EOF) is an eectrokinetic phenomenon that
occurs when an ionic current is passed through a channel or porous
medium that contains excess surface charge.® EOF is used to pump
fluids through microfluidic devices' and capillary eectrophoresis
columns.*® While the pores and channdls typically have asymmetrical
shape, there is increasing interest in transport through asymmetrical
pores? and channels, for example conically shaped poresin polymer
membranes.*

Transport in conicaly shaped poresis of interest because such pores
can act as ion-current rectifiers; i.e., the magnitude of the current
flowing through the pore depends on the polarity of the potentia
difference applied across the membrane (Figure 1).** It occurred to
us that this phenomenon might produce a corresponding rectification
of the EOF rate across the membrane. If thisis true, such membranes
could be used as EOF rectifiers, yielding high flow rates for one polarity
and low flow rates when the polarity is reversed. We report here the
first demonstration of this rectified electroosmotic flow effect.

Mica membranes with pyramidaly shaped pores prepared by the
track-etch method® were used (Figure 2). The membranes were 10.4
umthick and contained 10° heavy-ion induced damage tracks per cn?.”
Whilethisisthefirst example of pyramidal poresin mica, the chemica
etching procedure’ is similar to that used to etch conically shaped pores
in polymer membranes.® Briefly, this entails placing a solution that
etches the damage tracks (10 M HF) on one side of the membrane
and asolution that neutralizes the etchant (10 M NaOH) on the opposite
side.” Because chemical etching of micayidds pores with arhomboidal
cross section (Figure 2A),° the pores have a pyramidal shape with the
base opening of the pyramid facing the etch solution and the tip
opening facing the stop solution. Figure 2B shows areplica of such a
pyramida pore prepared by chemical vapor deposition of carbon within
the pore™® and dissolution of the membrane.”

We report the sizes of the base and tip opening in terms of the
length of the major axis, |mg, Of these rhomboidal openings (Figure
2A). Since the major angle, oy, is ~120°,° the length of the minor
axis can be calculated. The sizes of the base and tip openings of the
pyramida pores were controlled by varying the etch time and measured
by electron microscopy.”° Pores with four different sizes of the base
and tip openings were investigated here (Table 1). A control membrane
with symmetrical, as opposed to pyramidaly shaped, pores was dso
prepared.”

Transport measurements were made by mounting the membrane
between the two halves of the permeation cell** described previoudly.
The feed half-cell contained ~3 mL of a solution that was 10 mM in
phenal and 10 mM in phosphate buffer, pH = 7.0. The permesate half-
cdl initialy contained only buffer. The area of the exposed membrane
was 0.78 cn?. As per our prior work, the phenol is used as an
dectricdly neutra probe to measure the EOF rate from the feed to
the permeate.® This was accomplished by periodically measuring the
UV absorbance of the phenol in the permeate solution and making
plots of moles of phenol transport vs time (Figure 3). The dope of
this line is proportiond to the flux of phenol across the membrane.
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Figure 1. Current—voltage curve for a pyramidal-pore mica membrane
demonstrating ion-current rectification (10 mM phosphate buffer, pH 7.0).
Img for the tip and base were 17 and 122 nm, respectively (Table 1).

Table 1. EOF Velocities and lon-Current and EOF Rectification
Ratios for the Membranes Studied Here

Veot (mm/ 5)

T("; n:';aJ Bii?n)/’“a‘ Base-to-Tip Tip-to-Base Feof fie
17 122 3.8 0.37 10.3 53
35 244 1.7 0.35 49 2.7
52 366 0.55 0.32 1.7 13
70 488 0.32 0.23 14 1.2
11 11 12 12 1.0 1.0

EOF was driven through the membrane by using a Pt electrode in
each hdf-cell solution to pass a current of 100 4A through the pores.
Because mica surfaces have excess negative charge,® EOF is in the
direction of cation migration. For this reason, the cathode was in the
permeste solution for all EOF experiments.

The objective of these studies was to determine whether the ion-
current rectification effect observed in these pyramida-pore membranes
yields a corresponding rectification in the EOF rate. The “off” state
for these ion-current rectifiers occurs at positive vaues of applied
potentid, E, (Figure 1), which corresponds to the cathode being in
the solution adjacent to the nanopore tip. When an EOF transport
experiment was done with a current having this polarity (EOF from
base to tip), a high flux state was obtained (Figure 3A). When the
polarity of the current was reversed, corresponding to the “on” state
(Figure 1, EOF from tip to base), amuch lower flux state was observed.
Similar results were obtained for all of the pores investigated here.

®

Figure 2. Electron micrographs of (A) the base opening of a pore in a
mica membrane and (B) a carbon replica of a pyramidal mica pore.
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Figure 3. Plots of nmol of phenol transported vs time from EOF
experiments on two mica membranes. (A) Asymmetric-pore membrane (as
per Figure 1). (¥) Transport from base to tip; (a) transport from tip to
base. (B) Membrane containing symmetrical pores with |y = 11 nm. (va)
correspond to the two directions of EOF through this membrane.

These results show for the first time that asymmetric pores can act as
EOF rectifiers. Symmetrica pores in mica show neither ion-current
nor EOF rectification (Figure 3B, Table 1).

To explain EOF rectification, we briefly review ion-current rectifica-
tion in asymmetric pores.>>*? According to Ramirez et a.*? if an
asymmetric pore has excess anionic surface charge (like mica) and
thetip opening is sufficiently small, the tip will preferentialy transport
cations and rgject anions. This high cation transference number causes
the electrolyte to be depleted from the solution in the pore tip when
the “off” state polarity (Figure 1) is applied.™ This causes the resigtivity
of the solution in the pore tip to increase, yielding the lower “off”
state current. In contrast, when the “on” state polarity is applied, the
eectrolyte accumulates in the pore tip.*? This causes the resistivity of
the pore-tip solution to decrease, yielding the higher “on” state current.

The velocity of electroosmotic flow, ve, is aso related to solution
resitivity, p,*®

Voot = —€ E Jgpp 0N @

where € and # are the permittivity and viscosity of the solution,
respectively, Jop is the constant applied current density, and ¢ is the
zeta potential of the pore wall.*® Equation 1 predicts that the high
solution p of the“off” state will produce ahigh ve and the low solution
p of the“on” state will produce alow vy, and thisis exactly what we
observe experimentally (Figure 3A, Table 1).

We quantified these results by calculating the “on” and “off” state
veot VAlUes. The dopes of the transport lines (e.g., Figure 3A) provided
the rate of phenol transport in the presence of the applied current, N..
The rate of diffusion, N, was adso measured by doing analogous
experiments with no applied current. N; and Ny were then used to
caculate the enhancement factor, E,*¢7

E = Ni/Ny 2
which was used to calculate the Peclet number, Pe.*®
E = Pe/(1 — (exp(—Pe))) (©)
Peis related to vey Via®
Uy = PeDII )

where | is the membrane thickness, and D is the diffusion coefficient
for phenal.”

The veyr Values obtained are shown in Table 1.22 Note first that vey
increases with decreasing pore Size. Thisis because ver increases with
pore resistance, which is higher for smaller pores.” The extent of EOF
rectification was quantified by defining a parameter caled the EOF
rectification ratio, re, Which is vy for the “off” state polarity divided
by v fOr the “on” state polarity. We see that ey S0 increases with

decreasing pore size (Table 1). Thisis certainly reasonable since the
chance of achieving the requisite high cation transference number'?
is greater in a smaller pore.

The extent of ion-current rectification is quantified by the ion-current
rectification ratio,” ric, defined here as the absolute value of the current
a —10 V divided by the current a +10 V. The ric vaues (Table 1)
show that, like ey, ion-current rectification is greater in smaller pores.
We also see that rer scales with rie. Thisis because both phenomena
derive from the change in pore-solution resitivity with the sign of
En. The proportiondity between ros and ric indicates that a smple
measurement of ri; (Figure 1) can be used to predict whether a
membrane will be a good EOF rectifier. Furthermore, because ric
increases with decreasing ionic strength,™* re should show a similar
dependence.

We have demonstrated here anew eectrokinetic phenomenon: EOF
rectification in membranes containing asymmetric pores. As theory
predicts, and as we have shown experimentally, EOF rectification is
observedinporesthat show themorefamiliarion-current rectification.>*52
Because ver increases with increasing solution resistivity (eq 1) and
ion-current decreases with resitivity, the “off” state for the current is
the high velocity state for EOF. The extents of both ion-current and
EOF rectification increase with charge density on the pore wall. Asa
result, micais an especidly propitious material for such rectifierssince
the anionic charge density™® exceeds by a factor of ~2 the charge
density on the more commonly studied polymeric membranes.*®
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