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‡Departamento de Física, Facultad de Ciencias, Universidad de Oviedo, Calvo Sotelo s/n, E-33007 Oviedo, Spain
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ABSTRACT: Nanoporous anodic alumina membranes
(NPAMs) were produced by the two-step anodization method
in sulphuric, oxalic and phosphoric acidic electrolytes
displaying a hexagonally ordered spatial arrangement of
pores with well controlled nanopore size distribution and
low porosity. Some selected NPAMs were further modified by
conformal coating their surface and inner pore walls with a thin
layer of SiO2 by means of atomic layer deposition (ALD),
which reduces both the pore radii and porosity but it also
seems to affect to the electric fixed charge on the membranes surface. A comparative study about the influence of silica
modification of NPAMs surfaces on the ionic transport through the nanoporous membranes has been performed by measuring
membrane potentials and electrochemical impedance spectroscopy with NaCl solutions. According to these results, a direct
correlation between the membrane effective fixed charge and the NaCl diffusion coefficient can be established. The coating with a
SiO2 thin layer causes a reduction of 75% in the positive effective fixed charge of the NPAMs independently of their pore radii
and the increase in counterion transport (cation transport number and diffusion coefficient) even through constrained
nanopores, which can be of interest in several applications (microfluidics, drug delivery, nanofilter devices, etc.). Moreover, slight
changes in the membrane/solution interface due to the SiO2 cover layer are also indicated.
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1. INTRODUCTION

Nanoporous anodic alumina membranes (NPAMs) synthesized
via electrochemical anodization of aluminum are formed by
self-ordered structures with parallel aligned and well-defined
pores keeping honeycomb structure geometry. These NPAMs
have been widely employed as ordered templates for the
synthesis of nanoparticles, nanotubes and nanowires,1,2 and
they are also applied in catalysis, hydrogenation, nano-
electronics and optoelectronics devices.3−5 The excellent
chemical and thermal stability of NPAMs have favored their
use in separation processes, mainly when heavy metal or
corrosive products are involved.6,7 By using tubular or
multichannel geometry, it is possible to overpass their fragility,
which is a negative characteristic of planar and thin alumina
membranes when compared with polymeric samples.8

Furthermore, the practically ideal porous structure of NPAMs
allows their use as model systems for the study of mass and ions
transport trough confined channels depending on both the
solute/particle size and the pore effective charge, although this
latter parameter might significantly reduce the co-ion transport
and significantly increase interfacial effects, e.g., concentration-
polarization.9−11 Particularly, NPAMs are employed in
biosensors construction because of their relatively high surface

area for the retention of enzymes or bioactive compounds.12,13

On the one hand, their accurate nanopore diameter and narrow
pore size distribution are basic requirements for the precise
control of molecular transport in areas such as biosensors or
biomedical (drug-delivery) applications;14,15 but on the other
hand, specific features such as surface biocompatibility or
hydrophilicity may also be of importance depending on the
particular application.16−18 In order to overpass surface effects
on the transport of ions or charged molecules across NPAMs,
but also tuning the pore size and chemical selectivity, surface
coating by adequate materials is also performed.19−22 In this
context, SiO2 is also widely used because of its excellent thermal
and chemical stability together with its outstanding biocompat-
ibility, features that make it interesting for bio-MEMS (or
biological microelectromechanical systems) applications in
drug-delivery devices.23−25

Atomic layer deposition (ALD) is one of the most suitable
techniques to perform controlled coatings of a wide range of
materials over complex three-dimensional structures without
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shadowing effect present in many other physical or chemical
deposition techniques.26,27 Specially, in the case of NPAMs in
which pore channels with aspect ratio (pore length/pore
diameter) higher than 2000 need to be conformally covered,
ALD can be used to modify and therefore functionalize the
NPAMs surface by deposition of Al2O3, ZnO, or SiO2, among
others.28,29 Hence, a combination of both, Al anodization and
SiO2 ALD deposition methods would make possible the tailor-
made synthesis of complex nanostructured materials with
tunable functional and biocompatible properties for applica-
tions related with transport of charged particles/molecules,
such as water purification or drug-delivery devices.
Herein, we report on the fabrication of three NPAMs with

different pore sizes and porosities as well as the characterization
of ionic transport across them. Surface functionalization of the
NPAMs with a SiO2 protective coating by ALD allows us to get
information on the effect of modification in morphology,
surface pore charge and transport. Pore diameter of the studied
NPAMS are around 20 nm, 35 and 165 nm, depending on the
supported electrolyte and applied voltage during the anodic
process, and these values are downsized after the ALD coating
with a thin layer of SiO2, thus modifying membrane
morphology. Effective membrane fixed charge and its effect
on ions transport through the pores of the NPAMs and
NPAMs+SiO2 modified samples are determined from mem-
brane potential measurements performed with the membranes
in contact with NaCl solutions at different concentrations.
Electrochemical impedance spectroscopy measurements for a
given NaCl solution were also performed as a way to check
modifications in both the membrane/solution interface and the
bulk membrane phase, and for independent corroboration of
ionic diffusion coefficient values. The comparison between the
results obtained for NPAMs and NPAMs+SiO2 samples clearly
shows the influence of the effective fixed charge on ions and salt
transport through the nanoporous membranes. As a con-
sequence of the SiO2 thin layer coating, two different facts seem
to occur: downsize of the pore dimensions and reduction of the
electropositive character of the alumina surface. Finally, an
increase in the diffusive transport along the contracted SiO2
coated pores was obtained. The effect of fixed charge on the
pore wall is a point of great interest when diffusion of charged
species (ions, proteins, colloidal particles, etc.) is involved. This
behavior added to the biocompatibility and chemical robustness
provided by the SiO2 cover may be of great interest in NPAMs
applications as novel biotechnological, micronano-fluidic, and
multifunctional sensing devices.30−32

2. EXPERIMENTAL SECTION
2.1. Membrane Fabrication. Highly ordered nanoporous

alumina membranes have been fabricated by the two-step anodization
process developed by Masuda et al.,33 and explained in detail
elsewhere.34 NPAMs were synthesized through anodic processes
starting from high purity Al foils (Al 99.999%), by employing different
acidic aqueous solutions of sulphuric, oxalic and phosphoric acids in
which, together with an appropriate selection of the anodizing voltage
and electrochemical bath conditions, the pore size and the interpore
distance can be modified. The characteristic parameters of the
electrochemical anodization processes (kind of electrolyte and its
concentration, constant anodization voltage (Vanod), temperature of
anodization (T), and time duration of the first and second anodization
processes) are collected in Table 1. The time duration of the second
anodization step determines the thickness of the resulting NPAMs,
which in the present work was adjusted to around 60 μm,
approximately.

After the anodization process, the remaining Al substrate was
removed by wet chemical etching in a mixture of HCl and CuCl2.

35

The alumina barrier layer blocking the pores bottom was removed by
Reactive Ion Etching (RIE) in CF4/O2 plasma. This highly anisotropic
etching method allows for the removal of the barrier layer without
causing any noticeable increase in the pore size.36 Some selected
alumina membranes were coated with a SiO2 thin layer of 5 nm in
thickness (hereafter labeled as +SiO2), deposited by ADL at 150 °C
from 3-aminopropyltriethoxysilane (100 °C, 2 s pulse), water (20 °C,
0.5 s pulse) and ozone (RT, 2 s pulse).37 The silica deposition was
carried out in a BENEQ-TFS200 HPR system in stop-mode (45 s
exposure time, 60 s pump time) to ensure homogeneous coating along
the inner channels of the NPMAs.

To ensure that the thermal treatment associated with the ALD
technique does not cause any structural/electrical modification of the
NPAMs and, consequently, that the possible electrical modifications
are associated only with the presence of the SiO2 cover layer, we
heated one specimen of the alumina samples with lower pore size at
150 °C; they will be hereafter named as Al-Ox+annealed and Al-Sf
+annealed. Moreover, to distinguish between effects associated to
morphological and chemical surface modification, membrane potential
measurements for the Al-Sf membrane after ALD Al2O3 coating with
the same resulting cover layer of 5 nm in thickness (sample Al-Sf
+Al2O3) were also performed and studied.

2.2. Surface Characterization by Scanning Electron Micros-
copy and Contact Angle. Alumina membranes were morpholog-
ically characterized by scanning electron microscopy (SEM) top and
bottom surface views and cross-section micrographs. The geometrical
parameters (pore size, porosity and spatial arrangement of the
nanopores) were determined by using both ImageJ and WSxM
software for image analysis.38 These samples were previously coated
with a thin gold layer by means of a sputtering process to make them
conductive. The SEM equipment used was a JEOL-6610LV scanning
microscope, working at a voltage of 20 kV and equipped with an
energy-dispersive X-ray spectrometer (EDX) INCA Energy 350-Xmax
50.

Changes in the hydrophilic character of NPAMs surface associated
to the coated SiO2 layer were determined from contact angle
measurements, which were performed with a Teclis T2010 instrument
equipped with a video system. Six measurements on both surfaces of
each membrane were taken.

2.3. Membrane Potential and Electrochemical Impedance
Spectroscopy Measurements. Membranes electrochemical charac-
terization was performed in a dead-end test cell similar to that
described in ref 10, which basically consists of two glass half-cells with
the membrane placed in the middle of both cells and two magnetic
stirrers in the bottom of each cell to minimize the concentration-
polarization at the membrane surfaces. A Ag/AgCl reversible electrode
was placed in each half-cell for electrical measurements, which were
carried out with different NaCl solutions at room temperature (25 ±
2) °C, standard pH (5.8 ± 0.3) and solution stirring rates of 540 rpm.

Membrane potential (ΔΦmbr), or equilibrium electrical potential
difference between two electrolyte solutions of different concentration

Table 1. Characteristic Parameters for NPAMs Fabrication

sample fabrication procedure
Vanod
(V) T (°C)

tfirst anod
(h)

tsecond anod
(h)

Al-Ox 0.3 M oxalic anodization 40 1−3 24 24
Al-Ox
+SiO2

0.3 M oxalic anodization
+ ALD 5 nm SiO2

40 1−3 24 24

Al-Sf 0.3 M sulfuric
anodization

25 0−1 24 12

Al-Sf
+SiO2

0.3 M sulfuric
anodization + ALD 5
nm SiO2

25 0−1 24 12

Al-Ph 0.1 M phosphoric
anodization

195 0−0.5 24 24

Al-Ph
+SiO2

0.1 M phosphoric
anodization + ALD 5
nm SiO2

195 0−0.5 24 24
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(cc and cv) at both membrane sides, was measured by connecting the
electrodes to a digital voltmeter (Yokohama 7552, 1GΩ input
resistance), which allows the determination of the cell potential
(ΔE). Measurements were carried out by keeping constant the
concentration of the solution at one side of the membrane (cc = 0.01
M) and gradually changing the concentration of the solution at the
other side (0.004 M ≤ cv ≤ 0.1 M).39 Both the fixed concentration
value and the concentration range were selected to minimize the
electric double layer thickness and to perform a significant number of
membrane potential measurements (at least 14 points) under dilute
solutions condition. Membranes were maintained overnight in contact
with the lowest concentration solution to ensure pores filling, but it
was renewed before starting the measurements. ΔΦmbr values were
obtained by subtracting the electrode potential (ΔΦelect) to the
measured cell potential values, that is, ΔΦmbr = ΔE − ΔΦelect.
Electrochemical impedance spectroscopy (EIS) measurements were

carried out by connecting the electrodes to a Frequency Response
Analyzer (FRA, Solartron 1260, England) controlled by a computer.
More than 100 different frequencies in the range of 1 Hz up to 1 × 107

Hz were recorded (maximum voltage of 0.01 V) for the system
electrode//0.004 M NaCl solution//membrane//0.004 M NaCl
solution//electrode.40 EIS data were corrected by software as well as
the influence of connecting cables and other parasitic capacitances.

3. RESULTS AND DISCUSSION
3.1. Microstructure and Morphological Parameters of

Alumina Membranes. Figure 1 shows the SEM top-view

images of samples (a) Al-Ox, (b) Al-Sf, and (c) Al-Sf+SiO2,
together with (d) a SEM cross-section image of a typical Al-Ph
sample, in which the inset displays an enlargement of the
parallel aligned channels of the Al-Ph NPAM.
From the direct comparison between images b and c in

Figure 1, the pore shrinkage due to the SiO2 layer deposition
can be clearly seen. Figure 2a shows the self-correlation image
corresponding to Al-Ox sample shown in Figure 1a and
illustrates the high spatial self-correlation (high hexagonal
ordering degree) of the nanopores. The intensity profile along
the line depicted in Figure 2a, which is shown in Figure 2b,
allows for a precise determination of the lattice constant (i.e.,
the interpore distance) of the hexagonal pores arrangement.41

This parameter is obtained from the distance between the
central maximum and the adjacent second order maxima and
takes a value of 105 ± 2 nm for the Al-Ox samples. The
histogram displayed in Figure 2c illustrates the pore diameter

distribution in the same Al-Ox sample, obtained through a
statistical analysis of Figure 1a. Similar studies were performed
on the other NPAM samples.
Morphological surface parameters for the different samples

(pore size, dp, and interpore distance, Dint) as well as membrane
thickness (Δx) were determined by SEM micrographs analysis
and the values obtained are indicated in Table 2. Membrane

porosity (%) was determined through the expression:42 Θ (%)
= 100 (2π/31/2)(dp/(2Dint))

2. The estimated average porosity
values (⟨Θ⟩) have been obtained by considering the porosity
from both, top and bottom surface views SEM images, and the
resulting values are similar but slightly smaller than those
reported in the literature,43−45 because the latter are usually
obtained only from the top-surface-view SEM images and do
not take into account the fact that pores generally broaden
toward the film surface. According to SEM results, a reduction
in pore size of approximately 45, 30, and 5% was obtained for
Al-Sf+SiO2, Al-Ox+SiO2, and Al-Ph+SiO2, respectively. Other
surface and cross-section SEM micrographs of the studied
membranes are provided as Supporting Information.
The EDX spectrum of the Al-Ox+SiO2 sample shown in

Figure 3 reveals the presence of Al, O, and Si. This later
element, which corresponds to the ALD SiO2 thin layer,
supports the presence of silica covering the modified
membranes surface.
This point was also clearly evident from contact angle results,

which gave the following average value for original NPAMs,
ϕNPAM = (64 ± 4)°, resembling to that reported by Redoń et
al,46 for similar alumina membranes, whereas higher average
value was obtained for the SiO2-coated alumina samples,

Figure 1. SEM top-view images of nanoporous alumina samples (a):
Al-Ox, (b): Al-Sf, (c): Al-Sf+SiO2; and (d): SEM cross-section image
of a typical Al-Ph nanoporous alumina membrane, where the
magnification in the inset shows the parallel alignment of the
nanopore channels.

Figure 2. (a) Self-correlation from SEM top-view of the Al-Ox sample
(SEM image in Figure 1a) indicating the hexagonal ordering of
nanopores. (b) Profile of image (a) along the indicated line, employed
for the determination of the interpore distance, Dint.. (c) Pore size
distribution corresponding to sample Al-Ox (obtained from SEM
image in Figure 1a).

Table 2. Morphological Parameters Characteristic of the
Studied NPAMs: Pore Radius (rp = dp/2), interpore distance
(Dint), thickness (Δx), and Estimated Average Porosity
(⟨Θ⟩)

sample rp (nm) Dint (nm) Δx (μm) ⟨Θ⟩ (%)

Al-Sf 11 ± 2 65 ± 2 51.0 ± 0.5 10
Al-Sf+SiO2 6 ± 2 65 ± 2 51.0 ± 0.5 3
Al-Ox 16 ± 3 105 ± 2 61.0 ± 0.5 8
Al-Ox+SiO2 11 ± 3 105 ± 2 62.0 ± 0.5 4
Al-Ph 82 ± 20 490 ± 2 66.5 ± 0.5 10
Al-Ph+SiO2 77 ± 20 490 ± 2 66.5 ± 0.5 9

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am400300r | ACS Appl. Mater. Interfaces 2013, 5, 3556−35643558



ϕSiO2‑coated = (82 ± 6)°, in agreement with the hydrophobic
character of silica. A comparison of water drop on the surface of
Al-Sf and Al-Sf+SiO2 samples is provided as Supporting
Information.
3.2. Characterization of Transport Across the Nano-

porous Membranes. Effective fixed charge, Xf, (charge
involved in membrane-solute electrical interactions), strongly
influences the transport of electrolyte solutions and/or charged
species across membranes and, consequently, modifications in
the charge on both external surface and pore wall (or internal
surface) can affect the transport of ions. Effective fixed charge,
Xf, and ion transport number, ti, or fraction of the total current
transported for one ion (ti = Ii/IT) are two significant
parameters which can be determined from membrane potential
values (ΔΦmbr). According to the Teorell−Meyer−Sievers or

TMS theory,47,48 membrane potential can be considered as the
sum of two Donnan potentials (one at each membrane−
solution interface), associated to the exclusion of the co-ions
(or ions of the same sign as the membrane charge), plus a
diffusion potential in the membrane due to the different
mobility of the ions inside the membrane pores, that is: ΔΦmbr

= ΔøDon(I) + Δødif + ΔøDon(II). In the following expressions 1:1
electrolytes (|z+| = |z−| = 1) and diluted solutions (herein,
concentrations are used instead of activities) will be considered.
The diffusion potential is given by49

Δ = −

= −
− +

+

RT F t t c c

RT F c c

ø ( / )[( )]ln( / )

( / )[(1 2t )]ln( / )
dif c v

c v (1)

Figure 3. EDX spectrum of the Al-Ox+SiO2 membrane indicating the presence of both aluminum and silicon oxides.

Figure 4. Membrane potential, ΔΦmbr, versus NaCl solution concentration ratio: (a) Al-Sf (□), Al-Sf+SiO2 (■), Al-Sf+Al2O3 (Δ); (b) Al-Ox (◊),
Al-Ox+annealed (×), Al-Ox+SiO2 (⧫); (c) Al-Ph (∇), Al-Ph+SiO2 (▼); ideal anion-exchanger potential: solid line, NaCl solution diffusion
potential: dash-dot-dot line. (d) Schematic representation of changes in pore wall charge and pore size for the membrane/electrolyte system.
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where t+ and t− are the cation and anion transport numbers in
the membrane, respectively. According to transport number
definition, t+ + t− = 1, and for single salts: t− = 1 − t+.
The Donnan potential can be expressed as49

Δ = + +RT F wX c wX cø ( / )ln[( /2 ) [( /2 ) 1) ]]Don f f
2 1/2

(2)

where w = −1 stands for negatively charged membranes,
whereas w = +1 represents positively charged ones. R and F
correspond to the gas and Faraday constants, whereas T is the
temperature of the system.
Taking into account eqs 2 and 3, the membrane potential can

be expressed as49

ΔΦ = −
+ +

+ +

−
+ +

+ +

⎡

⎣
⎢⎢

⎤

⎦
⎥⎥
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U
y wU

y wU

c
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y w

y w

ln
4 1

4 1
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4 1
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v
2

f
2

v
2
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2

(3)

where U is a parameter related to the ions transport numbers
(U = ((D+ - D−)/(D+ + D−) = t+ - t− = 2t+ - 1), yi = ((KS,ici)/(|
Xf |)) and Ks,j is the partition coefficient or membrane/solution
concentration ratio, that is: K+,i = (c+,i)/(ci) and K‑,i = (c−,i)/(ci),
where the upper bar refers to the concentration inside the
membrane pores. According to Dehmisch and Pusch,50 Ks,j can
be associated with co-ion/counterion concentration at each
solution/membrane side by the following expressions

= = = =+
+
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+
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By considering the electroneutrality condition

| | + + =+ + − −w X z c z c 0f (5)

concentrations in the membrane can be expressed as

=
− | | −

=
− | | −

−
+ +

−

−
+ +

−

c
w X z c
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c
w X z c
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( ) ( )
;
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(6)

Figure 4 shows the membrane potential as a function of the
concentration ratio for the studied membranes; for comparison,
membrane potentials for an ideal anion-exchanger membrane
and the solution diffusion potentials, which were determined by
using t− = 1 and t+ = tNa+

o in eq 1, respectively, are also
represented in Figure 4. Clear differences in ΔΦmbr values
between the original alumina membranes and the SiO2 ALD-
modified samples with low pore radii can be observed, whereas
very similar ΔΦmbr values were obtained for Al-Ph and Al-Ph
+SiO2 samples, which hardly differ from solution potentials. In
fact, the presence of the SiO2 coating layer on the membrane
surfaces seems to reduce their barrier effect to cation
movement, although these samples exhibit lower pore sizes,
which might be an indication of charge reduction in the
modified samples. Moreover, since ALD technique also
involves a heat treatment of the samples, which might alter
the structure of the NPAMs and, consequently, contribute to
modification of ΔΦmbr values, results from some nanoporous
alumina samples annealed at 150 °C are shown in Figure 4b too

and only small differences were obtained at high concentration
ratio (around 5%). Figure 4a also shows membrane potential
measurements obtained with the Al-Sf+Al2O3 sample and, as
can be observed, ΔΦmbr values hardly differ from those
measured with the original Al-Sf membrane, which clearly
established that differences in ΔΦmbr values correspond to the
SiO2 coating layer.
The fit to eq 3 of the experimental data shown in Figure 4

allows the determination of Xf and t+ for each membrane and
the values are indicated in Table 3. According to these results

the alumina membranes present positively charged surfaces,
which causes a partial rejection of the Na+ ions and,
consequently, reduces the value of the cation transport number
in the pores with respect to that in solution (tNa+

o = 0.38551).
This effect is more significant for Al-Sf and Al-Ox samples than
for Al-Ph one, but the presence of the SiO2 layer on the surface
of all membranes notably reduces their effective fixed charge
and, as a result of that, higher value for the cation transport
number is obtained. The cation barrier effect on the transport
across the different membranes, Al-Sf≫ Al-Ox≫ Al-Sf+SiO2 >
Al-Ox+SiO2 > Al-Ph > Al-Ph+SiO2, seems to be associated to
the effective fixed charge more than pore size. To clarify this
point, we show a scheme of the effect of both charge reduction
in pores of similar size (i) and pore size increasing with similar
charge (ii) in Figure 4d.
Studies of ions transport across nanofiltration membranes

(pore radii ∼1 nm) consider both electrical and steric/frictional
effects on membrane potential and eq 3 can be modified by
considering a hindrance factor ϕ (ϕ = (1 − λi)

2, with 0 < λi <
1),52−54 which is included in the expression of the parameters yi
and U by means of ki = 6π/ki,t, defined as55

∑

∑

π λ λ
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= − + −

+
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=
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n

n
n

n
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i,t
2

i
5/2

1

2

i

0

4

3
(7)

with λi = ri/rp, where rp and ri represent the membrane pore
size and the Stokes radius of the ion, respectively. For a pore
with cylindrical geometry, the following values for the aj
constant can be used:53 a1 =−73/60, a2 = 77.29/50.4, a3 =
−22.51, a4 = −5.612, a5 = −0.336, a6 = −1.216, a7 = 1.647.
Figure 5(a) shows a comparison of experimental (symbols)

and theoretical values (dashed lines) of membrane potential vs
NaCl variable concentration for Al-Sf and Al-Ox alumina
membranes, while the comparison between both SiO2 modified
samples is shown in Figure 5b. The fit of the experimental data
obtained for each membrane by using the Xf and t+ values
shown in Table 3 allows the estimation of the ionic diffusion
coefficients (U = (D+ − D−)/(D+ + D−) and the pore radius

Table 3. Effective fixed charge concentration (Xf) and cation
transport number (t+) for the studied membranes

sample Xf (M) t+

Al-Sf 0.020 0.143
Al-Sf+SiO2 0.005 0.306
Al-Ox 0.010 0.224
Al-Ox+SiO2 0.003 0.335
Al-Ph 0.002 0.340
Al-Ph+SiO2 0.0005 0.345
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values which minimizes the error interval (εpr (%)). These
results are collected in Table 4 and, as can be observed, rather
good agreement between experimental and theoretical values
was obtained for the studied membranes.
The analysis of the results shown in Table 4 indicates that

the anion diffusion coefficient hardly depends on both effective
fixed charge and pore size, but these two latter parameters
clearly affect to the cation diffusion. A comparison of the values
obtained for the diffusion coefficients in the membrane pores
with those corresponding to aqueous solution (D+

o = 1.3 ×
10−9 m2/s, D−

o = 2.0 × 10−9 m2/s, and Ds
o = 1.6 × 10−9 m2/

s)51 shows a clear reduction in transport parameters through
charged nanopores.
A similar reduction in DNa+ values was already reported for a

commercial NPAM with pore size and thickness similar to the
Al-Sf sample,56 but stronger reductions (around 2 orders of
magnitude) have been indicated in the case of transport of
macromolecules.57 It should be remarked that all the reported
results were obtained from direct diffusion measurements and
analyzed on the base on Fick equation, without any explicit
information on the effective pore charge as was obtained from
the analysis of membrane potential measurements. In fact, a
direct correlation between the effective membrane fixed charge
and the salt diffusion coefficient was obtained and it is
represented in Figure 6, which shows the influence of this
parameter in the transport of electrolytes and charged particles.
However, it should also be pointed out that because of the

type of relation between parameter U and ionic diffusion
coefficients other couple of values (even with different orders of
magnitude) could give the same fit, therefore the physical
meaning of the process and the parameters involved have also
to be considered. To ensure the adequacy of these results, we
should determine ionic diffusion coefficient values from
independent measurements.

Electrochemical impedance spectroscopy (EIS) technique
was used in order to determine membrane electrical resistance
by analyzing the impedance plots and using equivalent circuits
as models.40,58−60 The impedance (Z) is a complex number Z =
Zreal + jZimg, which can be separated into real and imaginary
parts by algebra rules

ω ω
ω

= + = −
+

Z R RC Z R C
RC

( /[1 ( ) ]); (
/[1 ( ) ])

real
2

img
2

2

where ω represents the angular frequency (ω = 2πf). The
analysis of the impedance data is often carried out by the
complex plane Z*(ω) method using the Nyquist plot (−Zimg vs
Zreal). The equation for a parallel resistance-capacitance circuit
(RC) gives rise to a semicircle in the Z*(ω) plane. This
semicircle has intercepts on the Zreal axis at high and low
frequencies (that is, R∞ for ω→∞ and R0 for ω→ 0) being (R0
− R∞) the resistance of the system. The maximum of the
semicircle equals 0.5(R0 − R∞) and occurs at such a frequency

Figure 5. Comparison between experimental (symbols) and theoretical (dashed lines) membrane potential values versus NaCl variable
concentration. (a) NPAMs Al-Sf (□) and Al-Ox (◊) samples; (b) ADL SiO2-coated Al-Sf+SiO2 (■) and Al-Ox+SiO2 (⧫) membranes.

Table 4. Cationic, Anionic, and Salt Diffusion Coefficients (D+, D−, Ds), Estimated Pore Radius (rp*) and Error (εpr) Values for
the Studied Membranes

sample D+ (m
2/s) D− (m2/s) Ds (m

2/s) rp* (nm) εpr (%)

Al-Sf 2.1 × 10−10 1.2 × 10−9 3.4 × 10−10 10 ± 4 4.5
Al-Sf+SiO2 6.5 × 10−10 1.4 × 10−9 8.9 × 10−10 5 ± 2 6.3
Al-Ox 3.5 × 10−10 1.2 × 10−9 5.4 × 10−10 15 ± 6 4.0
Al-Ox+SiO2 7.2 × 10−10 1.4 × 10−9 9.5 × 10−10 10 ± 4 9.4
Al-Ph 8.8 × 10−10 1.7 × 10−9 11.5 × 10−10 >80a 6.6
Al-Ph+SiO2 7.6 × 10−10 1.5 × 10−9 10.1 × 10−10 >70a 10.0

aNo error reduction was observed by increasing rp* values.

Figure 6. Salt diffusion coefficient through membranes as a function of
the membrane effective fixed charge, Xf: (□) NPAM samples, (■)
ALD SiO2-coated NPAM samples.
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that ωRC = 1, where RC = τ the relaxation time.58 However, in
the case of nonhomogeneous systems depressed semicircles as
those shown in Figure 7 are obtained due to the existence of a
distribution of relaxation times, and nonideal capacitors or
constant phase elements (Q) are then considered. In this
context, it should be indicated that, phenomenologically, the
resistance represents the dissipative component of the dielectric
response, whereas the capacitance describes the charge storage
component of the system. More detailed explanation on EIS
applied to electrolyte/membrane systems is provided as
Supporting Information.
Figure 7 shows the Nyquist plot for the electrode/0.004 M

NaCl solution/membrane/0.004 M NaCl solution/electrode
system studied, where the plots in Figure 7a are for Al-Sf
membranes, and Figure 7b shows those for Al-Ox membranes.
In both cases, differences in the depressed semicircles obtained
for original alumina and SiO2 coated samples, as well as for the
branches at the lowest frequencies (due to interfacial effects),
can be observed. The equivalent circuit associated with the EIS
diagrams corresponds to an electrical resistance (Rme) in
parallel with a constant phase element or nonideal capacitor
(Qme), and the fit of the experimental data by a nonlinear
program allows the estimation of both electrical parameters.40

Because a unique relaxation process was obtained for the total
system (membrane plus electrolyte solution placed between the
membrane surface and the electrode), values for the membrane
electrical resistance can not be determined directly but they
were obtained by subtracting the electrolyte contribution (Re,
obtained from an independent measurement) to the mem-
brane/electrolyte (Rme) values: Rm = Rme − Re. However,
because of the wide pore size of Al-Ph and Al-Ph+SiO2
membranes, Rme and Re values for these samples hardly differ
one from each other, giving a significant error in Rm estimation,
then these samples will not be considered in the following
discussion.
Membrane electrical resistance is related to ionic diffusion

coefficients through the following expression:40,61 D+ + D− =
(RT/F2)(Δx/SmRm)(1/c), where Sm is the membrane area for
charge transport (Sm = Θ × Sc , and Sc the test cell area) and c
the electrolyte concentration. (D+ + D−) values obtained from
EIS measurements are shown in Table 5 and compared with
those obtained from D+ and D− values already indicated in
Table 4, (D+ + D−)*. Although all the values obtained from EIS
measurements are lower than those determined from
membrane potential analysis, rather good agreement was
achieved for both SiO2 ALD treated membranes, that is, for
the samples with lower pore size but significant lower effective
charge. Taking into account this fact, an effect of charge

exclusion and, consequently, differences between internal and
external solution concentration might have a significant
contribution in the discrepancy between both types of results.
Impedance diagrams can also give qualitative information on

interfacial effects.39,57 Figure 8 shows a comparison of the Bode
plots (Zreal versus frequency or −Zimg versus frequency) for Al-
Ox and Al-Ox+SiO2 samples, where bulk ( f > 1 kHz) and
interface ( f < 1 kHz) differences in the real (Figure 8a) and
imaginary (Figure 8b) parts of the impedance function can
separately be observed.
According to these diagrams the real part of the impedance

(associated to the transport of charge) presents clear bulk
differences, but similar values are obtained for the imaginary
part (related to charge storage); however, interfacial effects are
significant in both impedance contributions, which seems to
agree with the SiO2 coating of the external surface of the
alumina membrane already determined from contact angle
measurements.

■ CONCLUSIONS
NPAMs with controlled morphologies have been successfully
produced by the two-step anodization method and ALD coated
with a SiO2 thin layer that replicates their morphology
conformally covering their surfaces. Our comparative studies
on the microstructure together with the transport properties
obtained for both the original alumina and the SiO2-coated
NPAMs reveal that the ALD coating is an efficient method to
modify both the nanoporous membrane morphology and its
effective surface charge and, consequently, the transport
parameters in the case of electrolyte solutions or charged
species through the membrane nanopores. In fact, a reduction
of 75% in the NPAM effective fixed charge as a result of the
ALD SiO2 coating was obtained independently of the
membrane pore radii. Additionally, no structural changes
related with the thermal treatment associated to ALD
modification were observed, whereas the pore reduction
associated to the Al2O3 ALD coating does not seem to cause

Figure 7. Nyquist plot (−Zimg versus Zreal) for: (a) Al-Sf (□) and Al-Sf+SiO2 (■) membranes; (b) Al-Ox (◊) and Al-Ox+SiO2 (⧫) membranes.

Table 5. Comparison of Ionic Diffusion Coefficient Values
Determined from Electrochemical Impedance Spectroscopy
(D+ + D−) and from Membrane Potential (D+ + D−)* Results
(Table 4) for the Studied Membranes

sample D+ + D− (m2/s) (D+ + D−)* (m2/s)

Al-Sf 0.35 × 10−9 1.4 × 10−9

Al-Sf+SiO2 1.22 × 10−9 2.0 × 10−9

Al-Ox 0.88 × 10−9 1.5 × 10−9

Al-Ox+SiO2 1.36 × 10−9 2.1 × 10−9
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a significant modification in the ionic transport and,
consequently, membrane selectivity.
SiO2 ALD-coated modification may enable novel applications

of NPAMs as nanofiltration devices and microfluidics or other
biotechnological related applications due to the enhancement
of their specific properties and chemical robustness added by
the SiO2 cover layer as well as pore size reduction, but it also
reduces the selectivity of the membranes to co-ions.

■ ASSOCIATED CONTENT
*S Supporting Information
Extensive SEM top-view and cross-section micrographs of the
obtained NPAMs as well of those of the state-of-the-art
NPAMs after being ALD covered. Contact angle measurements
of some selected samples in the as-obtained state and after
being ALD coated. Electrochemical impedance spectroscopy
(EIS) analysis (Nyquist and Bode plots), for an electrolyte and
electrolyte/NPAMs systems depending on membranes fea-
tures: symmetric (dense and porous) and asymmetric. Some
selected references related to the use of EIS for the
determination of membrane conductivity, not included in the
reference section. This material is available free of charge via
the Internet at http://pubs.acs.org/.
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2007, 19, 2643−2647.
(6) Bhave, R. R. In Inorganic Membranes: Synthesis, Characterization
and Application; Bhave, R. R., Ed.; Van Nostrand Reinhold: New York,
1991; pp 64−94.
(7) Wang, X. H.; Li, C. Y.; Chen, G.; He, L.; Cao, H. Appl. Phys. A:
Mater. Sci. Process. 2010, 98, 745−749.
(8) Mulder, M. In Basic Principles of Membrane Technology; Kluwer
Academic: Dordrecht, The Netherlands, 1991; pp 281−288.
(9) Helfferich, F. In Ion Exchange; McGraw-Hill: New York, 1962; pp
339−420.
(10) Sollner, K. J. Macromol. Sci.−Chem. 1969, 3, 1−86.
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