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Abstract

The electric field-driven transport of ions through supported mesoporousγ -alumina membranes was investigated. The influence of
concentration, ion valency, pH, ionic strength, and electrolyte composition on transport behavior was determined. The permselect
membrane was found to be highly dependent on the ionic strength. When the ionic strength was sufficiently low for electrical dou
overlap to occur inside the pores, the membrane was found to be cation-permselective and the transport rate of cations could b
variation of the potential difference over the membrane. The cation permselectivity is thought to be due to the adsorption of an
the pore walls, causing a net negative immobile surface charge density, and consequently, a positively charged mobile double
transport mechanism of cations was interpreted in terms of a combination of Fick diffusion and ion migration. By variation of the p
difference over the membrane the transport of double-charged cations, Cu2+, could be controlled accurately, effectively resulting in on/
tunable transport. In the absence of double-layer overlap at high ionic strength, the membrane was found to be nonselective.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years a significant number of works have
peared that deal with the development of switchable in
terconnects with which certain species from fluids can
transported at will across a semipermeable barrier [1,2]. Th
development of selective barriers that allow active contro
over the transport of specific molecular or ionic spec
may ultimately lead to new intelligent interconnects betw
fluid channels in microchemical systems (MiCS) and m
crototal analysis systems (µTAS) [3,4]. The ability to mo
molecules with high precision, selectivity, and temporal c
trol may result in smaller devices, lower power consumpt
and improved accuracy. Materials with switchable molecula
functions may lead to completely new approaches to val
chemical separation, and detection.

One of the pioneering works in this field was perform
by Martin and co-workers, who showed that the permse
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E-mail address:j.e.tenelshof@utwente.nl (J.E. ten Elshof).
0021-9797/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2003.10.024
tivity of Au-coated track-etched nanotubular membranes
be controlled by manipulation of the membrane electr
potential relative to the potential in the feed [5]. Essentia
the membrane surface was charged relative to the solu
bulk, and as the pores were sufficiently small for the dou
layer to penetrate the entire pore diameter, an ion-sele
membrane was obtained. When the membrane surface
negatively charged, predominantly cationic fluxes were
served, and vice versa [5].

Two factors are of prime importance to control the tra
port of species through a barrier actively, namely permse
tivity and driving force. The occurrence of permselectivi
in mesoporous oxide thin layers towards cations or an
depends on the thickness of the double layer relative to
pore radius, the magnitude and sign of the interior sur
charge, and the surface charge at the solution–membran
terface [2]. High selectivity toward either cations or anio
will occur when the ionic double-layer spans the membr
pores, i.e., when the double-layer thickness is larger than
pore radiusa [2,6]. The double-layer thickness can be e
mated from the Debye lengthκ−1 [7],

http://www.elsevier.com/locate/jcis
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(1)κ−1 =
√

ε0εrkBT

e2
∑

i z
2
i n

0
i

,

wheree is the elementary electron charge,ε0 the permittivity
of vacuum,εr the relative permittivity of the liquid medium
kB the Boltzmann constant,T the temperature,zi the charge
of ion speciesi, andn0

i the number density of ion speci
in the bulk of the electrolyte solution [7]. The double-lay
thickness is not constant but decreases with ionic stre
and increases with surface charge density [8].

Whenκa < 1, the dimensions of narrow-sized chann
approach the length of the double layers and overlap
curs from opposite sides. Under these conditions of c
plete double layer overlap the channel becomes virtu
impermeable to ions with the same charge as the su
charge, thus making it a selective barrier for transpor
either cationic or anionic species. Alternatively, under c
ditions at whichκa > 1, the double layer is confined to
small region near the channel wall; the center of the chan
nel is electrically uncharged. Under these conditions b
cationic and anionic species can be transported throug
channel [7].

This principle has been used by Bluhm et al. to dem
strate the correlation between cation permselectivity an
external conditions [9]. They investigated the diffusion
cations across mesoporous Anoporeγ -alumina membrane
as a function of pore diameter, pH, and ionic strength. T
concluded that at low ionic strength the alumina surf
charge and the large Debye length dominate the cation
meability. This effect was observed for 20-nm pores wit
salt solution of�10−4 M, at which concentration the electr
cal double-layer thickness is on the order of several ten
nanometers. By increasing the salt concentration the D
length should diminish, allowing the bulk solution to pen
trate into the pores [9].

A driving force for species transport across a membr
can be obtained by applying an external electric field ove
the membrane. By controlling the dimensions of the elec
cal double layer relative to the pore diameter and the m
nitude and sign of the applied potential, the transpor
charged and uncharged species through nanoporous m
over micrometer length scales may be spatially and tem
rally manipulated. Kemery et al. investigated the effec
electric field on the mass transport of cationic, anionic, an
neutral species through polycarbonate tracked–etched m
branes [2]. They concluded that the permeability response
to the electric field depended on the molecular charge an
electrolyte concentration. They also found that anions w
physisorbed on the internal channel walls, which produc
largely immobile negative charge density, which in turn
to a predominantly cationic mobile double layer to med
transport in the channel [2].

Hence, a combination of double-layer overlap and the
ternal driving force (electric field) provides a way to tu
the transport rate of either anions or cations from one sid
the barrier to the other. By placing the electrodes very c
-

ia

-

together, or even attaching them on both sides of the s
tive barrier, it is possible to generate reasonably large fi
without danger of electrochemical decomposition of valu
able species. However, in the latter mode of operation
electrodes will generate bias potentials relative to the b
solutions with which they are in contact, so that an ex
nal double layer, in which ions are accumulated or depl
with respect to the bulk concentrations of the solutions
generated outside the membrane. In general, the local
centrationcint

i of an ion of typei near such an interfac
will deviate from its concentrationcbulk

i in the bulk solution
under the influence of a (small) bias potential,�Vbias, ac-
cording to the equation

(2)cint
i = cbulk

i exp

(
−zie�Vbias

kBT

)
.

If zi is positive, a negative�Vbiaswill cause cations to accu
mulate near the interface, while a positive�Vbias will have
the reverse effect [7].

We will demonstrate this principle in this paper a
show that high tunability of flux can be achieved, usin
γ -alumina membrane and Cu2+ ions as model membran
and species, respectively. The transport of ionic and ne
species through chargedγ -alumina membranes mediated
a variable external electric field can be regarded as a mod
system for some of the types of applications mentioned
lier [2,6]. Due to the small pore sizes of typically∼5 nm
in the γ -alumina layer and the amphoteric surface cha
that is present on the internal pore walls, partial or comp
overlap of a negatively or positively charged diffuse d
ble layer may occur inside the pores, depending on the
ionic strength [2] and pH [9]. This may makeγ -alumina
a predominantly anion-, cation-, or nonselective barrier
pending on externally tunable parameters. Further co
over the transport of species is obtained by application o
external electric field over a membrane via gold electrode
that are attached to both sidesof the membrane [2,5]. In th
present study the influence of electrolyte type, ionic stren
and dc potential difference on the transport rates of ions
neutral solutes through a stacked Au/α-Al2O3/γ -Al2O3/Au
membrane is investigated.

2. Experimental

2.1. Materials

Deionized H2O (18.2 M� cm) from a Milli-Q water pu-
rification system (Millipore) was used to prepare all
lutions. Commercially available reagents were used w
out further purification. AKP 30 powder was obtained fro
Sumitomo chemicals. Aluminum tri-sec-butoxide (ATSB),
CuCl2, Cu(NO3)2, KCl, KNO3, NaOH, and HNO3 were
obtained from Merck. KF wasobtained from Aldrich and
d-tryptophan from Fluka.
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2.2. Membranes

The membranes consist of two components: a mac
orous support and a thin mesoporous layer with a sep
tive ability. α-Alumina is used as macroporous support a
coated with mesoporousγ -alumina layers. The method o
preparation of theα-alumina support is so-called colloid
filtration. A colloidal suspension was made by dispers
50 wt% α-alumina powder (AKP 30) in 0.02 M nitric aci
solution using ultrasonic treatment for 15 min. The susp
sion was filtered over polyester filters (pore size 0.8 µ
The resulting filter cake was dried overnight and fired
1100◦C for 1 h. After firing, the supports were machin
to the required size and polished [10]. Theγ -alumina mem-
branes were prepared by dip-coating the sinteredα-alumina
supports in a homemade boehmite sol. The boehmite
was prepared by a colloidal sol–gel route, where alumin
tri-sec-butoxide (ATSB) was hydrolyzed and subsequen
peptized with HNO3 [10]. The boehmite sol was mixed wit
a PVA solution, in a PVA:boehmite mass ratio of 2:3. D
coating was preformed under class 1000 clean room
ditions in order to minimize particle contamination of t
membrane layer. After dipping, the membranes were drie
a climate chamber at 40◦C and 60% R.H. to avoid crack fo
mation in the boehmite layer.γ -Alumina membranes wer
formed by firing the dried layers at 600◦C for 3 h in air. Lat-
erally conductive macroporous gold layers were sputtere
both sides of theα/γ -alumina composite membrane at roo
temperature.

2.3. Permporometry

The permporometry technique [11] was used to de
mine the average pore size and pore size distributio
the membranes. Permporometry is based on the contr
blocking of the pores by capillary condensation and the
multaneous measurement of the gas diffusion flux thro
the remaining open pores. When a condensable vapor
clohexane) is introduced at low vapor pressure, first a m
cular adsorption layer (the so-called “t-layer”) is formed on
the inner surface of the pores. When the relative vapor p
sureP/P0 of the condensable gas is increased further fr
zero to unity, pores with increasingly large radius beco
blocked due to capillary condensation. The simultane
gas flux through the remaining open pores provides a m
sure for the fraction of pores with pore size larger than
pores that are already blocked. Upon desorption the s
processes occur in reverse order. The relationship betwee
relative vapor pressure and the capillary condensatio
pores with Kelvin radiusrK upon desorption is given by th
equation

(3)ln(P/P0) = −2γsVm

rKRT
,

whereγs andVm are the surface tension and molar volu
of the condensable gas, respectively,R is the gas constan
andT the temperature.
l

-

Fig. 1. Schematic diagram of the experimental setup for transport exper
ments.

The relationship between the real pore width (dp) and the
Kelvin radius (rK ) is given by the equation

(4)dp = 2(rK + t),

where t is the thickness of the “t-layer” formed on the
inner surface of the pores, which is usually 0.3–0.5 n
A more detailed description of the permporometry setup
be found in the article of Cao et al. [11].

2.4. Transport experiments

The experimental setup is schematically depicted
Fig. 1. The membrane was placed between the two ha
of a U-shaped tube with theγ -alumina layer exposed to th
so-called A side of the membrane (surface area 3.3 c2).
Aqueous electrolyte solutions (500 ml volume) were ad
to the A and B side cells and stirred vigorously. The
was regulated with NaOH or HNO3 solutions. A dc poten
tial difference�V was imposed [6] using a potentiosta
Here�V is defined as�V = VB − VA, with VA andVB the
electrode potentials at the A and B side, respectively.�V

was typically kept between−0.5 and+0.5 V to prevent Cu
reduction. The bias potential�Vbias = VA − Vref between
the electrode and the A-side solution was monitored w
an Ag/AgCl reference electrode. All experiments were p
formed at room temperature. The ion concentrations w
analyzed by atomic absorption spectroscopy (Thermo-Opte
BV SOLAAR System 939) for Cu2+ and ion chromatogra
phy (Dionex 120) for K+, Na+, Cl−, F−, and NO−

3 . The ion
fluxes were calculated from the concentration changes wi
time after reaching steady-state conditions. Prior to the
periment the membranes were left for 12 h in the B-side e
trolyte solution to ensure complete wetting. Electro-osm
flow (EOF) measurements were carried out by adding 8
d-tryptophan to the A side and monitoring the concentra
change at the B side by a BMG Floustar+ (Model 403) mi-
croplate reader at the excitation (emission) maximum of
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Fig. 2. Pore size distribution ofγ -Al2O3 layer, as measured by permporo
etry.

(366) nm. The detection limit ofd-tryptophan was deter
mined to be 0.5 µM. The pH was regulated with a phosp
buffer at pH 6.9 after the imposition of a dc potential d
ference�V between−0.5 and+0.5 V. X-ray photoelectron
spectroscopy (XPS) analysis on membrane fragments
done with a PHI Quantum 2000 scanning X-ray micropro

3. Results and discussion

3.1. Characterization

The support has a thickness of 2 mm, a pore size of
100 nm, and a porosity of∼30% [12]. Theγ -alumina layer
is ∼1 µm thick and has a porosity of 40–50% as descri
elsewhere [12]. The pore size distribution of theγ -alumina
layer supported onα-alumina as determined by permporo
etry are shown in Fig. 2. There is a sharp increase in
number of pores around a Kelvin radius of 2.5 nm us
Eq. (3), which corresponds to pore sizes in the range of
7.5 nm. The technique was also used to check for the abs
of defects>8 nm in theγ -Al2O3 layer.

3.2. Transport phenomena

The transport of water-soluble neutral, anionic, a
cationic species under the influence of a variable ele
field over the mesoporous alumina membrane was in
tigated as a function of different parameters, such as
centration, pH, and electrolyte type. The absolute va
of fluxes were found to differ slightly from one membra
to another; however, the general trends were reproduc
The electrolyte bulk concentrations in all experiments c
respond with Debye lengthsκ−1 in the range of 3–11 nm
unless stated otherwise. SincerK is 2.0–3.5 nm, it is ex
pected that complete double-layer overlap occurs inside
γ -Al2O3 layer. Fig. 3 shows the concentration of Cu2+ at
the B side versus time after the start of the experiment an
e

.

t

Fig. 3. Plots of Cu2+ ions transported to the B side with time at indicat
potential differences�V . pH= 5.5. Initial concentrations:[Cu(NO3)2] =
1.33 mM (A), [KF] = 0.86 mM (B).

Fig. 4. Concentration changes of K+ at the A side and Cu2+ at the B side
with time. �V = 2 V; �Vbias= −24 mV; i = 1.0 mA/cm2; pH = 5.6.
Initial concentrations:[Cu(NO3)2] = 2.67 mM (A), [KF] = 0.86 mM (A),
[KF] = 0.86 mM (B). Drawn lines serves as a guide to the eye.

various potential differences�V over the membrane. Whe
�V was positive, Cu2+ ions were transported across t
membrane, but under field off and at negative�V no trans-
port of Cu2+ occurred. The electrolyte compositions we
different on the A and B sides of the membrane, so
the transport of all species could be monitored easily.
though the electrolyte strengths on both sides were sim
they were not exactly the same. This leads to a small osm
pressure differenceπ = RT �c between the two membran
sides (�c is the ion concentration difference), but sinceπ

is typically <0.1 bar, the effect is considered negligible
comparison with the driving force exerted by the electric
field [13]. By varying the potential difference over the me
brane no significant changes in the concentration of an
(NO−

3 and F−) at the A or B sides were observed, wh
transport of K+ and Cu2+ did occur.

Fig. 4 shows the effect of a positive potential differen
over the membrane on the transport of ions. Immediatel
ter the start of the experiment a linear increase of the+
concentration on the A side of the membrane with ti
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could be observed. The K+ accumulation corresponded
a steady K+ flux of (1.44± 0.05) × 10−5 mol/m2 s. After
about 140 min a Cu2+ flux of (3.7± 0.1) × 10−7 mol/m2 s
in the opposite direction developed. No significant chan
in the concentrations of NO−3 and F− could be observed dur
ing the course of the experiment. To check for the absenc
anion transport, a number of other anions including Cl− and
MnO−

4 were also investigated, but irrespective of pH and
plied potential difference, no anion transport was obser
in any experiment. These results suggest that theγ -alumina
membrane has a high permselectivity towards cations.

In all experiments the current was also measured.
Au electrodes were found to be stable, as atomic absorp
spectroscopy (AAS) analysis did not show any Au pres
in the A- or B-side solutions after the experiments. No
evolution was detected at the electrodes. Therefore, the ma
electrode reactions occurring are thought to be the oxida
and reduction of H2O at underpotential.

In general, the imposed potential difference will indu
an electrokinetic flow, so that all ion fluxes are due to one
more of three contributions: (1) electro-osmotic flow, wh
is driven by the mobile double layer inside the pores
moves the entire liquid under the influence of an electric fi
gradient, (2) ion migration,which moves charged speci
toward the oppositely charged electrode, and (3) diffus
which moves both charged and uncharged species unde
influence of a concentration gradient [2]. EOF experime
were carried out using typical electrolyte solutions conta
ing d-tryptophan as a neutral probe molecule, but it w
established that this mode of transport does not contri
significantly to the observed fluxes up to field strengths o
least±103 V/m (|i| < 1.2 mA/cm2).

In the experiment shown in Fig. 4 the net K+ flux was
directed from the positive to the negative electrode w
no concentration gradient was initially present. Hence
this case the K+ flux must be attributed to ion migration
In contrast, the Cu2+ fluxes cannot be explained by th
same mechanism, since they were always directed tow
the positively charged electrode at low ionic strength. O
possible explanation for the observed Cu2+ flux could be
surface diffusion, since divalent metal cations are known t
diffuse over the interior membrane surface [14]. Howev
the typical surface diffusion coefficients (∼10−12 m2 s−1)
for this process are too small to explain the magnitude of
observed Cu2+ flux entirely [14]. Normal Fick diffusion of
solvated Cu2+ species will probably contribute much mo
to the observed flux, but this does not explain the�V de-
pendence of the Cu2+ flux that is shown in Fig. 4. The latte
effect will be explained later.

3.3. Influence of feed concentration and pH

The influence of the Cu2+ concentration on flux is show
in Fig. 5. The flux of Cu2+ increased with increasing fee
concentration at constant�V and pH, although not linearly
It was found that the flux of Cu2+ also varied with pH a
e

Fig. 5. Cu2+ flux versus initial copper concentration.�V = 1 V; pH 6.5;
[CuCl2] = 0.14, 1.4, and 2.9 µM (A); [KCl]= 1.34 mM (B).

Fig. 6. K+ and Cu2+ flux as function of pH.�V = 0.5 V; �Vbias =
−0.25 V; i = 0.04–0.1 mA/cm2. Initial concentrations:[Cu(NO3)2] =
2.7 mM (A), [KF] = 0.86 mM (B).

constant potential difference, as is shown in Fig. 6. The
of Cu2+ increased with pH in the range 4.3 to 6.3. On
other hand, the flux of K+ appeared to remain unaffected
changing pH. This is a further indication that Cu2+ and K+
migrate via different transport mechanisms. There are
eral possible ways to explain the effect of pH on Cu2+ flux,
and either one or a combination of reasons may hold h
The first explanation is that in addition to the observed C2+
and K+ fluxes, there is an H+ flux that is charge-couple
to the Cu2+ flux. Since the concentration of H+ ions, which
are∼10 times more mobile than other anions or cations [1
increases with a decrease of pH, an increased H+ flux may
somehow suppress the flux of Cu2+. An alternative explana
tion is that upon increasing pH the positive surface cha
density ofα- andγ -alumina decreases via replacement
charged OH+2 surface groups by chemisorption of F− ac-
cording to the net reaction Al–OH+2 + F− = Al–F + H2O,
which occurs maximally at pH around 6 [16]. The decrea
concentration of positive surface charge will lead to an in
creased local concentration of positive charge in the do
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Fig. 7. Cu2+ flux versus�V as a function of electrolyte compositio
(") [CuCl2] = 2.3 mM (A); [KF] = 1.8 mM (B); [KCl] = 0.2 mM (B);
pH 5.5. (F) [Cu(NO3)2] = 2.0 mM (A); [KNO3] = 2.0 mM (B); pH 5.5.
(2) [CuCl2] = 2.8 mM (A); [KCl] = 1.3 mM (B); pH 5.5. (Q) [CuCl2] =
2.3 mM (A); [KF] = 0.8 mM (B); pH 5.6.

layer of the pore, thereby promoting the transport of p
tively charged species (Cu2+) through the pores. Third, th
pH may also affect the surface charge density in the p
of the membrane directly via Al–OH+2 = Al–OH + H+, al-
though the alumina surface is saturated with positive ch
at pH< 7 [9]. However, the effect on the permeability
positively charged species will be similar as the chemis
tion of F.

3.4. Influence of electrolyte type

It was found that the composition of the electrolyte
lution at constant pH and�V also influenced the flux o
copper ions through the membrane. The influence of
electrolyte compositions on Cu2+ flux was determined, a
shown in Fig. 7. These included KNO3, KF, and KCl solu-
tions and a mixture of KF and KCl. The presence of ch
ride in the electrolyte solution strongly promoted the flux
copper ions, while F− and NO−

3 did not seem to have th
same effect. This phenomenon can possibly be explaine
chemisorption of chloride on to the gold electrodes, res
ing in a negatively charged outer surface of the membr
and the subsequent local accumulation of Cu2+ following
Eq. (2). A similar phenomenon was reported by Martin
al. [17].

The general observation of total permselectivity tow
cations under double-layer overlap conditions at pH val
ues between 4.3 and 6.5 indicates that the mobile pa
the double layer consists of positively charged ions, wh
in turn suggests that the interior zeta potential should
negative. This feature cannot be explained by the am
teric behavior of the native oxide, which predicts a posi
surface charge for alumina below pH 9.1 [16]. It theref
seems more likely that preferential anion adsorption
curred inside the mesopores, producing a largely immo
negative charge density. XPS analysis of several loca
on a cross section of theα-Al2O3 support after exposure t
Cu(NO3)2- and KF-containing solutions showed the pr
ence of F and Cu (<1 at.%), as well as trace amounts
Fig. 8. XPS analysis of a cross-section of theγ -alumina layer of the mem
brane after transport experiments with Cu(NO3)2- and KF-containing solu
tions.

Ca, as is illustrated in Fig. 8. As was already mentioned,
oride is known to adsorb specifically onα- andγ -alumina
surfaces by chemisorption [16,18], and maximum uptak
fluoride occurs at pH 5–6 [16]. Under the assumption
F− is incorporated and/or physisorbed only at the inte
pore surface, the F content measured by XPS appears
ficiently high to cause a net negative fixed surface cha
and explain the observed cation permselectivity. Poss
some of the F enrichment can be attributed to precipit
products such as CaF2, while the formation of surface com
plexes Al–O–M2+X−, with M2+ a divalent metal cation an
X− a negatively charged anion, has also been reported
XPS analysis of alumina membrane fragments after e
sure to Cl−-containing solutions also indicated the prese
of small amounts of Cl. Hence, a similar explanation m
hold here, namely the formation of a net negative memb
surface charge due to adsorption of Cl− inside the meso
pores [5].

3.5. Influence of electrolyte strength

In Fig. 9 the influence of electrolyte concentration ove
a wide range of�V is shown. At low electrolyte concen
trations the flux of Cu2+ is especially sensitive to chang
of �V , while the flux of K+ is also affected by�V , al-
beit to a lesser extent. On the other hand, at high electro
concentrations both anion and cation fluxes were obse
This supports the hypothesis of total permselectivity towa
cations due to double-layer overlap. At ionic strengths la
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Fig. 9. Ionic fluxes versus�V at high and low bulk ionic strength. Close
symbols: low ionic strength;[CuCl2] = 2.3 mM (A), [KF] = 1.8 mM (B),
[KCl] = 0.2 mM (B); pH 5.5. Open symbols: high ionic strengt
[CuCl2] = 0.23 M (A), [KF] = 0.36 M (B), [KCl] = 0.04 M (B); pH 6.5.
Drawn lines serve as a guide to the eye.

than 0.4 M, the Debye lengthκ−1 is <0.5 nm, so that the
double layer is confined to a small region near the p
walls, and double-layer overlap does not occur. Since c
ride and fluoride transport occur at�V = 0, the main mode
of transport of these species is Fick diffusion. However,
magnitude of these fluxes can be manipulated to some
tent by variation of�V , and it is seen that anion transpo
through the membrane is promoted when the electrode
the higher potential is on the other side of the membra
while the transport rate is suppressed when the elect
with the lower potential is on the other side of the me
brane. These trends indicate that ion migration also pla
significant role in the transport of these species.

The transport behavior of K+ can be explained as we
by a combination of Fick diffusion and ion migration bo
at high and low electrolyte strength. But in contrast to sin
charged species, higher Cu2+ fluxes were obtained with in
creasingly positive�V for a given feed concentration, i.e
Cu2+ is transported preferentially toward the electrode w
the higher potential. This counterintuitive behavior may
explained by taking into account the changes of bias po
tial �Vbias that accompany changes of�V . Measured bias
potentials for the experiments shown in Fig. 9 are listed
Table 1. It can be seen that�Vbias was negative when�V

was positive, while�Vbias was positive when�V � 0. In
Fig. 10. Schematic diagram representing the concentration and potenti
profile of cations transported under electrical field conditions.

view of Eq. (2), a negative�Vbias will cause Cu2+ to ac-
cumulate near the A-side interface, while a positive�Vbias
will have the reverse effect. This will alter the driving for
for Fick diffusion considerably, so that much higher or low
fluxes will be observed in practice than are expected on
basis of the driving force that is calculated from the b
concentration difference over the membrane. Monova
species are much less sensitive to this effect. Apparently
effect of a nonzero bias potential on the concentration dif
ence of divalent species such as Cu2+ outweighs the effec
of �V on the rate of ion migration, while it does not f
monovalent species. This is illustrated in Fig. 10.

Although the cation fluxes shown in Fig. 9 increas
strongly with feed concentration, the permeability of the
membrane towards cations decreased with increasing
strength and decreasing�V , while the permeability of an
ions increased. Permeability coefficients for K+, Cu2+, Cl−,
and F− are listed in Table 1. Here the apparent permeab
Pi of speciesi is defined asPi = jiL/�ci , whereji is the
ionic flux,L the total membrane thickness, and�ci the bulk
concentration difference ofi over the membrane [2].

Fig. 11 shows thei–V dependence at high and low ion
strength. At low strength thei–V dependence was strong
asymmetrical around�V = 0, while it appeared nearly sym
metrical at high ionic strength. Wei et al. observed sim
current-rectifying behavior at low ionic strength in qua
Table 1
Variation of apparent ion permeabilityP and bias potential�Vbiaswith �V and ionic strength

Ionic strength �V �Vbias PermeabilityPi (cm2 s−1)

(mM) (V) (mV) Cu2+ K+ Cl− F−

2–7 0.50 −11 (1.6± 0.8)×10−5 (1.9± 0.2)×10−4 < 2×10−7 < 2×10−7

0 41 < 2×10−7 (1.1± 0.1)×10−4 < 2×10−7 < 2×10−7

−0.50 61 < 2×10−7 (9.9± 0.9)×10−5 < 2×10−7 < 2×10−7

400–700 0.50 −70 (1.6± 0.4)×10−6 (3.6± 0.9)×10−5 (3.0± 0.9)×10−5 (2.3± 0.6)×10−5

−0.50 137 (1.1± 0.8)×10−8 (2.7± 0.7)×10−6 (5.2± 0.1)×10−5 (9.9± 0.9)×10−5

Experimental conditions are described in the caption of Fig. 9.
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Fig. 11. Current densityi versus�V (a) at high electrolyte strength an
(b) at low electrolyte strength. Experimental conditions are described i
caption of Fig. 5.

nanopipet electrodes in KCl solutions [20]. The pheno
enon was explained by a combination of double-layer o
lap near the nanopipet electrode orifice and the geom
asymmetry of the orifice itself. Since double-layer ov
lap also occurs inγ -alumina at low ionic strength, and th
γ -alumina layer has dissimilar interfaces on both sides,
i–V asymmetry observed here may be explained in a
ilar way. The asymmetry is most likely due to the dissim
lar concentrations and electrolyte types on opposite side
the membrane. As was shown in Fig. 9, the transport o
cations was promoted by a positive�V , and this is reflected
by a higher current than found at negative�V . The symmet-
rical i–V behavior at high ionic strength is consistent w
this explanation. Since double-layer overlap does not o
under these conditions, current rectification will not oc
either.

4. Conclusions

It was shown that it is possible to control the transp
rate of cations throughγ -alumina membranes by variatio
of the potential difference over the membrane. The per
f

ability of ions was found to be strongly dependent on t
dimensions of the electrical double layer relative to the p
diameter and the sign of the applied potential. Cation pe
elective behavior was observed at low ionic strengths, which
suggests a net negative charge density on the inner
walls due to anion adsorption. In the absence of double l
overlap both anion and cation transport was observed.
transport mechanism of single charged ions was a co
nation of Fick diffusion and ion migration and the rate
transport could be controlled to some extent by variatio
�V . The transport of doubly charged Cu2+ ions was found
to occur mainly by Fick diffusion and could be controll
completely by variation of�V .
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