RESEARCH ARTICLE

A DVAN ‘.._ -Check for updates

MATERIALS
INTERFACES

Open Access,

www.advmatinterfaces.de

Surface Heterogeneity Affects Adsorption Selectivity for CO,
Over CH, in Bare Mesostructured Silica with 2D Hexagonal
Symmetry and Different Pore Size

Paola Carta* and Mariano Andrea Scorciapino®

Mesoporous silica-based materials are used as sorbents and supports in
many fields. The ordered pore architecture of MCM-41, and the absence of
interconnections, make it suitable as a model system. The surface is natively
functionalized by many silanol groups, endowing the material with a polar
surface to directly interact with the target species or to mount additional
functional groups. Either bare or functionalized, surface silanol arrangement
is crucial to material performance. In the case of CO, capture with
amine-functionalized silica, silanol groups are responsible for fundamental
H-bonds during chemisorption, but they also modulate the effect and weight
of humidity on the material performance. In addition, the silanol groups can
also tune the weight of physisorption over chemisorption. The relationship
between these aspects and the textural features of mesostructured silica has
not been addressed in detail. In this study, computer models are employed to
investigate the adsorption capacity and selectivity of bare mesostructured
silica with three different pore sizes. Results are rationalized in terms of
silanol surface density and pore curvature. The importance of the energetic
inequivalence between Q? and Q? sites on the silica surface is emphasized, as

this causes adsorption behavior to deviate from ideality.

1. Introduction

Mesoporous silica-based materials are used as sorbents and sup-
ports in many fields, such as separation, capture, storage, and
catalysis. The growing attention and interest for further develop-
ment is due to the large surface area (up to 2000 m? g~') and
the highly uniform pore size, beside the many approaches avail-
able to functionalize their surface for specific applications.['2]
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Among the mesostructured silica, MCM-
41 and SBA-15 are the most widely
investigated and employed ones, be-
cause of their regular 2D hexagonal ar-
ray (P6mm space group symmetry) of
highly uniform parallel mesopores, with
a pore diameter of 2-10 and 5-30 nm,
respectively.!l SBA-15 also has a network
of micropores (diameter <2 nm) inter-
connecting the mesopores. The ordered
pore architecture of MCM-41, and the
absence of interconnections, makes this
material particularly suitable as a model
system.

Mesostructured silica are not inert
materials, as they natively present their
surface functionalized by many silanol
groups. These endow the material with
a polar hydrophilic surface, with the
silanol groups available to directly inter-
act with the target species, or opening
the possibility to mount an extreme
variety of additional functional groups
due to their reactivity.)l Regardless
co-condensation or a post-synthesis strategy is employed (e.g.:
grafting and impregnation), the presence and arrangement of
silanol groups is crucial, leading to different possible linkage of
the functionalizing units, with possibly different reactivity. Rate
and results of the functionalization process will depend on the
surface silanol groups local concentration, steric factors and the
diffusion limitation within the pores.[1314]

Mesostructured silica is not often employed as bare materials,
since the loading capacity and selectivity for a given species would
rely only upon relatively weak interactions (van der Waals interac-
tions and hydrogen-bonding), namely, upon physisorption. Func-
tionalizing units are typically added on the surface to increase
performance through more specific interactions and reactions,
in terms of capacity and, especially, selectivity, depending on the
goal. In general, outcomes of the functionalization process de-
pend on the number of functional units, and one can expect that
the larger the surface coverage, the higher the capacity and se-
lectivity. However, other features of the material surface do play
a role in different and sometimes subtle ways, such that golden
rules for mesostructured silica functionalization still do not exist.

We focus here on the case of CO, separation as an example,
due to the high attention of the scientific community and media
to the technologies commonly referred to as Carbon Capture and
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Figure 1. The xy-projection of the simulation box for a generic meso-
porous material is schematically shown, together with the angle, a, used to
describe gas molecule azimuthal position with respect to the pore surface
for each of the four half-pores.
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Utilization (CCU).["*! To enhance CO, adsorption performance
of bare silica mesopores, amine functionalization, either by
impregnation or grafting, has been widely employed.!! In
most of the investigations, primary and/or secondary amines
reacted with CO, and formed carbamate species, which is a clear
example of chemisorption. Not only the specific amine had large
effect on the material performance, but also the amine loading
and pore diameter did.'®'] Even water vapor was found to
affect CO, adsorption, sometimes with positive,!'®1°] sometimes
with negligible,?%! or with negative effects,['] depending on the
specific amine employed and related also to pore size and amine
density. Extensive overview of mesostructured silica performance
as CO, adsorbents is given by valuable recent reviews.[21-24]
Although the reaction mechanism was initially proposed to
proceed as much as in liquid systems, such hypothesis has been
challenged by both experimental and theoretical studies. Hydro-
gen bonds can be formed among nearest neighbors, both be-
tween grafted-amines pairs or between isolated amines and the
flanking OH groups on the silica surface.[??° These interactions
appear to be crucial to have chemisorption. When alkylamine
groups are isolated and the alkyl chain is either too short or
rigid to interact with the silanol groups on the silica surface, no
chemisorption was observed.!?’] In the recent literature, the com-
plexity of the adsorbate-adsorbent system is becoming clear for
CO, adsorption on amine-functionalized mesoporous silica. Sev-
eral chemisorbed species are formed, even when just a single type
of amine functionalizing unit is present. The different network-
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ing of hydrogen bonds between the adduct being formed and ei-
ther the surface silanol groups and/or the neighboring amines
is extremely important.?*?] For this reason, the impact of the
overall amine loading, and, thus, of the number, density, and lo-
cation of the remaining silanol groups, is great on the material
performance.

The importance of the remaining surface silanol groups does
not pertain only to their role during chemisorption, but they can
also modulate the effect and weight of humidity on the mate-
rial performance. On the basis of the proposed mechanisms,
these hydrophilic surface groups would facilitate higher efficien-
cies of chemisorption by attracting water molecules. However,
an excess of humidity could lead to water condensation inside
the pores, preventing the access of CO, to the adsorption sites
and worsening material performance.[*) In addition, the silanol
groups can also tune the weight of physisorption over chemisorp-
tion. In fact, when the effect of temperature was investigated,
the coexistence of both physical and chemical adsorption was
emphasized.**! By comparing CO, adsorption in bare and in
amine-modified MCM-41, it has been shown that on the surface
of the latter, the chemisorption of CO, occurs at low pressures
(up to 0.1 bar), reaching a total amount of adsorbed gas signifi-
cantly larger than that in the bare material at the same pressure.
However, at larger pressures, the difference is not important, in-
dicating that chemisorption is followed by physisorption after the
saturation of the reactive amine groups, and that the amount of
physisorbed CO, is not negligible.l*!]

The relationship between these aspects and the textural fea-
tures of the mesostructured silica has not been addressed in de-
tail yet. In this work, computer models of MCM-41 have been
generated, sharing the same P6mm mesostructure symmetry but
with different pore diameters. By using a combination of Grand-
Canonical Monte Carlo (GCMC) and Molecular Dynamics (MD)
simulations, their adsorption capacity for either CO, and CH,
have been investigated at 303 K and in the 1-10 atm pressure
range, in order to observe the effect of changing the pore size.
Both pure components and binary CO,/CH, mixtures with dif-
ferent composition have been investigated, and the results from
the atomistic computer simulations have been compared to the
predictions provided by the application of the Ideal Adsorbed So-
lution Theory (IAST).[3?! The adsorption capacity and the selec-
tivity of the different models have been rationalized in terms of
their microscopic details, unveiling interesting differences in the
adsorption process that ultimately depend on silanol surface den-
sity and pore curvature. Deviations of the adsorption behavior
from the ideality could be explained by focusing on the energetic
inequivalence of the different adsorption sites, namely, Q* and
Q? sites on the silica surface.[*333°] Such surface heterogeneity
appears to promote selectivity for CO, over CH, at low CO, con-
centration, which is granted at low molar fraction and low (atmo-
spheric) pressure.

2. Experimental Section
2.1. Simulation Box Preparation
The 3D structure of three different mesostructured silica was

obtained as described in details elsewhere.[**] These three ma-
terials differed in the pore diameter, but shared the same 2D
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Figure 2. Density profile of pure CO, (top row) and CH, (bottom row) inside the pores of Meso-2.4 (left column), Meso-3.4 (middle column) and
Meso-6.4 (right column) materials. Scaled pore radius is reported on x-axis (zero corresponds to the pore center), in order to compare materials with
different pore size. For the sake of comparison, a few curves go beyond the selected upper limit of the y-axis. Full curves are shown in the corresponding

inset.

hexagonal symmetry (P6mm space group) of identical parallel
and non-interconnected cylindric mesopores. The small-angle
XRD patterns for MCM-41“%] and for SBA-15 (unpublished
data), provided the lattice spacing and space group symmetry
of the mesophase. Correspondingly, the unit cell parameter
(i.e., the interpore distance) for MCM-41 (4.4 nm) and SBA-15
(10.0 nm) was determined. Two models were built on the basis of
MCM-41, with a pore-diameter of 2.4 and 3.4 nm on the basis of
the reported BJH and DFT analysis of the same N,-physisorption
isotherm, respectively.**] The third model was built on the basis
of SBA-15, for which the mesopores diameter was as large as
6.4 nm. We decided to not include the micropores, to obtain an
MCM-41 like material and to focus our attention on the weight
of the mesopore size. Table 1 summarizes the main geometrical
and topological parameters of the three model materials inves-
tigated in this work. Periodic boundary conditions (PBC) were
applied to all the three dimensions of the system.

Briefly, the unit cell of f-cristobalite**! was replicated along the
x, v, and z dimensions. Its density (2.3 g cm™3) is close to the re-
ported density of the amorphous silica (2.2 g cm~3).3”] One half
pore was obtained in the middle of each of the four faces parallel
to the z-axis, by eliminating the atoms within the proper cylindri-
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cal volume (Table 1). The axis of the pores was perpendicular to
the xy-plane.

The resulting unsaturated Si atoms were eliminated. The re-
sulting isolated O atoms were eliminated too. The remaining
surface O atoms were treated through an in-house computer
Q+Q}

code,®! to possibly match the SS-NMR experimental T

Table 1. Main parameters of the simulated mesostructured silica. Lengths
are reported in nanometer units.

Model Symmetry 9,5, D2y Ad - dw Box edges ) Number of
xyz] atoms
Meso- P6mm 38 44 24 20 43x79x22 3472
2.49
Meso- P6mm 38 44 34 10 43x79x22 2352
3.48)
Meso-6.4 P6mm 87 100 64 3.6 100x17.2x22 15289

? Lattice spacing; b)Interpore distance; 9 Pore diameter; ) Wall thickness; © Gas

molecules are not included; ” This model was referred to as MCM-41/BJH in a pre-
vious publication;[3’] ® This model was referred to as MCM-41/DFT in a previous
publication.[3%]
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Figure 3. Density profile of CO, and CH, inside the pores of Meso-2.4 (left column), Meso-3.4 (middle column) and Meso-6.4 (right column) materials.
Results of binary mixtures of the two gases are shown for selected compositions and pressure values. Scaled pore radius is reported on x-axis (zero
corresponds to the pore center), in order to compare materials with different pore size.

ratio (the index refers to the number of —O—Si—O— linkages to
the material bulk). In the case of Meso-2.4, all the surface O atoms
were hydrogenated to obtain the surface —Si—OH groups. Al-
though it does not strictly pertain to the present investigation, it is
worth mentioning that such per-hydrogenation was not sufficient
2+ 3
6.3, per-hydrogenation was similarly applied, due to the lack of a
real sample on which SS-NMR analysis could be performed (the
model has is based on SBA-15 but has no micropores). In the
case of Meso-3.4, a number of surface Si atoms were randomly
selected to form new —Si—O—Si— bridges. The remaining sur-
face O were hydrogenated, matching the SS-NMR experimental
Qe (3]
QqHQ+Q
Finally, the materials were subjected to the amorphization
stage, i.e., a random maximum displacement of 0.5 Angstrom
was applied to each atom. A thousand steps of energy minimiza-
tion were performed with conjugate-gradients. The equilibration
was performed in the NVT ensemble with classical Molecular
Dynamics (MD) (2.0 fs time-step; temperature was gradually in-
creased from 1 to 303 K along 20 ps, and then kept at 303 K for
100 ps). The Nose—Hoover thermostat was applied with a tdamp
of 100. The velocity Verlet algorithm was used as reported by
Tuckerman et al.[*®) and by applying the equations of motion for-

to reach the experimental ratio.[*] In the case of Meso-

ratio.
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mulated by Shinoda et al.[*! Positional restraints were applied to
the O and Si atoms. The Shake algorithm!*"! was applied to both
O—H stretching and Si—O—H bending. No potential was applied
to the torsion around Si—O bond. All the simulations were car-
ried out with LAMMPS“142] (https://www.lammps.org).

2.2. Gas Adsorption Simulation

Gas molecules were inserted into the material’s pores and the
system was equilibrated at the given temperature (303 K) and
pressure (1, 5 and 10 atm). Pure CO,, pure CH,, or a CO,/CH,
mixture with CO, molar fraction (yc,,) 0f 0.25, 0.50 or 0.75, were
considered. The MC simulation algorithm was applied for 2,500
steps in the Grand Canonical ensemble (GCMC), by attempting
only gas molecules insertions and deletions inside the pores (1 of
each kind on average at every step). MD followed in the NVT en-
semble as described above for 75,000 steps (150 ps), by treating
gas molecules as rigid bodies, while keeping the material still.
This GCMC+MD scheme was iterated up to equilibrium, i.e.,
when the number of gas molecules fluctuated around a constant
value for 100,000 GCMC consecutive steps, at least. New veloci-
ties were generated at each run (both GCMC and MD) by often
changing the seed for the random number generator (both for
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velocities and GCMC moves) to improve stochastic sampling of
the phase space. Finally, the production MD run was carried out
in the NVT ensemble for 1 ns.

2.3. Force-Field Potentials and Parameters

The —Si—O—H surface groups were described with harmonic po-
tential for bonds stretching and angle bending during the mate-
rial preparation. The parameters reported by Bigot and Peuch!*
were used. Gas molecules were treated as rigid bodies. A sum
of Lennard-Jones and Coulomb potentials were used to de-
scribe the non-bonded interactions, with the parameters by Fu-
rukawa et al.*l A double cutoff was applied, with values of
12.0 and 14.0 A. A long-range van der Waals tail correction was
included.[*] The Particle-Particle Particle-Mesh method!*®) was
applied for long range electrostatics. A screening parameter of
k = 3.2/cutoff and an upper bound of the reciprocal space sum-
mation at K, .= int(xL,,)+ 1 were used, as reported by Shah
et al.l*6#’] The TraPPE force-field!*’! were applied to describe the
gas molecules.

2.4. Trajectory Analysis

The density profile of gas molecules (each one localized at its
center of mass) was reconstructed as a function of the pore ra-
dius with an in-house computer code.3*] The amount of adsorbed
gas in cm3g™! was calculated as follows: the integral of the den-
sity profile was numerically calculated, the number of molecules
was converted into moles, and the result was multiplied by the
molar volume of the ideal gas at STP conditions and by the ma-
terial’s specific surface area (SSA). The latter was obtained as
the solvent accessible area with PyMOL v2.5 (https://pymol.org/
2/; “get area” tool; dot_density = 4; N, probe radius = 1.6 A
from Chemicalize https://chemicalize.com/ by ChemAxon http:
| [www.chemaxon.com). When gas density at the pore center was

not zero, density profiles were corrected to remove the bulk den-
49-52] We used = m; m > 0, P >

(rp,—=2p)°+p*
0; s = 2,4,6,..., where m is the maximum at r,—0, p is the po-
sition of the falling point of inflection, and s modulates the slope
at the inflection point. Adsorption selectivity of the species-i over
Xail Agi

sity contribution (p,).!

the species-j is defined as S, = , where subscript a and g

Zajl Xgj

are used for the adsorbed and the gas phase, respectively. The
Ideal Adsorbed Solution Theory (IAST)!*2] has been employed by
using the simulations of the pure components, to compare the re-
sults to those obtained through the simulations of the mixtures.
The azimuthal position of gas molecules inside the pores was
suitably defined by making use of the cylindrical coordinates in
each of the four half-pores within the simulation box. Molecu-
lar center of gravity corresponds to the position of the C atom
for both CO, and CH,, and the azimuthal angle, «, is shown in
Figure 1 in each of the half-pores, as it was determined through
an in-house computer code.

Radial distribution functions were obtained with LAMMPS, as
well as the gas molecules energy. The diffusion coefficients of gas
((:0-(x))")

molecules along the pores were calculated as D =
2d(t—ty)

Adv. Mater. Interfaces 2023, 10, 2300196 2300196 (5 of 12)

www.advmatinterfaces.de

where r are the coordinates of the center of mass of the gas
molecules of the given type, t, is the starting time, and d is the
number of dimensions over which the analysis is performed. For
this analysis, the MD trajectory has to be unwrapped, i.e.: coordi-
nate reflections due to the PBC have to be removed and the real
displacement needs to be recovered.

3. Results and Discussion

Progressive CO, and CH, adsorption are observed with increas-
ing pressure, regardless pure gasses or binary mixtures are sim-
ulated. In the present context, silica-based materials are stud-
ied in the absence of any additional functional unit on their
surface, beside the native silanol groups. Thus, the adsorption
is based on relatively weak non-bonded interactions, i.e.: ph-
ysisorption. Figure 2 shows the gas density profiles inside the
pores of the three materials for the two pure gases at different
pressure.

The larger affinity of CO, over CH,, is evident, regardless of the
pore size and the pressure. For different molecules, it is well rec-
ognized that the smaller the pore radius, the lower the pressure
needed to have condensation inside the pores.[>-°] In fact, max-
imum density was observed for pure CO, in Meso-2.4 at 10 bar
(Figure 2, top left panel), where, beside the main adsorption peak
attributable to the monolayer formed on the pore surface, a shoul-
der is clearly present at shorter values of the radius. This is in-
dicative of an almost saturated CO, adsorbed monolayer, and the
consequent initial formation of a second layer of gas molecules
on top of it, similarly to what was observed in the case of N,.[**! In-
spection of the simulation trajectory confirmed this observation.
In all the other investigated cases and conditions, density pro-
files are remarkably lower and only the main adsorption peak is
observed. This indicates that the adsorbed monolayer is far from
saturation, that the spreading pressure of gas molecules in the
monolayer is rather low, as well as the intermolecular interac-
tions, and the Ideal Adsorbed Solution Theory (IAST) should be
applicable.32!

The same observations and comparisons do apply to the
CO,/CH, binary mixture simulations. The corresponding gas
density profiles for selected pressures and compositions are
shown in Figure 3.

The density of each component in the adsorbed phase in-
creases with the total pressure and with the corresponding molar
fraction. The density of each component is always lower than ob-
served in the simulations of the corresponding pure gas at the
same pressure.

Adsorption capacity of the three materials for pure CO, and
CH, is shown in Figure 4, together with the selectivity resulting
from the simulations of their mixture with different composition.

All the three materials share a clear selectivity for CO, over
CH,, as shown by the larger adsorbed amount of the former at all
pressures (Figure 4a). By virtue of the different pore radius and
wall thickness, the three materials have a remarkably different
SSA, which is 345, 689, and 192 m? g~! for Meso-2.4, Meso-3.4,
and Meso-6.4, respectively. As it was already observed in the case
of N, adsorption,**] this difference is expected to provide a rather
different adsorption capacity, since the lower the SSA, the lower
the number of surface silanol groups. In fact, the expected trend
is followed by CH,, (Figure 4a) at all pressures, while the similar
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Figure 4. a) CO, and CH, adsorption capacity from simulations of the pure gases in the Meso-2.4, Meso-3.4 and Meso-6.4 models. b) Molar fraction
of CO, in the adsorbed layer, {¢o,, is compared to its molar fraction in the gas phase, yco,, from the simulations of CO,/CH, binary mixtures in the
three model materials. c—e) Selectivity of the three model materials for CO, over CH,. Error bars (b—e) represent the standard deviation of the results
obtained at 1, 5, and 10 atm. a) Dashed lines (b—e) show the results from the application of the IAST modell3?! to the data of the pure gases.

capacity of the Meso-2.4 and Meso-3.4 materials for CO, is quite
surprising, at a first glance. However, as shown above (Figure 2),
it has to be stressed that the Meso-2.4 model is found in a dif-
ferent adsorption regime in the simulated pressure range, with
CO, approaching and surpassing the first-monolayer saturation
point.

A linear trend was observed for the adsorbed amount vs.
pressure (Figure 4a), which is in agreement with the literature
at pressure larger or equal than 1 atm,’%%] while marked
curvature is observed at lower pressure, but especially at a
lower temperature.’®*] The obtained absorbed amounts are
in good agreement with other reports, as summarized in
Table 2.

The observed linearity of the adsorbed amount vs. pressure
(Figure 4a), tempted us to apply the IAST model® to estimate
the molar fractions in the adsorbed phase (Figure 4b) and selec-
tivity for CO, over CH, (Figure 4c—e), on the basis of the simula-
tions of the two pure gases, similarly to what would be performed
on the experimental adsorption isotherm of the two pure com-
ponents. However, the results obtained from the simulations of
the CO,/CH, mixtures show significant deviations from the ideal
IAST predictions (Figure 4b—e).
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The latter assesses that selectivity is larger for Meso-2.4 (4.6)
than Meso-3.4 (2.2). However, we are convinced that this result
for Meso-2.4 is largely biased by the fact that the correspond-
ing data for pure CO, were obtained in proximity of the first-
monolayer saturation, as mentioned, resulting in selectivity over-
estimation. In fact, for a reliable IAST analysis, the pure compo-
nentisotherms should be measured accurately at low surface cov-
erage, because the integration needed to determine the spreading
pressure is very sensitive to the very initial portion of the adsorp-
tion isotherm.3?) Thus, without emphasizing the values obtained
from IAST, the important point is that the latter inherently pre-
dicts a constant selectivity as a function of mixture composition
(Figure 4), while all the investigated materials exhibit a signif-
icant variation as a function of CO, molar fraction in the gas
phase, yco,. More specifically, selectivity increases with decreas-
ing xco,in all the investigated materials.

It is worth noting that selectivity of the two materials with
a similarly narrow pore size becomes comparable with in-
creasing yco,, both approaching the IAST value obtained for
Meso-3.4, which is in agreement with experimental data.[®!:¢2]
Conversely, at the lowest Xco,» Meso-3.4 becomes more selective
and, in addition, while Meso-2.4 selectivity does not result to be
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Figure 5. Probability distribution of the azimuthal position (Figure 1) of CO, molecules inside the pores of Meso-2.4, Meso-3.4, and Meso-6.4 material
models for selected compositions of the binary CO,/CH, mixtures and for selected pressure values. A black solid horizontal line is used as the baseline
of each distribution. Red dashed lines represent a perfectly homogenous surface coverage.

Table 2. The adsorbed amounts of pure CO, obtained for the three
mesostructured material models investigated in this work are compared
with data from the literature.

Temperature Amount Pore size

Pressure [K] [em? [nm] Reference
[atm] gl

1 298 ~18 1.1 [60]

1 298 ~13 3.1 [30]

1 298 ~15 3.4 [56]

1 298 ~15 3.6 [56]

1 303 8 2.4 This work
1 303 10 3.4 This work
1 303 5 6.4 This work
1 318 ~8 5.1 [57]

5 298 ~56 3.4 [56]

5 298 ~56 3.6 [56]

5 303 29 2.4 This work
5 303 30 3.4 This work
5 303 14 6.4 This work
5 318 ~30 5.1 [57]

10 298 ~88 3.4 [56]

10 298 ~88 3.6 [56]

10 303 56 2.4 This work
10 303 59 34 This work
10 303 21 6.4 This work

particularly sensitive to the applied pressure within the 1-10 atm
range, Meso-3.4 shows large selectivity increase with decreasing
the pressure. On the other hand, Meso-6.4, with the largest pore
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size, results in a larger selectivity at all gas mixture compositions
but, similarly to Meso-2.4, it is virtually insensitive to the applied
pressure within the 1-10 atm range.

Briefly, IAST is based on the assumption of an ideal adsorp-
tion of the gas mixture: i) The adsorbent is thermodynamically
inert; ii) The adsorbent has a temperature-invariant area and such
area is the same for all the adsorbates; iii) Gibbs definition of ad-
sorption applies; iv) Low surface coverage, i.e., low gas spread-
ing pressure.32] In these conditions, the Langmuir model is typi-
cally applicable, which implies that adsorption takes place at well-
defined sites on the adsorbent surface, that adsorption sites are
energetically equal (and each site accommodates only one adsor-
bate molecule), and that there is no lateral interaction between
adsorbed molecules.[®*] Molecule density in our simulations of
the mixtures is rather low (Figure 3), especially at the lowest pres-
sure and the lowest yc,, S0 one can expect an ideal adsorption.
Conversely, at the lowest CO, coverage, the largest selectivity and
the largest deviation from ideality is found. Among all the above-
mentioned assumptions, the energetic equivalence of the adsorp-
tion sites, and the absence of lateral interactions in the adsorbed
layer attracted our attention.

Figure 5 shows the probability distribution of the azimuthal
position of CO, molecules inside the pores, as defined in
Figure 1. Overall, the presence of some preferential adsorp-
tion sites emerges, as coverage probability is not homogenous
over the pore surface. This is particularly evident the less CO,
amount is adsorbed on the pore surface, i.e., with decreasing o,
and pressure for all the materials. Coverage probability becomes
more and more homogeneous with increasing the amount of
CO,, up to the results obtained for the pure gas. The adsorbate
molecules are physiosorbed on the silica surface and, in con-
trast to the Langmuir model, they are not firmly bound to a
given hydroxyl group. Beside the equilibrium between the bound
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Figure 6. The radial distribution function (selected cases) computed for the distance between the hydroxyl O and the carbon dioxide C atom. The Q3

and Q? sites are separately considered.

(adsorbed phase) and unbound (gas phase) state, molecules can
sometimes slide on the surface, hopping from one site to the
next, along the simulation. Overall, preferred sites are populated
by the adsorbate with significantly larger frequency than other
lower probability locations, when CO, amount is low. By increas-
ing the latter, chances of finding unoccupied preferential sites
along the dynamic trajectory inherently decreases for each CO,
molecule and, therefore, occupancy of the lower affinity locations
increases, which is reflected by a more and more homogenous
coverage probability distribution (Figure 5). Although this gen-
eral picture emerges for all the materials, Figure 5 shows how
coverage probability in Meso-2.4 is hardly affected, being compa-
rable at all pressures with 0.25 CO, molar fraction (even at 0.75
molar fraction and 1 atm). Similarly, also Meso-6.4 coverage is
hardly affected by pressure, but surface coverage appears to be
much more inhomogeneous. Differently, Meso-3.4 is much more
sensitive to the CO, loading, with homogeneity of coverage prob-
ability in between Meso-2.4 and Meso-6.4.

Surface of mesostructured silica materials are not necessarily
uniform, indeed, as different types of chemically inequivalent Si
atoms are present. These are usually referred to as Q?* and Q? on
the basis of the number of —Si—O—Si— bridges with the bulk ma-

Adv. Mater. Interfaces 2023, 10, 2300196 2300196 (8 of 12)

terial and, as a consequence, they are characterized by a single or
two hydroxyl groups, respectively.[“3335] The radial distribution
function (RDF) of CO, (position of the C atom) around either
Q? or Q? hydroxyl groups (position of the O atom) are shown in
Figure 6 for the cases with the largest and the smallest y,, and
pressure.

The probability of CO, interaction with Q? sites is larger than
with Q? sites, at all molar fractions and pressures. The distance
of the tallest peaks is compatible with H-bonding interactions for
both sites, with Q? always showing larger probability at the short-
estdistance. The larger affinity of CO, for Q? sites is probably due
to the presence of two geminal hydroxyl groups instead of the sin-
gle one at Q? sites. The RDFs show that the surface of mesostruc-
tured silica can be thermodynamically heterogenous, causing
the behavior of sorbates to deviate from ideality. Figure 7 shows
the distribution of the non-bonded energy (Uyqw + Ueecrrostatics)
of the CO, molecules for the same selected cases reported in
Figure 6.

Energy distributions were calculated for all CO, (or CH,)
molecules together, either those interacting with Q* and Q3
sites. On average, the larger the fraction of molecules interact-
ing with the most favorable Q?2, the lower the molecular energy.
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Figure 7. Distribution of the non-bonded molecular energy (Uygw + Uglectrostatics) ©f CO, and CH, as binary mixture (selected cases) inside the pores
of Meso-2.4, Meso 3.4, and Meso-6.4 model materials. The two dashed lines in the panels on the left-hand side are intended just as reference to focus
the lowest energy shoulder.

In agreement with the distribution of the azimuthal angle in-  the conclusion that CO, molecules preferentially adsorb at Q?
side the pores (Figure 5), a progressive reduction of the low en-  sites.

ergy tail and concomitant increase of the high energy tail is ob- All the observed differences between the three model mate-
served for CO, energy distribution with increasing either y,  rials correlates with the different Sy /¢y, (Figure 4) and sug-
and/or pressure. This is especially marked in the case of Meso-  gest that selectivity depends on the fraction of CO, molecules
2.4, which shows a clear lowest energy shoulder only at the low-  exploiting the most favorable adsorption sites available. It ap-
est yco, and pressure. The evolution of the energy distribution  pears that this condition is easier or more pronounced in Meso-
is more gradual in Meso-3.4. The energy profile barely changes 6.4 > Meso-3.4 > Meso-2.4, as reflected by the largest selec-
in Meso-6.4. This, together with RDFs (Figure 6), bolsters tivity at low CO, loadings. Conversely, when CO, amount is
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increased by molar fraction and/or pressure, the increasing den-
sity in the adsorbed layer forces gas molecules to spread over
the surface, making progressively more difficult to optimally ex-
ploit all the most favorable sites. It is interesting to note how
Meso-3.4 and Meso-2.4, with comparable pore size, in fact, be-
comes comparable in terms of selectivity. For the sake of com-
pleteness, also CH, shows preferential interaction with the Q2
sites (RDFs not shown), but the non-bonding energy is very
small, when compared to CO, (Figure 7) and does not change
significantly as a function of molar fraction and pressure, indi-
cating that CH, competition for adsorption with respect to CO, is
negligible.

Summarizing all the results presented so far, the presence of
two types of adsorption sites with different affinity for the species
of interest, CO, in this case, determines a deviation from ide-
ality. Selectivity is enhanced with decreasing the molar fraction
of that species and the total pressure. The Q*:Q3 ratio is 0.45,
0.55, and 0.40, in Meso-2.4, Meso-3.4, and Meso-6.4, respectively.
In addition, the different pore curvature affects the surface den-
sity of the Q?. By virtue of its smallest pores, Meso-2.4 surface
is characterized by the highest curvature, which is reflected by
the largest density of Q? sites, which is 5.2 umol m™. The value
is comparable in Meso-3.4, i.e., 4.9 umol m, despite its surface
area is larger than in Meso-2.4. This is due to the significantly
larger number of Q? sites in Meso-3.4, which explains the higher
Sco,/cn, atlow yco, and pressure. On the other hand, Q” sites
are more separated on the pore surface of Meso-6.4. The small-
est curvature contributes to the Q? density of 4.2 umol m=2. Oc-
cupancy of the less dense Q? sites by CO, is higher and this is re-
flected by the largest selectivity of Meso-6.4 at all molar fractions
and pressures, although the relative number of Q? sites is the
lowest.

For the sake of completeness, Figure 8 shows the adsorption
capacity of the three materials at y.o, = 0.25, where the correla-
tion with the SSA is evident for both the gases.

The overall performance of the material is clearly dependent
on different factors. While selectivity is the largest in Meso-
6.4, its smallest SSA provides a lower CO, adsorption capacity
than Meso-3.4. Definitely, the intermediate pore size of the latter
makes the material sufficiently selective, while granting a large
SSA. It is worth mentioning that such a nonmonotonic trend of
the adsorption capacity as a function of the pore size was also
reported for a series of SBA-15 samples.['®) However, when this
type of materials are intended as gas filters, molecule dynamics
inside the pores and flux density are very important. Permeability
is directly proportional to both sorbent-sorbate affinity and sor-
bate diffusion coefficient. We focused our analysis on the cases
of high selectivity (and comparable molecule density, by which
molecule dynamics is greatly affected), which is y.o,= 0.25at1
atm. Results of the diffusion coefficient of both CO, and CH, are
shown in Figure 9.

Regardless of the pore size, CO, has a lower diffusion coef-
ficient than CH, in all the investigated cases, by virtue of its
stronger interactions with the material surface. The diffusion of
both gases increases with increasing the pore size but, whereas
CH, shows an almost linear increase, CO, clearly does not. The
lower the ratio between the diffusion coefficient of CO, and
CH,, the better the separation performance of the material. Thus,
also from this point of view, the intermediate pore size mate-
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Figure 8. Adsorption capacity of CO,, CH,, and the total gas as a function
of pressure for Meso-2.4 and Meso-3.4 model materials with yco,= 0.25.

rial, Meso-3.4, appears to be the best one from this comparative
study.

4. Conclusion

Three bare mesostructured silica-based materials with different
mesopore size and no microporosity and have been compared
through computer simulations. The adsorption capacity and se-
lectivity for CO,/CH, binary mixtures have been investigated
with focus on atmospheric pressure. The results show that, while
overall capacity is proportional to the specific surface area, devi-
ation from adsorption ideality can lead to important differences
in terms of selectivity. This is strictly related to the microscopic
details of the pore surface, including pore curvature and the sur-
face density of the adsorption sites. In particular, thermodynamic
heterogeneity of the surface causes adsorption behavior to devi-
ate from ideality. Heterogeneity is provided, in the present case,
Dby the presence of chemically inequivalent surface silicon atoms,
namely, Q% and Q3. Selectivity increases when conditions allow
the gas to spread on the surface and to occupy the majority of
the most favorable sites. For the sake of completeness, it has to
be noted that the number of Q? sites is typically lower in real
samples(*33] than it was in the presented computer models. This
choice was made to emphasize surface heterogeneity and investi-
gate its role, on the one hand, but it also showed how it is impor-
tant to include all the experimental available information in the
computer models, on the other. As far as we are aware, the ratio
between (Q?+Q%)/Q*, and the ratio between Q? and Q? are vir-
tually never taken into account in the construction of computer
models of silica-based materials.
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Figure 9. a) Diffusion coefficient of CO, and CH, inside Meso-2.4, Meso-3.4, and Meso-6.4 model materials at yco,= 0.25 and 1atm are shown. Either
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