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This paper presents a part of our work on understanding the ef-
fect of nanoscale pore space confinement on ion sorption by meso-
porous materials. Acid—base titration experiments were performed
on both mesoporous alumina and alumina particles under various
ionic strengths. The point of zero charge (PZC) for mesoporous alu-
mina was measured to be ~9.1, similar to that for nonmesoporous
alumina materials, indicating that nanoscale pore space confine-
ment does not have a significant effect on the PZC of pore surfaces.
However, for a given pH deviation from the PZC, (pH — PZC),
the surface charge per mass on mesoporous alumina was as much
as 45 times higher than that on alumina particles. This difference
cannot be fully explained by the surface area difference between the
two materials. Our titration data have demonstrated that nanoscale
confinement has a significant effect, most likely via the overlap of
the electric double layer (EDL), on ion sorption onto mesopore sur-
faces. This effect cannot be adequately modeled by existing surface
complexation models, which were developed mostly for an uncon-
fined solid—water interface. Our titration data have also indicated
that the rate of ion uptake by mesoporous alumina is relatively slow,
probably due to diffusion into mesopores, and complete equilibra-
tion for sorption could take 4-5 min. A molecular simulation using a
density functional theory was performed to calculate ion adsorption
coefficients as a function of pore size. The calculation has shown
that as pore size is reduced to nanoscales (<10 nm), the adsorption
coefficients of ions can vary by more than two orders of magnitude
relative to those for unconfined interfaces. The prediction is sup-
ported by our experimental data on Zn sorption onto mesoporous
alumina. Owing to their unique surface chemistry, mesoporous ma-
terials can potentially be used as effective ion adsorbents for separa-
tion processes and environmental cleanup.  © 2002 Elsevier Science (USA)

Key Words: nanostructured materials; mesoporous alumina; elec-
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INTRODUCTION

Functional materials that can effectively remove specific ions
from aqueous solutions are of great interest for chemical separa-
tion and environmental cleanup applications. Recent progress in
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the synthesis of nanostructured materials opens a new arena for
developing such materials. Mesoporous materials synthesized
using supramolecular templating processes (1-6) have attracted
particular attention, due to their large specific surface area and
controllable nanoscale pore size and geometry. Mesoporous sil-
ica with a monolayer of thiol (-SH) groups grafted on its pore
surface displays a high sorption capacity for removing mercury
from aqueous solutions (7, 8). Uncalcined mesoporous silicate
materials synthesized with hexadecyltrimethylammonium bro-
mide as a template are able to remove significant amounts of
trichlorethylene and tetrachloroethylene from water (9), while
calcined mesoporous silicates or titanosilicates were found to
have the capability to remove copper, lead, and uranyl ions
from aqueous solutions (10-12). Furthermore, an ordered meso-
porous anion-exchange inorganic/organic hybrid resin has been
suggested for radionuclide separation (13).

Various mesoporous materials have been synthesized using
self-assembled supramolecular templating processes (1-6).
Self-assembly is the spontaneous organization of materials
through noncovalent interactions. It typically employs mole-
cules of low symmetry that are programmed to organize into
well-defined supramolecular assemblies. Most common are am-
phiphilic surfactant molecules or polymers composed of hy-
drophobic and hydrophilic parts. Above a critical concentration,
surfactants in aqueous solution assemble into micelles, spheri-
cal or cylindrical structures that keep the hydrophilic parts of the
surfactant in contact with water while shielding the hydrophobic
parts within the micellar interior. Further increases in surfactant
concentration result in the self-organization of micelles into pe-
riodic hexagonal, cubic, or lamellar mesophases. Inorganic pre-
cursors then precipitate on the surfactant structural templates.
Inorganic mesoporous materials are obtained through removal of
surfactants by chemical methods or calcination. Materials syn-
thesized as such would have controllable nanoscale pore size
and pore geometry and therefore provide an ideal system for
studying the effect of nanoscale confinement on ion sorption.

The detailed mechanism of ion sorption by mesoporous ma-
terials is yet to be understood. It is generally known that a
condensed phase could exhibit different physical and chemi-
cal properties than its bulk phase as its dimension was reduced
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to a nanometer scale (14, 15). For a given mesoporous material,
two factors are expected to control the ion sorption capability
of the material: the accessible pore surface area and the effect
of nanoscale pore space confinement. The former is determined
by the geometry and connectivity of mesopores and, to some
degree, can be optimized by controlling the formation of an
appropriate mesophase during material synthesis (5, 6). A uni-
form pore structure with well-defined channels has been shown
to have a great advantage over a disordered pore network in
terms of the access of guest species to the binding sites (16).
One direct consequence of nanoscale pore space confinement is
the overlap of the electric double layer (EDL) within a mesopore,
creating a surface complexation environment different from that
for an unconfined surface. This overlap certainly affects overall
ion sorption on mesoporous materials. In this paper, we present
the results of our pH titration and ion sorption experiments with
mesoporous alumina and of the related molecular simulations.
‘We want to demonstrate the importance of nanoscale pore space
confinement for ion uptake by mesoporous materials.

EXPERIMENTAL SECTION

Materials

Mesoporous alumina was obtained from Aldrich Chemical
Company, Inc. The pore size of this material is reported to be
6.5 nm. Transmission electron microscopic (TEM) images show
that this material has a “wormbhole-like” mesostructure (Fig. 1A).
Mesopores are irregular and have dimensions of ~2 x 2 x
10 nm. The surface area of the mesoporous alumina was mea-
sured to be ~284 m?/g, consistent with reported values (17).
Lattice fringes in Fig. 1B indicate that the material is composed
of amorphous alumina and nanocrystalline particles. These crys-
tallites are identified to be y-Al,Os from electron diffraction
patterns. For a comparison between mesoporous and nonmeso-
porous materials, 80-200 mesh activated alumina particles were
purchased from Fisher Chemicals. Our TEM observation indi-
cates that the outer rims of particles consist of an amorphous
Al,O3 phase and very closely resemble mesoporous alumina
in chemical composition and crystallinity. The surface area of
the activated alumina particles is determined to be 118 m?/g;
the large surface area of the material is probably due to the
presence of microfractures on particle surfaces. The surface ar-
eas of both mesoporous alumina and activated alumina particles
were determined using a Micrometritics Gemini 2360 surface
analyzer.

Titration

pH titration experiments were conducted for both mesoporous
alumina and 80-200 mesh alumina particles using a Mettler
DL25 autotitrator. The titration was performed in three elec-
trolyte solutions: deionized (D.I.) water, 0.01 M NaCl, and
0.1 M NaCl. For mesoporous alumina, 0.1 g of solid was added
to 50 ml of electrolyte solution and then titrated with 0.0564 M
NaOH. The titration time interval was set to 90 s (the maxi-

FIG. 1.

Transmission electron microscopic (TEM) images of mesoporous
alumina used in this study. (A) The material has a “worm hole-like” meso
structure. Mesopores are irregular and have dimensions of ~2 x 2 x 10 nm.
Inserted is a selected-area electron diffraction (SAED) pattern of the mesoporous
alumina. (B) Lattice fringes indicate that the material is composed of nanoscale
crystalline particles. From electron diffraction patterns, these crystallites are
identified to be y-Al,O3. Inserted is a fast Fourier transform (FFT) from an area
of the HRTEM image showing a 2-A spot corresponding to 400 reflection.

mum time allowed by the instrument) to minimize the possible
effect of slow diffusion of ions in mesopores. For alumina parti-
cles, 1 g of solid was mixed with 50 ml of electrolyte solutions.
The initial pH of the suspension was then adjusted to an acidic
range by adding 2.3 ml of 0.0366 M HCI solution. The sus-
pension was then titrated with 0.0564 M NaOH solution. As
pH reequilibration between titration steps was extremely rapid,
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the titration time interval was set to 20 s. All the titration experi-
ments were performed under CO,-free conditions.

Kinetic Studies

Either 0.1 g of mesoporous alumina or 1 g of 80-200 mesh
alumina particles was mixed with 50 ml of deionized water and
stirred for 5 min. A small amount of 0.094 M NaOH was then
added to each suspension: 400 ul for mesoporous alumina and
100 w1 for alumina particles. The pH of the suspension was then
monitored at 10-s intervals using the autotitrator.

pH/Sorption Edge Experiments

Each sample consisted of 20 ml of deionized water and 0.2 g
of mesoporous alumina. The pH of each sample was adjusted us-
ing HCl or NaOH to obtain a range of pH values from 4 to 9, and
then each suspension was spiked with Zn to produce an initial
concentration of 10 ppm. The samples were then stirred contin-
uously for 16-20 h, and the liquid was sampled, filtered with a
0.2-pm syringe filter, and analyzed for Zn using an inductively
coupled plasma optical emission spectrometer (ICP-OES).

EXPERIMENTAL RESULTS

Surface Charge

The titration results for both mesoporous alumina and alu-
mina particles are shown in Fig. 2. The effect of ionic strength
on pH titration curves follows a similar trend for both materials.
All the titration curves cross over a common pH value, corre-
sponding to a so-called point of zero charge (PZC), at which the
surface charge becomes neutral and the effect of ionic strength
on surface H* exchange diminishes. From Fig. 2, the PZC is
estimated to be ~9.1 for mesoporous alumina and ~8.7 for alu-
mina particles, both within the range reported for alumina oxides
(18), thus indicating that the nanoscale pore space confinement
does not have a significant effect on the PZC of pore surfaces.
This observation is consistent with a general consideration that
the PZC is an intrinsic property of a solid—water interface and
is mainly determined by the chemical identity and crystallinity
of the solid (18).

With the estimated PZC, the moles of surface charge per gram
of material (Q) can be calculated by (18)

ca—cp+(H]-[OH DV

0= — 0. [1A]
_ +1 — -
0. _ CB+([IL ] - [OH ]V sy
pH=PZC

where c4 and cp are moles of acid and base added; V is the
volume (L) of liquid; M is the mass of solid in the sample; Q.
is a correction term for the possible presence of additional acid
or base in the initial materials; and [ ] indicates the concentra-
tions of aqueous species. The concentrations of HT and OH™
are calculated from the measured pH with a correction for ac-
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FIG. 2. Results of pH titration experiments. (A) 0.1 g mesoporous alu-
mina in 50 ml electrolyte. (B) 1 g of 80-200 mesh alumina particles in 50 ml
of solution. Each solid-liquid suspension was titrated with 0.0564 M NaOH
in three electrolyte solutions: deionized (D.I.) water, 0.01 M NaCl, and
0.1 M NaCl. The point of zero charge (PZC) is defined as the pH at which all
three titration curves cross.

tivity coefficients. For the mesoporous material, the correction
term (Q.) is calculated to be negative, indicating the presence of
additional acid in the initial material that needs to be taken into
account in the surface charge balance calculation. This is con-
firmed by the observation that adding 0.1 g mesoporous alumina
to 50 ml deionized water results in a pH of 5.0. The functional
dependence of surface charge on solution (pH — PZC) is shown
in Fig. 3. The figure shows that, for a given (pH — PZC), the sur-
face charge per mass on mesoporous alumina can be as much as
45 times as high as that of the alumina particles, thus demonstrat-
ing the excellent ion sorption capability of mesoporous mater-
ials. Since the surface charges in mesoporous materials distribute
within intraparticle nanoscale pores, in which differential move-
ment between the solution and the pore surface is expected to be
difficult, the measurement of these charges using an electroki-
netic method might not be feasible.

For simplicity, the surface charge calculation in Eq. [1] ig-
nores a possible contribution of dissolved aluminum species.
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FIG. 3. Surface charge density as a function of (pH — PZC). For a given
(pH — PZC), the surface charge per mass on mesoporous alumina can be as much
as 45 times higher than that on alumina particles.

This approximation is reasonable because the total dissolved
aluminum concentrations measured at the end of titration (i.e.,
at the high-pH end) are too low to account for the observed large
surface charge difference (Table 1). Also, the large variations in
the surface charge ratio between the two materials for different
ionic strengths cannot be explained by the presence of dissolved
aluminum species, because the effect of ionic strength on the
activity coefficients of dissolved species are negligible under
the relevant experimental conditions. To rule out the effect of a
possible formation of a secondary surface layer on the surface
charge calculation, a careful TEM observation was performed,
which indicates that the surface structure and composition of
both mesoporous and activated alumina particles remained in-
tact and no surface layer was formed during the titration.

Acidity Constants

For pH values far from the PZC, 0 = {SOH;} for pH < PZC
and Q = {SO7} for pH > PZC, where Q is the surface charge

and { } indicates surface concentrations. Acidity constants of the
materials used in the experiments can be calculated by

K| =—lo <w> >~ _lo <w>
PR = g {SOH;} x~ I 0
[2A]
_ {SOT}H'TY o O[H™]
pKZ = —IOg<W> = —log(m)’ [ZB]

where S, is the moles of total surface sites per gram of solid
and is estimated to be 0.0023 mol/g for the mesoporous alu-
mina and 0.00098 mol/g for the activated alumina particles, as-
suming 5 hydroxyls per nm? (18). The calculated acidity con-
stants for mesoporous alumina are shown in Fig. 4A. Linear
extrapolation of pK to zero surface charge gives intrinsic acidity
constants: pKj i =9.0 and pK» . = 10.3. For the approxi-
mations in Eq. [2] to be valid, the extrapolation uses only the
data with pH values far from the PZC (Fig. 4A). It should be
pointed out that the mesoporous material used in the experiments
also includes a certain number of external (unconfined) surface
sites. Here, however, we have no intention to differentiate these
sites from the sites on mesopore surface, because the latter is
dominant. The acidity constants obtained above mainly reflects
the chemistry of mesopore surface. Similarly, the intrinsic acid-
ity constants for activated alumina particles are estimated to be
pKiinr="1.7 and pKy iy = 11.0 (Fig. 4B). Using the relation-
ship PZC=(pK; + pK>]/2, we can estimate the PZC of 9.65
for mesoporous alumina and 9.35 for activated alumina parti-
cles. Both values, though slightly higher than those estimated
directly from Fig. 2 (probably due to uncertainties associated
with the linear extrapolation in Figs. 4A and B), are close to
each other, again indicating little effect of nanoscale pore space
confinement on the PZC of mesopore surfaces.

Interestingly enough, however, the pore space confinement
does have a significant effect on the acidity constants of the
materials. As shown in Fig. 4C, the separation between the two

TABLE 1
Comparison of Dissolved Al Concentrations with Surface Charges Calculated Using Eq. [1]

Dissolved Al (mol/l)

Surface charge (mol/1)*

Surface charge ratio, mesoporous alumina
(mol/g)/alumina particles (mol/g)*

Alumina Mesoporous Alumina Mesoporous Not corrected for Corrected for
particles alumina particles alumina dissolved Al dissolved Al
D.I. water 0.00014 0.00079 0.0011 0.0026 24.1 19.3
0.01 M NaCl 0.00017 0.00065 0.0013 0.0021 15.9 12.7
0.1 M NaCl 0.00020 0.00073 0.0020 0.0029 14.8 12.3

Note. The dissolved Al concentrations were measured at the end of the titration experiments (at pH = 10). For pH > 7, AI(OH), is a dominant species (30).
The dissolution of alumina materials follows AlO2/3 +3/2H,0 = Al(OH)3 + OH™ = AI(OH), ; i.e., one dissolved Al consumes one hydroxyl ion. For an easy
comparison, both dissolved Al concentrations and surface charge densities are converted to the same unit (mol/l of solution). The calculated surface charge ratios,
whether corrected for dissolved Al or not, are much larger than the surface area ratio between the two materials (=2.4), indicating the effect of nanoscale pore
space confinement. In each titration, either 0.1 g of mesoporous alumina or 1.0 g of alumina particles was added to a 50-ml solution.

¢ Negative charge.
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FIG. 4. Acidity constants for mesoporous alumina (A) and activated alu-
mina particles calculated (B) from the titration data in Fig. 3 using Eq. [2].
The calculation only includes the data points for the titration in D.I. water and
far from the PZC. Linear extrapolation of pK to zero surface charge gives the
intrinsic acidity constants pKj ;.. and pK>3 ;.. (C) Surface speciation on meso-
porous alumina (solid lines) and activated alumina particles (dashed lines). The
separation between the two acidity constants, ApK(=pK, — pK), becomes
significantly narrowed for the mesoporous alumina as compared to that for the
alumina particles.

acidity constants, ApK(=pK, — pK), becomes significantly
narrowed for the mesoporous alumina as compared to that for the
alumina particles. As a result, within mesopores, neutral surface
species SOH become depleted, and the pore surface tends to
be either positively or negatively charged. This is one of the
reasons that a mesoporous material has a much higher surface
charge density than the corresponding nonmesoporous material.
This result is consistent with the molecular modeling simulations
presented below.

Effect of EDL Overlap

Two factors could contribute to the observed high surface
charge density per mass of mesoporous materials: the large ac-
cessible pore surface area per mass and the effect of nanoscale
pore space confinement. Since the surface area ratio of the meso-
porous alumina to the activated alumina particles is only about
2.4 : 1, the surface area alone is not sufficient to account for the
observed large surface charge difference between the two mate-
rials. In Fig. 5, the surface charges on the mesoporous material
are plotted against those on the nonmesoporous material (alu-
mina particles) for the corresponding (pH — PZC) values and
ionic strengths. If the surface area were the only controlling
factor, the resulting curves should fall on a single straight line
with its slope defined by the ratio of the measured surface ar-
eas. As shown in Fig. 5, this is not the case, indicating that the
nanoscale pore space confinement significantly contributes to
surface charge development on mesoporous materials. For the
systems we studied, this contribution is even more important
than that from the surface area difference (Fig. 5). The effect of
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FIG. 5. Surface charge on mesoporous alumina vs surface charge on alu-
mina particles for corresponding (pH — PZC) values and ionic strengths. For
each ionic strength, the surface charges on both materials at various (pH — PZC)
values are read from Fig. 3, and then the charges on one material are plotted
against the charges on the other material for the same pH — PZC values. If the
difference in surface charge between the two materials were controlled only by
the surface area difference, the obtained surface charge vs surface charge curves
would fall on a single straight line with its slope defined by the ratio of the mea-
sured surface areas (=2.4: 1). The deviation from the straight line is attributed
to the effect of nanoscale pore space confinement, probably via the overlap of
the electric double layer.
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the pore space confinement must arise from the change in the
electric double layer structure (e.g., the overlap of EDL) within
mesopores, because it strongly depends on ionic strength.

At a room temperature, the thickness of an electric double
layer developed at a planar solid-water interface (L) can be cal-
culated as (18)

1

L= 3201172 [nm], [3]
where [ is the ionic strength of the solution (M). The thickness
of EDL for ionic strengths of 0.01 and 0.1 M NaCl is estimated
to be 1 and 3 nm respectively. As shown in Fig. 1A, the shortest
dimension of the mesopores in mesoporous alumina is about
2 nm, and a significant overlap of EDL within the mesopores is
thus expected.

Most existing surface complexation models have been de-
veloped for unconfined solid—water interfaces, for which the
overlap of EDL is not a concern (18-20). The results shown in
Fig. 5 demonstrate that such models are not adequate for pre-
dicting ion sorption onto mesoporous materials if the effect of
nanoscale pore space confinement is not explicitly taken into
account. Zhmud and his colleagues have attempted to develop a
charge regulation model for the surface of porous matrices (21—
23). In their model, a pore is represented by a cylindrical cavity,
and the overlap of EDL is taken into account by diminishing the
radius of the cylinder. Their model predicts a decrease in sur-
face charge density with decreasing pore size. This prediction
seems inconsistent with the titration data we obtained (Fig. 5).
It should be pointed out that the terminology “electric double
layer (EDL)” used in this paper only loosely refers to the electric
charge distribution at mesopore surfaces, which does not nec-
essarily resembles the EDL conceptualized for an unconfined
interface. A generalization of the existing EDL concept to a
nanoscale confined system is warranted.

Kinetics of Ion Sorption on Mesoporous Alumina

The ion uptake rates for both mesoporous alumina and alu-
mina particles are shown in Fig. 6. Clearly, the rate for the meso-
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FIG. 6. Rates of ion uptake by mesoporous alumina and alumina particles.
The rate for the mesoporous material is relatively slow, and it could take as long
as 4-5 min for ion sorption to completely reach equilibrium.
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FIG. 7. Zn sorption on mesoporous alumina. The sorption edge is around
the pH of 5. (A) percentage of Zn adsorbed vs pH; (B) K4 vs pH. The values
shown above pH 7 are minimum values, based upon the detection limit for Zn.

porous material is relatively slow, and it could take as long as
4-5 min for ion sorption to completely reach equilibrium. The
slow rate is due to ion diffusion in small pores. The surface area
of mesoporous alumina might not be totally accessible during
our titration experiments, because the maximum titration inter-
val allowed by the instrument is 90 s. However, this kinetic effect
is negligible in our surface charge balance calculations, because
at a linear concentration scale, ion sorption can still reach more
than 90% of completion over the 90-s time interval.

Zinc Sorption on Mesoporous Alumina

The pH/sorption edge for Zn sorption on mesoporous alumina
is shown in Fig. 7. The sorption coefficient for mesoporous alu-
mina is generally about two orders of magnitude higher than
that reported for alumina particles (24), which seems consistent
with the molecular modeling results summarized below. As a
result, the sorption edge for a mesoporous material generally
shifts to a lower pH and become sharper relative to that for a
nonmesoporous material.

MOLECULAR MODELING

To further clarify the effect of nanoscale pore space confine-
ment, a molecular modeling simulation was performed for ion
sorption between two parallel oxide surfaces. Modeling took
place on two different scales of length. At the lowest level, a
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quantum mechanical calculation was conducted to determine the
size and charge distribution of adsorbates. The program DMol3
from MSI was used to carry out this geometry optimization
modeling (25). The final simulations were performed using the
density functional theory (DFT) described by Frink and Van
Swol (26-28). In these simulations, the molecular detail is re-
moved and only the component’s density is determined based
on the equilibrium of the system.

The DFT simulations were performed separately for two types
of idealized oxide surfaces arranged in a parallel slit pore: a sur-
face covered with hydroxyls and with a surface charge of 0.17
per hydroxyl, and a surface with all hydroxyls removed and with
a surface charge of —0.54 per oxygen atom. These values were
determined using a charge equilibration method (29). The effect
of pore space confinement was simulated by varying the separa-
tion between the two oxide surfaces while maintaining the same
chemical potential for each chemical species as in the bulk so-
lution. The sorption coefficient of an ion was then calculated as
the ratio of the ion concentration integrated over the mesopore to
the concentration in the bulk solution. Figure 8 shows the effect
of pore size and surface chemistry on the adsorption coefficient.
Note that the adsorption coefficients in the figure are normalized
to the values corresponding to an unconfined system, i.e., to an
infinite separation between the two parallel oxide surfaces in our
modeling system, and therefore any deviation from 1 in these co-
efficients directly indicates the effect of nanoscale confinement
on ion sorption. As expected, the surface charge has a signifi-
cant effect on ion sorption. And more interestingly, this effect
is greatly amplified as the pore space decreases to nanometer
scales. This effect could become even more significant for ion
sorption in a spherical or cylindrical confined environment. It is
shown in Fig. 8 that for a divalent ion a mesoporous material
with a pore size of 2 nm could have an adsorption coefficient
two orders of magnitude higher or lower than the corresponding
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FIG.8. Normalized adsorption coefficients calculated as a function of pore
size. The adsorption coefficients are normalized to the values corresponding to
an infinite separation between the two parallel oxide surfaces.

nonmesoporous material. The typical scale for the confinement
effect to become significant is less than 10 nm. The modeling
results are generally consistent with the experimental data sum-
marized above.

CONCLUSIONS

Acid-base titration experiments were performed on both
mesoporous alumina and alumina particles under various ionic
strengths in order to clarify the control of mesopore structures
on the surface chemistry of materials. The point of zero charge
(PZC) for mesoporous alumina was measured to be 9.1, simi-
lar to that for nonmesoporous alumina particles, indicating that
the nanoscale pore space confinement does not have a signifi-
cant effect on the PZC of pore surfaces. However, for a given
pH deviation from the PZC, (pH — PZC), the surface charge on
mesoporous alumina was as much as 45 times higher than that
on alumina particles. This difference cannot be fully explained
by the surface area difference between the two materials. Our
titration data have demonstrated that the nanoscale pore space
confinement has a significant effect, most likely via the overlap
of the electric double layer (EDL), on ion sorption on mesopore
surface. This effect cannot be adequately modeled by the existing
surface complexation models, which were developed mostly for
unconfined solid—water interfaces. Our titration data have also
indicated that the rate of ion uptake by mesoporous alumina is
relatively slow, probably due to ion diffusion into mesopores,
and complete equilibration for sorption could take 4-5 min. To
further clarify the effect of nanoscale confinement on ion sorp-
tion, a molecular modeling calculation was performed using
density functional theory. The calculation has shown that as the
pore size is reduced to nanoscales (<10 nm), the adsorption co-
efficients of ions can vary by more than two orders of magnitude
relative to those on unconfined interfaces. The prediction is sup-
ported by our experimental data on Zn sorption on mesoporous
alumina. Owing to their unique surface chemistry, mesoporous
materials can potentially be used as effective ion adsorbents for
separation processes and environmental cleanup.
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