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ABSTRACT: It remains a great experimental challenge to obtain quantitative 30
information on the polyelectrolyte (PE) behavior confined in charged nanoporous
materials. Here, we propose an original approach using transverse streaming
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potential measurements (TSPMs), an efficient technique providing information on > 10
the electrical surface properties of nanoporous materials through the {-potential :E/
determination. We conduct TSPMs within the thin double-layer approximation on -3 0]
a model system composed of individual nanochannels, a nanoporous anodic 8 0]
aluminum oxide (AAO) membrane, filled with a well-known PE, sodium & 20
PG 4

polystyrenesulfonate (NaPSS). We demonstrate that TSPMs can provide the
AAO (-potential under different experimental conditions and monitor the PE 30
penetration in AAO with positive or negative surface charge. On the positive
surface, the PE irreversibly adsorbs, while it does not when the surface is negatively
charged, indicating the electrostatic nature of the PE adsorption. In the context of
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experimental limitations to investigate PE behavior on concave surfaces, this study shows that the TSPM is suitable to extract
quantitative information and can be exploited to gain an understanding of the PE adsorption and desorption in a confined medium.

olyelectrolytes (PEs) are polymers carrying electric charges

due to the dissociation in polar solvents of ionic groups
present on the chain.' The charges have direct consequences on
the PE behavior in solution compared to neutral polymers.”
When a PE is confined in nanoporous materials, its properties
(conformation, dynamics, transport, or adsorption) are affected
by the geometrical or electrostatic constraints imposed by the
confining medium.” The better understanding of these
modifications is relevant for many potential applications such
as ionic separation,” catalysis,” or ionic rectification for sin7gle-
molecule analysis.” However, few experimental studies’ '
investigated the effects of such confinement on the PE
characteristics, presumably due to experimental difficulties to
collect quantitative information.

In particular, when dealing with charged interfaces, the surface
charge of the nanoporous material plays a critical role, and its
determination is crucial for further experimental investigations
involving PEs. The classical techniques used to characterize
surface charges of nanoparticles in solution (such as electro-
phoretic light scattering12 or acid/base titrationl3) cannot be
applied for porous materials, and alternative approaches have to
be found. For instance, indirect information on the charge can be
obtained by the titration of radioactive elements after diffusion
and adsorption in the porous medium: if positive ions adsorb,
then the surface is negatively charged.'* However, to have more
quantitative information on the charge, experiments based on
electrokinetic phenomena such as electro-osmosis or streaming
potential measurements (SPMs) to determine the {-potential
have to be used.">™' However, so far, a very limited number of

© 2020 American Chemical Society

7 ACS Publications

794

experimental studies really dealt with such characterization,
bringing out the challenging nature of experiments in nano-
porous media.

Here, we address these issues by presenting an original
approach using SPMs on a model nanoporous system, namely,
nanoporous anodic aluminum oxide (AAO) membranes,
composed of parallel and nonconnected nanochannels. We
show that a SPM is an efficient technique to access the AAO
electrical surface properties under different experimental
conditions and to further monitor the PE diffusion in AAOs
with positive or negative surface charge.

The AAO membranes are prepared by the classical two-step
electrochemical anodization of high purity aluminum foil (Al
99.999% from Goodfellow, 320 ym thick). A first anodization is
performed in 0.3 M oxalic acid solution constantly stirred under
a continuously applied voltage of 40 V at T = 18 °C. After 2 h,
both sides of the Al foil present the formed oxide, which is
subsequently dissolved in an aqueous solution of phosphochro-
mic acid (6 wt % of H;PO, and 1.8 wt % of CrO;) during2hat T
=50 °C. Then, a second anodization is performed for 8 h under
the same conditions as the first one. Finally, the AAO membrane
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is obtained by the detachment of the oxide from the remaining
Al through a third anodization step made in 12 M H,SO, under
40 Vand T = 0 °C for 7 min followed by an immersion in
phosphochromic acid during 30 min at 30 °C.** During this last
step, the alumina is easily detached from both sides of the Al
substrate, and two through-hole membranes are obtained.
Figure 1 shows scanning electron microscopy images (SEM,
using a Hitachi SU-70 FEGSEM under an accelerating voltage of

1.00um

Figure 1. SEM image of a detached AAO membrane prepared in 0.3 M
oxalic acid under 40 V: (a) top surface, (b) bottom surface, and (c)
section view. The AAO total thickness is around 62 pm. Scale bar: 1 yym.

1 or 3 kV) for a typical AAO membrane prepared under the
conditions detailed above. From the image analysis, one obtains
a pore diameter D,, of 40 + 1 nm for the top surface (Figure la),
while the bottom D,, was systematically larger with a value of 66
+ 3 nm (Figure 1b). This difference is due to the high
dissolution of alumina produced in 12 M H,SO, during the third
anodization that enlarges the bottom pore. SEM images from
the section view show that the nanochannels are straight and not
interconnected (Figure 1c) and adopt a bilayer structure
composed of a thick layer of ~58 ym with a D, of 42 nm and
a thin layer of &4 ym with a D, of 66 nm (see Figure S1). This
residual thin layer comes from the third anodization and has a
negligible contribution to the TSPM,”' also confirmed by
complementary water flow measurements (see details in the SI)
through the AAO,”” giving a hydrodynamic diameter of 47 nm,
close to the one of the top surface D,. Finally, since the aspect
ratio is greater than 1000, the AAOs can be considered as a
collection of infinitely long nanochannels. Note that, for this
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work, we synthesized several AAOs under the same conditions
to perform all SPMs, and the average D, values are 38 + 5 nm
and 62 + 4 nm for the top and bottom surface, respectively,
indicating the good reproducibility of the AAO synthesis.
Then, SPMs have been performed to quantify the AAO
electrical surface properties. In contact with water, the pore-wall
surface of aluminum oxide undergoes chemical reactions
producing metal-hydroxyl groups whose protonation and
deprotonation are responsible for the charge of the surface.
Because of the electroneutrality, these static charges are
compensated by an imbalance in the amount of anions and
cations in solution. Thus, the flow of an electrolyte solution
through an AAO membrane caused by a difference of pressure P
on its two sides produces an electric current (namely, the
streaming current) that comes with a difference of electric
potential between the two sides (namely, the streaming potential
U,,).”> The measurement of the variation of U, with the
pressure difference gives direct access to the {-potential, which is
defined as the electric potential at a distance from the pore-wall
surface at which the liquid flow velocity is zero and is given by
the following expression
¢ = on AU,

e dP (1)

where o is the electrolyte conductivity; 7 is the viscosity; and € is
the dielectric permittivity. Equation 1 is obtained by neglecting
the contribution of surface conductivity of the electric double
layer to the pore conductance (for discussion and details on this
point see the SI). This assumption is also confirmed by the
literature where the surface conductance is typically neglected
for kR, > 10 and low zeta potential value™ (here we use as
electrolyte SO mM KCl, with a Debye length k' of 1.4 nm at 298
Kand a kR, ~ 11.5, indicating the nonoverlapping of the Debye
length).

Previous SPMs on AAOs have been performed by imposing a
flow along the surface of the membrane (tangential SPM)'® or
through the membrane (transverse SPM or TSPM) 101725 the
latter being only used so far for large AAO pore sizes (around 0.1
and 0.2 uym). Although the TSPM is mainly sensitive to the
internal nanochannel surface, which is by far the largest, it has
not been used to probe the PE behavior inside nanochannels, an
approach we want to address. Here, TSPMs are performed with
a homemade device consisting of two compartments separated
by the AAO membrane and containing the electrolyte and one
Ag/Ag—Cl electrode each. Electric measurements are carried
out with the electrophysiology amplifier Axopatch 200B used in
“I = 0” mode. The pressure difference is measured with a
piezoelectric differential sensor and obtained by means of air
compressed by a syringe pump applied to one of the
compartments, while the other is left at atmospheric pressure.
Different buffer solutions with pH ranging from 3.6 to 10.7
(listed in Table S3) were prepared and diluted with ultrapure
water to reach a concentration of the buffer of 2 mM. KCI was
then added at a fixed concentration of S0 mM to set the
solution’s conductivity to a constant value of 0.68 S/m. Note
that the AAO stability in water has been checked with time, and
the {-potential value remains constant over a period of 16 h
(time larger than our longest measurement time), indicating that
the possible AAO hydration has no influence on the {-potential
(Figure SS).

Figure 2 shows the evolution of the AAO ({-potential as a
function of pH. In acidic conditions (pH < 5.5), the {-potential
is positive, while it is negative in basic conditions (pH > 9) with a
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Figure 2. {-potential of AAO membranes as a function of the pH in
different buffer solutions (the N° correspond to the N° listed in Table
S1). The reported values are obtained at equilibrium, and the error bars
correspond to the standard deviation of different measurements done
on different samples.

sign inversion (or isoelectric point IEP) around a pH of 8.5. On
the contrary, in neutral conditions (5.5 < pH < 8), the sign of the
{-potential depends on the nature of the buffer molecules: the
value is always positive (acetic acid/acetate (N° 1 to §),
ammonia/ammonium (N° 7), or KOH (N° 8)), except for the
phosphate buffers where it is negative (N° 15 to 18).

The negative {-potential obtained when tuning the pH with
phosphate buffers must be attributed to specific adsorption of
phosphate ions and more specifically to divalent HPO,*", which
is the dominant species in this pH region (pK,; = 2.12, pK,, =
7.2). Indeed, divalent and trivalent ions have been reported to
adsorb strongly on the surfaces and shift the IEP of charged
membranes.” Moreover, the phosphate adsorption has a slow
kinetics as shown in Figure S4a (around 1S min to reach a
constant negative value of —10 mV), and phosphate ions can be
desorbed by washing the AAO with acetic acid/acetate buffer at
pH = 4.6 (see Figure S4b).

From the literature, if there is no specific ion adsorption, the
point of zero charge (PZC) or the isoelectric point (IEP) varies
from pH = 7.5 to 9.5 for alumma nanoparticles (NPs)*® and
from pH =4 to 7 for a flat surface.”” This wide range of PZC/IEP
is mainly due to variations in the hydroxide coordination that
depends on the crystal structure and composition.”” Here, our
measured IEP (pH = 8.5) is similar to NPs and to previous AAO
membranes prepared in 0.22 M oxalic acid for which the IEP
measured by tangential SPMs varies from pH = 7.8 to 6.7 when
the pore diameter decreases from 40 to 15 nm."®

Finally, this ion-specific adsorption is a very convenient way to
tune negatively the AAO charges to avoid working under basic
conditions (where fast AAO dissolution occurs) or with grafting
molecules whose charge is pH dependent. This strategy will be
exploited in the following to study the PE behavior in AAO with
positive or negative surface charge under neutral pH conditions.

We used the widely studied sodium polystyrenesulfonate' as
the PE (NaPSS purchased from Sigma-Aldrich, M,, = 70 kDa,
PDI = 1.8), which is a strong PE carrying one charged group per
monomer. In situ TSPMs have been conducted in such
conditions that the PE diffusion is favored, i.e.,, Dy < Dp
(where Dy = 20 nm is the hydrodynamic PE diameter) and
working at low PE concentration Cpg, i.e., in the dilute regime
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(Cpg < C*, where the overlap concentration C* is estimated of
the order of 26 g/L from specific viscosity measurements). As
mentioned above, we work at neutral pH (pH = 6.5) where the
AAO surface can be positive in pure water or negative in
phosphate buffer solution. Note that, as for TSPMs in empty
AAOQOs, KCl is added in the PE solution at a concentration of 50
mM to keep the conductivity at a constant value.

We will start with the case of positive AAO. Figure 3 shows the
{-potential evolution with time of an AAO immersed in NaPSS

30— . — :
10 O NaPSS0.14 g/L

201 q ——Fitwith y=A exp(-ti )+y,
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Figure 3. {-potential evolution with time for AAOs measured in NaPSS
aqueous solution (pure water at pH = 6.5) at C = 0.14 g/L (black
circles) followed by a washing in acetic acid/acetate buffer solution at
pH = 3 (red squares). The red continuous line corresponds to the best
fit with a simple exponential.

aqueous solution at a concentration of 0.14 g/L. At t = 0, the
AAO is positively charged ({-potential around 25 mV) and
gradually reverses from positive to negative, until the {-potential
stabilizes at a constant value of —23 mV, indicating the gradual
adsorption of PE chains at the surface until the equilibrium is
reached. This constant {-potential evolution over a long time
(more than 1000 min) is consistent with previous works
indicating that, at low salt concentration (<0.1 M), the first
adsorbed PE chains remain strongly adsorbed and are not
displaced by other chains,”® suggesting that there is no chain
reorganization with time. The time evolution of the {-potential
can be fitted with a simple exponential to extract a characteristic
time of adsorption 7 of around 300 min, suggesting a slow
adsorption process. The fitting with one simple exponential
supposes that PE adsorption on the external top and bottom
AAO surfaces does not influence the PE entering process into
the nanochannels. Immediately after the PE adsorption, in order
to evaluate the strength of the PE adsorption, the TSPM cell was
filled with acetic acid/acetate buffer (pH = 3), and the {-
potential is measured over a given time (red squares in Figure 3).
The {-potential remains negative around —15 mV, indicating
that the adsorbed PE chains are not washed away. The increase
from —23 mV to —15 mV suggests either some desorption of
loosely adsorbed chains or modification of the conformation of
the adsorbed layer. Note that the adsorbed chains cannot be
removed after a sequence of washing in neutral/basic/acid/
neutral buffers, indicating the irreversibility of the PE adsorption
(see Figure S6). The hydrodynamic PE layer thickness is
estimated to be around 1 nm by flow measurements (see Figure
S2). The PSS-covered nanochannel surface can still be
approximated as an impermeable hard surface from which eq
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1 is still valid. For a thicker soft permeable layer, appropriate
electrohydrodynamic theories have to be used to correctly
interpret streaming potential measurements.” >

We will now focus on the case of negative AAO. For direct
comparison with a positive surface, we work under the same
neutral pH condition. Figure 4 presents the AAO {-potential

W Water (pH=6.5) @ Phosphate (pH=6.1)
O NaPSS 1.4 g/L in phosphate buffer (pH=6.1)
@ washing in Acetic acid/Acetate (pH=4)
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Figure 4. AAO (-potential evolution with time throughout the
following sequence of immersions: water at pH = 6.5 (black squares),
phosphate buffer at pH = 6.1 (orange hexagons), NaPSS at 1.4 ¢/L in
phosphate buffer solution at pH = 6.1 (black circles), and acetic acid/
acetate at pH = 4 (red circles).

evolution with time according to a given sequence of buffer
solutions. First, in region I, the AAO is immersed in pure water
(pH = 6.5), and the {-potential value is positive, as expected, and
around +15 mV. Then, we immersed AAO in a phosphate buffer
solution at pH = 6.1 (region II), and the {-potential was found to
reverse to a negative value (around —15 mV). As mentioned
previously, phosphate ions adsorb at the surface, and the AAO
becomes negatively charged. In region III, the negatively
charged AAO is immersed in a NaPSS solution prepared in
phosphate buffer at pH = 6.1 (Cpg = 1.4 g/L). The {-potential
remains unchanged (around —15 mV), but we still cannot
conclude whether PE adsorption took place or not. The PE
might be competing with phosphate ions for adsorption. Finally,
the AAO is immersed in a acetic/acetate solution at pH = 4
(region IV). If the PE chain was adsorbed, the {-potential would
not vary (as in Figure 3). On the contrary, if the {-potential
reversed to a positive value, then only phosphate ions would be
adsorbed at the surface. One can see that the {-potential values
came back to +15 mV, indicating that the PE was not adsorbed
and the phosphate ions were washed away from the surface. By
combining the results obtained for positive and negative AAOs,
we can conclude that the NaPSS adsorption is mainly
electrostatic (occurs only on positive surfaces) and is
irreversible.

The experimental determination of the electrical surface
properties of nanoporous materials is challenging. Here we show
that TSPM is an efficient technique to:

(i) determine the (-potential of a model porous system
(AAO) where the surface charge can be tuned to positive
or negative values depending on the nature of the buffer
solution;
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(ii) follow the {-potential evolution when a PE diffuses inside.
We show that, on a positive surface, the PE adsorbs
irreversibly, while it does not when the surface is
negatively charged, indicating the electrostatic nature of
the PE adsorption.

In the context of experimental limitations to investigate PE
behavior on concave surfaces, which are expected to differ from
convex ones according to recent theoretical work,”" this study
shows that TSPMs are suitable to extract quantitative
information regarding PE adsorption. It should further enable
us to highlight the role of several parameters such as
nanochannel size, ionic strength, PE nature, molecular weight,
and concentration in the adsorption and desorption processes.
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