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Abstract

Molecular simulations and experiments are used to investigate methane adsorption in bulk
and thin layers of MFI zeolite (silicalite-1). After comparing the theoretical adsorption data
obtained using Grand Canonical Monte Carlo simulations for bulk silicalite-1 zeolite (MFI) at
various temperatures against experiments, zeolite layers with different crystalline orientations
and levels of surface flexibility are considered. The data obtained for such prototypical systems
allow us to rationalize both the qualitative and quantitative impact of external surface in
nanoporous solids. In particular, due to strong confinement in the zeolite pores, methane is
found to adsorb at low pressures in the core of the zeolite while external surface adsorption
occurs at pressures where the zeolite internal porosity is saturated. Using Polanyi’s adsorption
potential theory, which is derived here from Hill’s general scheme for adsorption, we provide
a simple thermodynamic formalism to predict consistently adsorption both in the internal
porosity and at the external surface of nanoporous solids. While this seminal theory has been
already applied to data for gases in nanoporous solids, its extension to describe both surface and
volume adsorption is important to provide a general rational framework for fluid adsorption in
finely divided materials. We also discuss the applicability of this formalism for gas adsorption
data under supercritical conditions.

1 INTRODUCTION
Gas adsorption in nanoporous materials such as
zeolites, metal organic frameworks and active
carbons has been studied extensively using both
experimental and theoretical methods.1–4 From
a theoretical viewpoint, such research efforts
aim at elucidating the impact of confinement
and surface forces on the thermodynamics and
dynamics of nanoconfined fluids which dras-
tically depart from their bulk counterpart.5–7

From a practical viewpoint, studies in this field
are motivated by the increasing role played
by such nanoporous solids in energy and envi-
ronmental applications (catalysis and adsorp-
tion technologies, membrane processes for sep-
aration/filtration, energy storage/conversion,
etc.).2 Among available nanoporous materials,
zeolites keep receiving a great deal of attention
owing to their tunable large internal surface and
nanometric pore size combined with their good
thermal, mechanical and chemical stability.8–10
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Moreover, recent progress boost in the synthe-
sis and shaping of zeolites have led to a new
momentum in the field with the advent of novel
materials such as zeolite films,11 nanozeolites,12
hollow zeolites,13 hierachical zeolites,14,15 den-
dritic zeolites,16 etc.
While the confinement of fluids in the core

porosity of zeolites is rather well-understood,
the design of the novel zeolitic materials men-
tioned above raises additional basic and practi-
cal questions related to adsorption in their com-
plex architecture.17–19 Indeed, a common point
to nanozeolites, hollow zeolites and hierarchical
zeolites is their large external surface through
which different porosities connect in a more or
less topologically ordered fashion (we note that
even regular zeolite powders already possess a
large external surface area but to a lesser extent
compared to the sample types listed here). The
impact of this external surface is already doc-
umented with striking examples in adsorption
uptakes measurements20,21 as well as in separa-
tion/chromatography where it plays a key role
in the balance between intra-particle diffusion
and hydraulic transport22,23 (see also Ref.24 for
a discussion on the adsorption of xylene isomers
at the external surface of zeolites). In catalysis,
the effect of the external surface remains to be
fully established but many papers report pore
mouth catalysis mechanisms.25,26 In this con-
text, the geometry and defects at the external
surface was shown to affect both the catalysis
of reacting molecules (e.g. Refs.27,28) and the
adsorption/dynamics of fluids (e.g. Refs.18,29)
in nanoporous solids.
Several authors have considered numerical ap-

proaches to assess the impact of the external
surface on gas adsorption and diffusion (while a
detailed review is out of the scope of the present
paper, we provide in the following some impor-
tant examples). Vlugt and coworkers30 com-
puted surface adsorption isotherms for mixtures
which were compared with adsorption in the ze-
olite core using surface excess concentrations.
Using a simple in-silico model of a hierarchical
zeolite, molecular dynamics and Monte Carlo
simulations were also used to investigate ad-
sorption and diffusion in systems displaying a
large external surface area. It was shown that

the overall adsorption isotherm can be decom-
posed as the sum of adsorption at the exter-
nal surface and inside the zeolite core porosity,
therefore providing a simple mean to rationalize
adsorption in such samples.18,31 Using a similar
set-up, Inzoli et al.32 showed by means of molec-
ular dynamics simulations that intercrystalline
diffusion in the zeolite porosity is a non isother-
mal process in which the driving force inducing
transport from the external surface is governed
by the adsorption enthalpy.
Despite the acknowledged impact of the exter-

nal surface, a detailed picture of adsorption and
transport across nanoporous materials display-
ing large external surface areas is still missing.
In particular, very practical questions remain
unanswered such as the influence on gas ad-
sorption of the surface geometry (orientation,
flexibility, etc.). Moreover, while theoretical
frameworks are available to describe gas adsorp-
tion in zeolites, a unified formalism to model
in a consistent fashion adsorption in the zeo-
lite core and at its external surface is lacking.
To gain fundamental insights into these issues,
the present work reports a joint experimental
and molecular simulation study on gas adsorp-
tion in zeolite materials. In more detail, us-
ing a prototypical system consisting of methane
confined in silicalite-1,33 we investigate gas ad-
sorption at different temperatures in the zeolite
core porosity as well as at the external surface
of zeolite thin layers with different crystallo-
graphic orientations. Using our simulated and
experimental data, we first extend the adsorp-
tion potential theory – originally developed by
Polanyi to describe adsorption of condensable
vapor onto surfaces34–36 – for fluids under su-
percritical conditions. Then, we show that this
powerful adsorption theory can be used to pre-
dict adsorption at different temperatures both
at the external surface and in the core porosity
of zeolites.
The remainder of this paper is arranged as

follows. In Section 2, we briefly introduce the
experimental and computational methods used
to investigate methane adsorption in silicalite-1
zeolite samples. In Section 3, both the sim-
ulated and experimental adsorption isotherms
are presented. We first discuss methane adsorp-
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tion at different temperatures in a bulk zeolite.
Then, using our simple model of zeolite layers,
we discuss the role of the external surface on the
overall adsorption phenomenon. In Section 4,
using our experimental and simulated adsorp-
tion data, the adsorption potential theory is in-
voked to provide a formalism which allows pre-
dicting adsorption in the core of zeolites and at
their external surface. In the final section, we
summarize our findings and provide suggestions
for future work.

2 COMPUTATIONAL AND
EXPERIMENTAL METH-
ODS

2.1 Molecular simulation

Molecular models. The silicalite-1 zeolite
structure used in our study was taken from
the International Zeolite Association database
(IZA).33 Silicalite-1, which possesses a crys-
talline network known as MFI (Mobil Five), is
a pure silica structure – i.e. only composed of
silicon and oxygen atoms. The experimental
unit cell parameters for orthorhombic silicalite-
1 structure are a = 20.09 Å, b = 19.738 Å and
c = 13.142Å [Figure 1(a)]. The MFI framework
structure is composed of pentasil units which
are linked to form pentasil chains connected
via oxygen bridges to create corrugated sheets
with 10-ring holes. Oxygen bridges between
these sheets result in a 3-dimensional system
with straight 10-ring channels parallel to the
corrugations (along y) and sinusoidal 10-ring
channels perpendicular to the sheets (along x).
The MFI 3D framework, consisting of straight
and zigzag channels, is thus a rather complex
zeolite framework type. The straight chan-
nels have circular openings of 0.54–0.56 nm and
sinusoidal channels have elliptical openings of
0.51–0.55 nm.37 As shown in Figure S1(a), con-
sidering different silicalite-1 crystalline struc-
tures (e.g. obtained with different X-ray data
refinement) leads to negligible changes in the
simulated adsorption data.
Two zeolite configurations were considered in

our molecular simulation approach. The first
zeolite configuration consists of an infinite ze-
olite crystal which is obtained by building a
crystal supercell used with periodic boundary
conditions. In more detail, a silicalite-1 su-
percell, consisting of 2 × 2 × 2 cells along the
x, y and z axes, was obtained by duplicating
the crystallographic unit cell as shown in Fig-
ure 1(b). This supercell was built to avoid fi-
nite size effects. The second zeolite configu-
ration possesses an external surface as it cor-
responds to zeolite layers which are oriented
along one of the crystalline axes. While pe-
riodic boundary conditions are applied in two
directions of space, the third direction which is
perpendicular to the external surface is in con-
tact with bulk reservoirs on each side of the
layer. The size of the gap (i.e. gas reservoir)
between the two external surfaces of the zeolite
film through the periodic boundary condition
was set to 40.8 Å. Such a value was chosen as
it exceeds by far the Lennard-Jones interaction
cutoff (13 Å) used in our simulations; this en-
sures that fluid molecules at two opposite exter-
nal surfaces do not interact as expected in real
materials. Three layers were built from the MFI
unit cell crystal by considering different crystal-
lographic orientations for the external surface
a, b, c (i.e. the crystallographic axes which are
aligned with the x, y and z axes of the Cartesian
reference frame). In practice, as illustrated in
Figure 1(c), the layer thickness corresponds to
10 unit cells while the layer width corresponds
to 2 unit cells in the two other directions. These
layers were cut at well-defined positions along
the normal direction to the zeolite surface to en-
sure that the two opposite external surfaces are
equivalent (they possess the same silicon den-
sity and motif). Finally, whenever the surface
has a terminating Si atom, an oxygen atom was
added to build surfaces that are oxygen termi-
nated. The use of an oxygen terminated exter-
nal surface corresponds to a simplified version
of real materials which are expected to display
surfaces terminated with silanols (OH groups).
Surface termination is expected to affect the
behavior of many adsorbates at the zeolite ex-
ternal surface – especially polar molecules or
molecules with complex chemical structure. On
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the other hand, with simple molecules such as
methane considered here, the details of surface
termination is assumed to be of limited impact
(in particular, considering the very small polar-
izability of hydrogen atoms, the absence of H
atoms at the external surface is believed to be
a reasonable approximation).
To account for zeolite flexibility while main-

taining the same overall crystalline structure,
two different models were considered. In the
rest of this article, “surface oxygen” denotes an
oxygen atom which is only bonded to a silicon
atom while “bulk oxygen” denotes an oxygen
atom which is bonded to two silicon atoms. For
the first surface flexibility model (s1), “surface
oxygens” were maintained to their original posi-
tion so that the surface is frozen while all other
atoms are allowed to move. For the second sur-
face flexibility model (s2), the “surface oxygens”
were allowed to move during the simulation but
their motion was restricted to the plane perpen-
dicular to the layer axis.
Grand Canonical Monte Carlo. The
methane adsorption isotherms at different tem-
peratures in silicalite-1 were calculated using
Grand Canonical Monte Carlo (GCMC) simu-
lations. All Monte Carlo simulations were per-
formed using the simulation package LAMMPS
(version openmpi 1.8.1).38 For both the zeolite
crystal and the zeolite layers, the zeolite sys-
tem is set in contact with a fictive bulk reser-
voir of methane imposing its temperature T and
chemical potential µ (the latter can be directly
converted into a pressure P through the equa-
tion of state as there is a unique relation be-
tween P and µ at constant T ).39 At equilibrium,
the methane adsorbed amount na is calculated
from the number of molecules N in the sys-
tem that fluctuates around its equilibrium value
〈N〉. In practice, to reach equilibrium, methane
molecules are translated, inserted or removed
randomly (Monte Carlo moves) with an accep-
tance probability defined using the Boltzmann
factor in the Grand Canonical ensemble. The
number of Monte Carlo moves needed to reach
equilibrium depends on both T and P . In these
calculations, the fluid/fluid and fluid/zeolite in-
termolecular potentials correspond to Lennard-
Jones potentials with a cut-off rc ∼ 13 Å.

The cut-off value corresponds approximately
to 3σ where σ is the Lennard-Jones parame-
ter for methane. The United Atom model was
used for CH4 in which the methane molecule is
treated as a single Lennard-Jones sphere.40 The
Lennard-Jones parameters used for the CH4-
CH4 interaction are σ = 3.73 Å, ε/kb = 147.9
K while those for the CH4-O interaction are
σ = 3.214 Å, ε/kb = 133.2 K. These parameters
were taken of Kar and Chakravarty.41 By treat-
ing methane as a single Lennard-Jones sphere,
no intramolecular interactions have to be taken
into account. This is known to be a good ap-
proximation for methane provided the temper-
ature is high enough (like in the present work
in which the minimum temperature considered
is 200 K). As for the fluid/zeolite contribution,
following previous works,42,43 no Lennard-Jones
potential between CH4 and Si atoms was con-
sidered as dispersion interactions with Si can
be neglected. Indeed, Si atoms have a small
polarizability while O atoms have a large po-
larizability. We use the model by Vlugt and
Schenk43 to take into account the zeolite flex-
ibility. With this model, simple harmonic po-
tentials are used to describe the bonds between
Si-O and O-O atoms connected to the same Si
atom. The effect of flexibility on adsorption
isotherms is shown Figure S1 (b). Adsorption
isotherm under flexible conditions behaves in
a similar way to rigid framework zeolite up to
high pressure (∼ 104 bars).

2.2 Zeolites and Experiments

Sample Characterization. The experimen-
tal zeolite samples considered in our study were
synthesized at the Institut Européen des Mem-
branes in Montpellier, France according to the
procedure described elsewhere.44 For each sam-
ple, powder X-ray diffraction (XRD) and N2

adsorption isotherm at 77 K were determined.
There are four powder samples with different
crystallite sizes (diameter) Dg: 1 µm, 350 nm,
200 nm and 80 nm. More information can be
found in the supporting information. The scan-
ning electron microscope (SEM) images of the
silicalite-1 powder samples are shown in Figure
S2, accompanied by their XRD patterns and
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Figure 1: (color online) Silicalite-1 zeolite crys-
tal. The Si and O atoms are represented as
yellow and red spheres, respectively. a, b, c de-
note the crystallographic axes which are aligned
with the x, y and z axes of the Cartesian refer-
ence frame. A single unit cell is represented in
(a) while a 2×2×2 crystal is shown in (b). Peri-
odic boundary conditions (PBC) are applied in
each direction to mimic an infinitely large sys-
tem and, hence, avoid finite size effects. (c) The
MFI unit cell was duplicated 10 times along the
chosen direction (the layer axis, here z) and 2
times along the other directions (perpendicu-
lar to the layer axis, here x and y) to form a
zeolite layer with an external surface. Methane
adsorption is simulated by setting the system in
contact with a fictive bulk reservoir which im-
poses its temperature T and chemical potential
µ.

nitrogen sorption isotherms in Figures S3 and
S4, respectively. XRD analysis corroborates the
presence of silicalite-1 diffraction lines at 2θ =
7.9°, 8.7°, 23.1°, and 24.4°, corresponding to
the reflections of (101), (020), (501), and (303)
crystallographic planes. Nitrogen sorption ex-
periments reveal comparable microporous char-
acteristics for the four prepared zeolite samples
(typical for MFI zeolites), reaching all a specific
surface area of SBET ∼ 400 m2/g. This mea-
sured specific surface area is mainly attributed
to the internal zeolite network. The hysteresis
loop observed at high p/p0 values for samples A,
B and C is attributed to the contribution of ad-
sorption in inter-crystal spaces (i.e. mesopores)
generated by crystal packing (adsorption out-
side zeolite crystals). The smallest mesopores
were obtained with the smallest grains (sam-

ple A), although no mesopores were detected
for the sample with the largest crystals (sample
D).
Methane adsorption. Experimentally,
methane adsorption in the zeolite samples was
measured at the Institute Laue Langevin (ILL)
in Grenoble, France. These experiments were
carried out using a Hiden Isochema apparatus
which relies on a volumetric method to mea-
sure adsorption at equilibrium. In short, the
measurement principle is as follows:45 methane
is injected in a dosing cell prior to connec-
tion to the sample holder containing the zeolite
matrix. The number of adsorbed molecules
is determined from the difference between the
number of injected molecules and the number
of molecules left in the gas phase once equilib-
rium is reached (the latter being assessed from
the final pressure and the cell volume corrected
for the volume occupied by the zeolite sample).
These experiments last between 10 minutes and
few hours depending on the injected amount of
methane and imposed temperature. Consid-
ering the experimental setup employed in this
study, the adsorption data were recorded at
low temperatures for which the operating con-
ditions allowed us to obtain reliable data. As
will be discussed later, using the adsorption
potential theory, these data were found to be
consistent with data obtained by other groups
at larger temperatures.

3 ADSORPTION IN ZEO-
LITE CRYSTALS AND
THIN LAYERS

3.1 Bulk zeolite

Figure 2 shows the methane adsorption
isotherms obtained at T = 300 K (red), 275
K (orange), 250 K (green), 225 K (blue), 200 K
(black). The lines with crosses correspond to
the simulation data while the symbols denote
the experimental data. As expected for fluids
confined in the very narrow pores of zeolites, ad-
sorption is a reversible and continuous process
which does not display any sharp increase in the
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adsorbed amount or hysteresis loop.18,46 While
the methane adsorbed amount na increases
upon increasing the pressure P at a given T ,
it increases upon decreasing T at a given P .
For each T , the different regions of the adsorp-
tion isotherm correspond to different phenom-
ena. Typically, at T = 300 K, the data in the
pressure range between ∼ 0.4 and 11 bar corre-
sponds to pore filling while the data in the pres-
sure range from 11 to 103 bar corresponds to
pore saturation. In the latter range, the zeolite
pore volume is already filled so that the slope
in the adsorption isotherm arises from the com-
pressibility of confined methane which allows
the insertion of additional methane molecules
upon further increasing the pressure. Such a
scenario (pore filling followed by saturation)
was verified by careful inspection of the molec-
ular configurations generated along the Grand
Canonical Monte Carlo simulations at differ-
ent chemical potentials. The effective methane
compressibility inside the zeolite once pores
are saturated was estimated from the slope of
the adsorption isotherm in this pressure range:
χT = 1/ρ× ∂ρ/∂P . For example, at 300 K and
P = 1200 bar, the compressibility from our sim-
ulating data is 3.52 Pa−1 for confined methane
and 4.68 Pa−1 for bulk methane. The fact
that the compressibility of confined methane is
lower than that of bulk methane under similar
thermodynamic conditions is in agreement with
previous studies on nanoconfined fluids.47
In addition, Figure 2 shows the experimental

adsorption isotherms for methane obtained at
different temperatures for the four powder sam-
ples (open symbols). We also show experimen-
tal data obtained at 300 K from other groups
taken from Ref.42 (Abdul-Rehman et al.,48
Ding et al.,49 Golden and Sircar,50 Richard and
Rees51). Experimentally, the trend observed in
our molecular simulation is also seen as adsorp-
tion increases upon decreasing the temperature
(owing to the reduced thermal energy which
promotes adsorption). The grain size Dg in
the zeolite powders does not strongly impact
adsorption as can be observed from the data
obtained at T = 250 K. This result was ex-
pected as the external surface area in the ze-
olite samples is small compared to the inter-

nal surface in the zeolite porous structure. The
simulation data at 300 K are found to be in rea-
sonable agreement with the experimental data
However, Abdul-Rehman et al.48 found larger
adsorbed amounts compared to our simulation
data but also with respect to other experimen-
tal data. Such discrepancies may stem from dif-
ferent material parameters including the type
of silicalite-1 used by these authors; in partic-
ular, as explained in ref.,42 Linde S-115 sam-
ple corresponds to silicalite-1 mixed with a clay
binder to form pellets so that its porosity and,
hence, adsorption properties may differ from
other (more conventional) samples.
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Figure 2: (color online) Experimental and sim-
ulated adsorption isotherms na(P ) for methane
at different temperatures in silicalite-1 zeolite.
The different colors correspond to the following
temperatures: 200 K (black), 225 K (blue), 250
K (green), 275 K (orange), 300 K (red). The
lines with crosses correspond to the results from
our molecular simulations. The symbols with-
out lines correspond to experimental data. The
open symbols correspond to our experimental
data. The closed symbols correspond to ex-
perimental data at 300 K from other groups:
Abdul-Rehman et al. (diamonds), Ding et al.
(circles), Golden and Sircar (squares), Richard
and Rees (triangles). All these experimental
data were reproduced from Smit et al.42 The
adsorbed amount na is expressed in number of
methane molecules per zeolite unit cell. The ar-
row indicates data obtained for increasing tem-
peratures. The insert shows our experimental
data obtained at 250 K for powder samples with
different grain sizes: Dg = 1 µm (squares), 350
nm (diamonds), 200 nm (circles), 80 nm (trian-
gles).
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3.2 Zeolite layers

Using molecular simulation, the adsorption
isotherms were computed at T = 300 K, 275
K, 250 K, 225 K, and 200 K for the three layers
aligned along the a, b and c directions, respec-
tively. As explained in the Methods section,
for each layer, the adsorption isotherms were
computed for two surface flexibility models (s1
and s2). As will be discussed later, the adsorp-
tion isotherms for these two surface models were
found to lead to similar adsorption isotherms so
that only data for the model s1 will be discussed
extensively. Moreover, for the sake of clarity, we
will present adsorption isotherms for the layer
a (data for the layers b and c at T = 300 K
will be discussed later). To determine the im-
pact of the zeolite external surface, the methane
density profile was first computed at different
methane pressures for each zeolite layer. An ex-
ample obtained for the layer aligned along the
c axis at T = 300 K and P = 4.6 bar is pro-
vided in Figure 3(a). The gray line corresponds
to the local methane density in the system at
a given position z – where z can lie in the bulk
phase, at the external surface or in the core of
the zeolite layer. These three regions are delim-
ited by the two vertical black dashed lines. The
first region, which is located on the left Figure
3(a), corresponds to the methane density in the
external gaseous phase. The simulated density
in this region was found to be close to the ex-
perimental density available from NIST52 for
bulk methane under the same thermodynamic
conditions [see the blue horizontal dashed line
in Figure 3(a)]. The second region, which is
located between the two black vertical dashed
lines in Figure 3(a), corresponds to the methane
density at the external surface of the zeolite
layer.Finally, the third region corresponds to
methane adsorbed in the core of the zeolite layer
as illustrated in Figure 3(a). The adsorbed den-
sity peaks in this region show marked variations
corresponding to the varying methane concen-
tration in the zeolite channels/cages. The av-
erage adsorbed methane density computed in
this region - which does not include any con-
tribution from the gaseous phase or methane
adsorbed at external surface – was compared

with the average adsorbed methane density es-
timated from the calculations for the infinite
zeolite crystal [indicated by the horizontal red
dashed line in Figure 3 (a)]. The two values
are found to be close to each other; while the
mean adsorbed methane density for the zeo-
lite crystal is ρinf = 44.14 kg.m−3, the average
methane density in the core of the zeolite layer
is ρc = 45.65 kg.m−3. An important remark is
in order here. Different choices can be made
to define the boundaries used to estimate the
methane density in the zeolite core, at the ex-
ternal surface, and in the bulk phase (leading to
different excess quantities once volume bound-
aries and interfaces have been selected). How-
ever, to ensure consistency between volume and
surface amounts, we made sure that our bound-
ary definition in Fig 3 leads to bulk densities
and adsorbed amounts in the zeolite core that
match those obtained for bulk methane and the
zeolite crystal without external surface (further
discussion will be provided later when excess
data for adsorption at the external surface are
commented). In the same context, we highlight
that Barrer and Robbins53 developed a general
approach that provides an equation of state for
adsorbed films. In our case, while such a strat-
egy could be used to define adsorption at the
external surface, there is additional complex-
ity as the surface on which adsorption occurs
is nanoporous (zeolite layer beneath the exter-
nal surface). Therefore, this raises the question
of the boundary used to define surface adsorp-
tion versus adsorption in the core of the zeolite
layer. Figure 3(b) shows the methane adsorbed
amount as a function of pressure for the core
of the zeolite layer a at different temperatures
ranging from T = 200 K to 300 K. These data,
which were extracted from the simulation data
for the zeolite layer, correspond to the adsorbed
amount in the innermost region of the zeolite
layer (to avoid any surface effects from the ze-
olite external surface). In more detail, such
data in molecules per unit cell correspond to
the number of molecules adsorbed in a 2×2×2
supercell located at the center of the layer. As
can be seen in Figure 3(b), these adsorption
isotherms (open circles) match those obtained
for the infinite zeolite crystal (full lines which
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correspond to data from Figure 2). Figure 3(c)
shows the density of the bulk methane phase as
assessed from the number of molecules in the
region outside the zeolite layer. As expected,
for all temperatures, methane behaves as an
ideal gas (i.e. ρe = P/RT ) provided the pres-
sure does not exceed ∼ 100 bar. The density of
bulk methane at P = 103 b and T = 300 K in
our simulation (ρe = 2.11 × 10−2 mol.cm−3) is
in good agreement with the experimental value
from NIST (ρNIST = 2.13× 10−2mol.cm−3).
Figure 4 shows the adsorption isotherms ob-

tained at different temperatures for methane
at the external surface of the zeolite layer ori-
ented with a normal vector along the crystallo-
graphic axis a. These data correspond to the
absolute adsorbed amount obtained in the re-
gion between the two vertical dashed lines in
Figure 3(a). As expected, the methane ad-
sorbed amount ρs in mol per unit of surface
area increases upon increasing pressure but de-
creases upon increasing the temperature. Fig-
ure 4 also shows the data obtained for the dif-
ferent surface flexibility models (s1 or s2) and
layer orientations (a, b or c) at 300 K. Con-
sidering the different layer orientations, in the
lower pressure range [< 200 bar], the methane
adsorbed amounts for a, b and c are found to
be very similar. On the other hand, above 200
bar, at a given pressure, the methane adsorbed
amount can be ranked as c > a > b. This
result can be explained as follows. While the
external surface in layers a and b possesses the
same surface oxygen density, surface oxygens in
layer b are distributed heterogeneously because
of the large porosity corresponding to the MFI
straight channels along the y-axis; layer a is
thus believed to display a larger number of ad-
sorption sites which, in turn, leads to larger ad-
sorbed amounts. On the other hand, the layer
c presents a larger oxygen surface density than
the layers a and b, therefore leading to larger
methane adsorbed amounts for c. As far as
the effect of surface flexibility is concerned, the
methane adsorbed amounts for the s1 and s2
models are found to be very close to each other
over the entire pressure range. The insert in
Figure 4 shows the contributions of the exter-
nal phase, the adsorbed amount at the external

surface and in the zeolite core to the adsorp-
tion isotherm for the zeolite layer a at T = 300
K. In more detail, for the different pressures
considered in our study, these data show the
ratios r = Ne/N , Ns/N , and Nc/N – expressed
in % – where Ne, Ns and Nc are the number
of methane molecules in the external phase, at
the zeolite external surface and in the zeolite
core while N is the total number of methane
molecules. At low pressures (< 10 bar), due
to strong confinement in the zeolite pores, the
fraction of methane molecules in the zeolite
core is the main contribution to the adsorption
isotherm. For pressures larger than 10 bar, the
zeolite pores are saturated with methane while
the number of molecules at the external sur-
face and in the gas phase keeps increasing. As
a result, the contribution from these two re-
gions increase while that from the zeolite core
decreases. Following the work by Do et al.54
on methane adsorption on surfaces at temper-
atures T > Tc, we have also calculated surface
excess densities which are illustrated in Fig-
ure S6 of the supporting information. Surface
excess densities were estimated by subtracting
the methane density of the external phase den-
sity from the methane surface density. As ex-
pected, in the low pressure range, the excess
surface density is close to the absolute density
as the external phase density is small. However,
in the large pressure range, the external phase
density is large so that the excess density be-
comes very small and even negative. These re-
sults are consistent with previous work by Vlugt
and coworkers30 who showed that surface excess
concentrations for pure ethane and propane in-
crease and become positive when the adsorp-
tion isotherm reaches a plateau (therefore also
supporting favorable adsorption at the surface).
Similarly, using free energy considerations, In-
zoli et al.32 proposed that surface adsorption
becomes more favorable as pores get saturated
due to the increasing contribution from steric
interactions inside the zeolite cages.
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Figure 3: (color online) (a) Methane density for the silicalite-1 layer aligned along the c crystal-
lographic axis. For visualization purpose, only the left side of the layer is shown (the system is
symmetrical with respect to the position z = 0). The cavity size is about 1/3 of the Lennard-Jones
size parameter for the methane molecule. (b) and (c) show the adsorption isotherms in the core of
the zeolite layer and density in the external fluid phase, respectively. Different colors correspond to
different temperatures T : 300 K (red), 275 K (orange), 250 K (green), 225 K (blue), 200 K (black).
In (b), the lines show the adsorbed amounts obtained for the infinite zeolite while the open circles
show the adsorbed amounts obtained by counting methane molecules adsorbed in the core of the
layers.

4 ADSORPTION POTEN-
TIAL THEORY

In this section, we discuss a rational thermo-
dynamic framework that allows describing in
a consistent fashion adsorption in the zeolite
core and at its external surface. With this
goal, we invoke the adsorption potential the-
ory which was introduced in his seminal work
by Polanyi.34–36 Despite its theoretical nature,
this model is mostly used in an empirical way
with very practical applications through char-
acterization equations such as the Dubinin–
Radushkevich relation for instance.45 In con-
trast, in the following section, we derive the ad-
sorption potential theory by starting from the
Hill’s adsorption scheme which corresponds to
a perturbation treatment of molecular adsorp-
tion.55–57

Polanyi’s adsorption potential theory can be
derived by starting from a simple approxima-
tion which provides a physical model for gas
adsorption on a solid surface. Let us consider
a fluid phase adsorbed (a) at a temperature
T on a flat surface in equilibrium with a bulk
fluid phase (g) so that their chemical potential
are equal µa = µg (Figure 5). Assuming the
fluid phase behaves as an ideal gas, its chem-
ical potential µg can be written as µg − µ0 =
RT ln[P/P0] where µ0 is the chemical potential
at the saturating vapor pressure P0(T ) (we note
that the same expression can be used for a non-
ideal phase but the pressure has to be replaced
by the fugacity). Within this approximation,
the chemical potential µa of the adsorbed phase
is described using a simple perturbation treat-
ment by assuming that it corresponds to the
chemical potential µ0 of the bulk liquid at sat-
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Figure 4: (color online) (a) Adsorption
isotherms for methane at the external surface
of the zeolite layer a (these data are obtained
for the surface model s1 in which surface atoms
are frozen). Different colors correspond to the
following temperatures: 300 K (red), 275 K
(orange), 250 K (green), 225 K (blue), 200 K
(black). The methane adsorbed amounts are
expressed as surface densities ρs in mol.cm−2.
The insert shows the following ratios at 300 K
where N is the total number of methane in the
system: methane at the surfaceNs/N (line with
open triangles), methane inside the core Nc/N
(line with open circles), methane in the external
phase Ne/N (line with open squares). (b) Ad-
sorption isotherms for methane at the external
surface for layers a, b, c which correspond to
the lines with open circles, open squares, and
open triangles, respectively. The symbols are
obtained for the surface model s1 in which sur-
face atoms are frozen (s1 model). The crosses
correspond to data for the layer a with the flex-
ible surface model (s2 model). Note that the
data for the s1 and s2 models are nearly iden-
tical.

uration corrected for the interaction U(z) with
the solid surface:

µa − µ0 = U(z) (1)

This is the essence of this simple approximation
which assumes that a molecule gets adsorbed at
a position z from the surface when the interac-
tion with the solid surface counterbalances the
difference between the chemical potential of the
fluid phase and that of the dense, cohesive liq-
uid. In other words, at the chemical potential
µ, the bulk liquid phase is not stable but the

solid/fluid interaction stabilizes the adsorbed
liquid. At very small z, the surface interac-
tion potential U(z) is positive due to the re-
pulsive interactions with the solid surface (hard
core-like, repulsive part of the solid/fluid inter-
action). In contrast, at larger z, U(z) becomes
negative with a minimum observed at a distance
corresponding approximately to the position of
the first adsorbed layer. At even larger z, U(z)
goes to zero as interactions with the solid sur-
face become vanishingly small. Note that Eq.
(1) does not assume that the pressure or chem-
ical potential depends on the position z; this
would be unphysical from a thermodynamic
viewpoint as chemical potential and pressure
must be homogeneous because of chemical and
mechanical equilibrium, respectively. In prac-
tice, the statistical film thickness t and surface
potential U(z) can be related to the position z
of the outermost adsorbed molecules as follows:
t can be converted from the adsorbed volume
Nv as t = Nv/S where N is the number of ad-
sorbed molecules, v the molar volume assumed
to correspond to that of the bulk liquid and S
the surface area of the solid phase (Figure 5).
For a given molecular configuration of adsorbed
molecules, there is a unique function that links
t and z; t = z + σ/2 where σ is the kinetic
diameter of the adsorbate molecule. In other
words, the surface interaction potential can be
written as U(z) or equivalently U(t) – there-
fore offering a mean to relate the film thick-
ness and surface potential using the perturba-
tion treatment described in Eq. (1). While
the treatment above shares similarities with the
well-known Frenkel-Halsey-Hill approximation,
it differs from this seminal treatment for the
following reasons. First, in the Frenkel-Halsey-
Hill approximation, the adsorption film is as-
sumed to be a homogeneous phase whose prop-
erties are close to those of the bulk liquid. In
contrast, considering that we treat the case of
a highly heterogeneous adsorbed phase (above
the bulk critical point and in a pressure range
where the adsorbed phase is heterogeneous),
our system departs from the conditions con-
sidered in the Frenkel-Halsey-Hill approxima-
tion. Second, within this approximation, one
considers that the free energy difference be-
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tween the adsorbed film and the bulk liquid
simplifies to the potential energy difference cor-
responding to the adsorbate/solid interactions
(in other words, entropy terms and fluid/fluid
contributions cancel out as the bulk and ad-
sorbed phase are assumed identical). Here, de-
spite the important differences between the ad-
sorbed and bulk phase, we assume that the free
energy difference can still be approximated as
the interaction energy of an adsorbed methane
molecule with the MFI zeolite channel or ex-
ternal surface. For these different reasons, our
treatment should be considered only related
to the Frenkel-Halsey-Hill approximation. In
fact, in this respect, considering the treatment
made and system conditions under study, this
approach is closer to that introduced by Bar-
rer and Robbins53 and Hill55–57 who proposed
extension to non homogeneous adsorbed films
(with local densities dependent on the distance
from the surface).
Polanyi’s adsorption potential theory states

that adsorption equilibrium is governed by a
simple bijective function f such as:

Nv = f [µ− µ0] (2)

where N is the adsorbed amount in moles and v
is the molar volume of the adsorbed phase. This
function, which is unique for a given fluid/solid
couple, has no explicit temperature dependence
but we note that v, µ and µ0 are temperature
dependent. This equation is most often used as
an empirical relation but its physical meaning
can be understood as follows. Polanyi’s model
simply states that adsorption in sites having
an adsorption energy E occurs as the chem-
ical potential difference µ − µ0 is such that
µ − µ0 = E. With this formalism, consider-
ing that intermolecular interactions are tem-
perature independent since they derive from a
Hamiltonian, it can be assumed that the latter
condition is temperature independent and so is
the function f . The characteristic function f
does not have to be temperature independent.
However, to allow practical use (i.e. to deter-
mine adsorbed amounts at a given temperature
from available adsorption data at a reference
temperature), it is often assumed that f is tem-

perature independent – at least on the temper-
ature range covering the reference temperature
and that at which the data will be extrapolated.
In particular, as will be shown below, Polanyi’s
model is found to be relatively accurate by of-
fering at least a semi-quantitative description
of adsorption in zeolite materials.
At equilibrium, the gas and adsorbed phase

possess the same chemical potential, i.e. µg =
µa = µ. Using the FHH approximation, we can
write that molecules get adsorbed at a position
z when the chemical potential of the adsorbed
molecules is such that µ−µ0 = U(z). Consider-
ing that U(z) is a bijective function of z in the
range of z values where adsorption occurs, we
can write z = U−1(µ − µ0) (where U−1 is the
inverse function that transforms the chemical
potential into the z position of the adsorbed
molecule). By noting that t = Nv/S ∼ z,
this equation is equivalent to Polanyi’s equation
with this analogy leading to f ∼ U−1. In prac-
tice, Polanyi’s equation relies on the knowledge
of an adsorption isotherm at a given temper-
ature T to predict any adsorption isotherm at
a different temperature. To illustrate Polanyi’s
model application, let us assume that the ad-
sorbed amount at a state P , T is known. The
chemical potential is also known through the
appropriate equation of state at such pres-
sure/temperature conditions (here, for the sake
of simplicity, we assume that the ideal gas equa-
tion applies as it is relevant to the conditions
considered in our study). Using the chemical
potential/pressure relation for an ideal gas [i.e.
µ−µ0 ∼ kBT lnP/P0], we can predict the pres-
sure P ′ at which the same chemical potential
condition will be reached when the tempera-
ture is T ′: kBT ′ lnP ′/P ′0 = kBT lnP/P0 where
P0 and P ′0 are the saturating vapor pressure at
T and T ′, respectively. Using Polanyi’s model,
i.e. Nv ∼ constant, we obtain N ′v′ = Nv when
the same chemical potential conditions are met.
In practice, with such a model, to predict data
at a given temperature, one needs to shift the
adsorbed amount along the y axis by consid-
ering that the molar volume v of the adsorbed
film is identical to that of the bulk phase at the
same temperature. Upon considering a differ-
ent temperature, the data must also be shifted
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along the x axis to account for the shift in chem-
ical potential (or equivalently in pressure) since
Polanyi’s model assumes that data can be de-
scribed consistently through Eq.(2) where µ0

describes the saturating chemical potential.

U(z)

z

U
(∞

) 
~

 0

μg

z

eq.

t = Nv/S

μa

Figure 5: (color online) Schematic representa-
tion of the adsorption potential theory. The
chemical potential of the fluid phase (red
spheres) is µg. The adsorbed phase (blue
spheres) has a statistical film thickness t which
can be converted from the adsorbed volume Nv
as t = Nv/S where N is the number of ad-
sorbed molecules, v the molar volume and S
the surface area of the solid phase. For the ad-
sorbed phase, the chemical potential µa is de-
scribed using a perturbation term by assuming
that it corresponds to the chemical potential
µ0 of the bulk liquid at saturation corrected
for the interaction U(z) with the solid surface:
µa − µ0 = U(z). At very small z, the surface
interaction potential U(z) is positive due to re-
pulsive interactions with the solid surface. At
larger z, U(z) becomes negative with a min-
imum located at a distance corresponding ap-
proximately to the position of the first adsorbed
layer. At larger z, U(z) goes to zero as interac-
tions with the solid surface become vanishingly
small.

Figure 6 compares the predictions from
Polanyi’s model with our simulated methane
adsorption isotherms obtained at different tem-
peratures. Both the theoretical and simulated
data for adsorption at the external surface (a)
and in the zeolite pores (b) are shown. For
both adsorption types, the adsorption isotherm
obtained at T = 250 K (green data) was used
as reference data to predict the adsorption

isotherms obtained at other temperatures T ′.
Within the frame of the adsorption potential
theory, we note that the accuracy of the in-
ferred adsorption data from available data de-
pends on the chosen reference temperature.
In the present work, we chose to use data at
250 K as this temperature is intermediate be-
tween all temperatures under study (+/- 50
K). While we think that this is the best option
available, we checked that the absolute error
bar remains of the same order – typically ∼
1-2 molecules per unit cell – when choosing
an extremum temperature (i.e. 200 K or 300
K). The reference data were smoothed using
a nearest neighbor moving average (full green
lines). In more details, data were first inter-
polated using splines and then 15 points were
considered for the nearest neighbor smoothing
– it was checked that, within numerical er-
rors, the detailed treatment does not affect our
conclusions below. Considering that all data
shown in Figure 6 are obtained at temperatures
above the critical point of methane (Tc ∼ 190
K), Polanyi’s model must be extended under
such conditions. Indeed, for such tempera-
tures, there is no saturating vapor pressure P0

and, hence, no chemical potential at satura-
tion µ0. Similarly, for a fluid phase under such
supercritical conditions, one cannot define the
liquid molar volume v as involved in the adsorp-
tion potential theory. To extend the validity
of Polanyi’s approach, we invoke the two fol-
lowing hypotheses to define pseudo-quantities
equivalent to v(T ) and P0(T ) for T > Tc. (1)
P0(T ) is obtained by extrapolating Antoine’s
Law at temperatures above Tc. Antoine law
parameters were taken from NIST.52 For con-
venience, the corresponding data showing the
saturating vapor pressure P0(T ) as a function
of temperature T is shown in Supplementary
Figure S5. (2) v is obtained by fitting our
simulated adsorption isotherms at the external
surface once saturation is reached (Figure 4). In
more detail, for each temperature T , the high
pressure range of the adsorption isotherm at
the external surface was fitted using the follow-
ing function: ρs(P, T ) = ρs,0(T ) + b exp[−cP ]
where ρs,0(T ) = 1/v(T ) is the surface density
at saturation while b and c are fitting parame-
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ters. In more detail, considering that the molar
volume v of methane adsorbed at saturation
(or equivalently its density since ρ ∼ 1/v) is
not defined above the critical temperature Tc,
one has to estimate its extrapolated value from
the saturation value observed in the adsorption
isotherms. To do so, several functions were con-
sidered to fit the simulated adsorbed amounts
obtained for the external surface. In practice,
the simple mathematical function above was
found to accurately describe the change in the
methane adsorbed amount upon increasing the
pressure. While purely mathematical, we note
that this function does predict the right evo-
lution of the methane adsorbed amount upon
increasing the pressure, so that it can be used
to predict the extrapolated molar volume at
saturation as 1/ρs,0(T ) (we note that the pa-
rameters b and c were determined using the fit
of the isotherm at 250 K and then were kept
constant for the other temperatures as they
relate to the same fluid/solid couple). The in-
sert in Figure 6(a) shows the evolution of the
ratio v(T ′)/v(T ) where, as mentioned above,
T = 250 K is the reference temperature con-
sidered when applying Polanyi’s model. Before
discussing the predictions from the adsorption
potential theory, we mention that the extrapo-
lation of the concepts of the saturating vapor
pressure and molar volume of the adsorbed
phase is far from trivial. Such approximations
assume that the adsorbed phase at temper-
atures above the critical point is reminiscent
of the liquid phase under subcritical condi-
tions. This is justified by the fact that, even
under critical conditions, the dense adsorbed
phase displays a density that is close to the
random close packing density inherent to the
liquid phase. Similarly, while the concept of
saturating vapor pressure does not apply to
fluids above their critical point, its extension at
temperatures beyond Tc characterizes the pres-
sure (or chemical potential) at which surface
adsorption increases sharply with pressure.
As shown in Figure 6, for both adsorption in

the zeolite pores and at its external surface, the
predictions from the adsorption potential the-
ory are in good agreement with the simulated
data. To further test the validity of the adsorp-

tion potential theory, it was also applied to our
experimental adsorption isotherms obtained for
methane adsorption at different temperatures
(two powder samples with grain sizes Dg = 350
nm andDg = 1 µm were considered but as men-
tioned above the grain size was found to make
almost no difference). Like with the simulated
data, the experimental adsorption isotherm at
250 K for the powder with grain size Dg = 350
nm was used as reference data to predict ad-
sorption at a lower temperature for the other
powder. The extrapolated values for P0 and
molar volumes at saturation v(T ) were taken
identical to those obtained from the simulated
data. As shown in Figure 6(c), a good agree-
ment is observed between the predictions from
the adsorption potential theory and the exper-
imental data. This finding further confirms
the applicability of Polanyi’s theory to predict
adsorption as a function of temperature from
available reference data – even at conditions
above the fluid critical temperature.
To assess the quantitative validity of pertur-

bation treatment, we now consider explicitly
the fluid/solid interaction potential U(z) to de-
scribe methane adsorption in the cylindrical
channels aligned along the b-axis in silicalite-1.
To do so, considering the cylindrical geometry
of these channels and the Lennard-Jones poten-
tial employed in our molecular simulation to de-
scribe the methane/zeolite interactions, we use
the interaction potential by Peterson et al.58
which corresponds to an integrated version of
the 12-6 Lennard-Jones interaction energy:

V (s1) = 16ε1ρzπ

×
(
7σ12

1

512
K9(s1)−

σ6
1

16
K3(s1)

)
(3)

where K9(s1) and K3(s1) are two mathemati-
cal functions that only depend on the distance
of a methane molecule from the channel cen-
ter s1. ρz is the atom density of the cylin-
drical pore considered as homogeneous in this
continuum-level equation while ε1 and σ1 are
the fluid/solid Lennard-Jones parameters (for
detailed calculations, the reader is referred to
Ref.58). Here, we use the same Lennard-Jones
parameters as those used in the GCMC simu-
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Figure 6: (color online) Polanyi’s adsorption potential theory applied to simulated methane ad-
sorption isotherms in zeolite layer a (a) and in a zeolite crystal (b) at different temperatures T .
In (c), Polanyi’s model is applied to our experimental data. Different colors correspond to the
following temperatures: 300 K (red), 275 K (orange), 250 K (green), 225 K (blue), 200 K (black).
The open symbols correspond to the simulated/experimental adsorbed amounts as obtained us-
ing Monte Carlo simulations in the Grand Canonical ensemble/adsorption volumetric technique.
For the three figures, the adsorption isotherm obtained at T = 250 K (green data) was used as
reference data to predict the adsorption isotherms obtained at other temperatures. The dashed
lines correspond to the predictions from Polanyi’s model at different temperatures T ′. In (c) the
adsorption isotherm for the powder of Dg = 350 nm at 250 K was used as the reference to predict
the adsorption of the powder of Dg = 1 µm at 225 K. The adsorbed amount na is expressed in
mol.cm−2 (a), number of methane molecules per zeolite unit cell (b) and mol.cm−3 (c). The insert in
figure (a) corresponds to the ratio of the molar volume at T over the molar volume at the reference
temperature T = 250 K. The insert in figure (b) corresponds to the adsorption data predicted using
the FHH approximation in combination with the interaction potential by Peterson et al.. These
data correspond to the adsorbed amount in the straight channels of silicalite-1 in the pressure range
from 1 to 100 bar. The black line corresponds to the adsorption isotherm for the zeolite channels
obtained by means of molecular simulation. The dashed orange line corresponds to the adsorption
isotherm calculated using the attractive part of the interaction potential by Peterson et al.58

lations for the CH4/zeolite interactions; How-
ever, while the solid/fluid interaction for an ad-
sorbed molecule in GCMC simulations is given
by a discrete sum over each O atom in the ze-
olite, the interaction potential by Peterson et
al. assumes that the zeolite can be described
as a continuum medium. By inserting such an
integrated potential into the FHH approxima-
tion, we can predict the adsorption isotherm

at 300 K for methane restricted to the straight
channels in silicalite-1. For a straight cylindri-
cal channel having a radius R and a length L,
the radial position of the outermost adsorbed
molecules z is related to the adsorbed amount
N(z) as N(z) = πρL[R2 − (R − z)2] where
ρ is the density of the adsorbed phase. The
insert in Figure 6(b) compares the simulated
adsorption isotherm for the straight channels
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(black line with crosses) with the predictions
from the perturbation treatment based on the
interaction potential by Peterson et al. (or-
ange lines). The methane density ρ used to
compute the methane adsorbed amount was ad-
justed to match the simulated adsorbed amount
at saturation. The orange dashed line corre-
sponds to data obtained using the perturbation
treatment in combination with the attractive
contribution of the interaction potential by Pe-
terson et al. The data are plotted up to 20
bars only where the pore gets filled z = R
(the FHH approximation model assumes the
adsorbed phase to be incompressible so that ad-
sorbed amount remains constant beyond pore
filling). As can be seen from these data, the
perturbation treatment used here in combina-
tion with the interaction potential by Peterson
et al is not quantitatively accurate. We empha-
size that this is not due to an intrinsic failure of
the Frenkel–Halsey–Hill approximation but to
the following points. (1) As already discussed,
while the Frenkel–Halsey–Hill hypothesis relies
on the free energy rather than the interaction
energy, here we only consider the interaction
energy of a single methane molecule so that it
neglects the role of entropy contributions as well
as of fluid/fluid contributions to the adsorbed
phase free energy. (2) In our estimate of the
interaction energy, we use Peterson’s potential
which relies on a continuum description of the
Lennard-Jones interaction potential while the
interaction energy landscape – even for a single
molecule – can be more complex.

5 CONCLUSION
Using a combined experimental and molecular
simulation study, we provide microscopic in-
sights into the adsorption of simple gases in
silicalite-1 zeolite crystals and thin layers. By
considering both adsorption in the zeolite pores
and at the external surface of zeolite layers
with different crystalline orientations, we inves-
tigate the impact of the zeolite external sur-
face on the overall thermodynamic behavior of
the gas/solid couple. Due to strong confine-
ment effects in the zeolite pores, we observe that

methane first adsorbs inside the zeolite porous
structure and then adsorbs at the external sur-
face once the core porous volume gets filled.
In an attempt to provide a simple thermody-
namic framework for adsorption in such zeo-
lite samples, we employ the formalism of the
adsorption potential theory to rationalize ad-
sorption data at different temperatures. Con-
sidering that methane adsorption in our study
occurs at temperatures above its critical point,
we extend the adsorption potential theory for
such supercritical conditions. Both our experi-
mental and simulated data suggest that the ad-
sorption potential theory is a robust thermo-
dynamic modeling approach to capture adsorp-
tion at different temperatures in zeolite mate-
rials. While beyond the scope of the present
paper, we believe that this general framework
can be applied to any zeolite pore geometries
(channels and/or cages). In particular, con-
sidering that the MFI zeolite displays a rather
complex network structure compared to many
other zeolites, we feel that such an extension
should apply successfully. Moreover, our simu-
lated data for the adsorption in the zeolite core
porous volume and at its external surface sug-
gest that the same parameters can be used to
rationalize adsorbed amounts in these different
regions. These findings provide a step toward
the development of a consistent thermodynamic
formalism to predict surface/volume adsorption
in nanoporous materials with non-negligible ex-
ternal surface areas.
With the design of more and more ad-

vanced zeolite materials (e.g. hierarchical ze-
olites, zeolite films, nanozeolites, dendritic ze-
olites, etc.), we believe that the development
of novel characterization techniques is needed.
In this context, in addition to conventional
techniques such as microscopy and tomography,
adsorption-based approaches constitute meth-
ods of choice to probe the nanoporosity and
large specific surface area in zeolite materi-
als but also beyond with other nanoporous
solids (Metal Organic Framework, carbona-
ceous materials, etc.). This method is also
complementary of other techniques for complex
porous samples with multiscale and/or disor-
dered porosity such as NMR cryoporometry59
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and hysteresis scanning60,61 (which probe pore
network connectivity and morphology). Such
characterization efforts are needed as more and
more applications in adsorption and catalysis
science rely on the design ‘on demand’ of spe-
cific nanoporous samples with well-controlled
porous volume and surface area. To assist such
synthesis and design efforts, in parallel to the
already available adsorption-based techniques
cited above, a robust thermodynamic modeling
framework must be developed to establish accu-
rate structure-property relationships for gas ad-
sorption. Beyond adsorption effects, such pre-
dictive thermodynamic tools is also needed to
rationalize the impact of adsorption on diffu-
sion and transport inside and at the external
surface of nanoporous solids.

Supporting Information Avail-
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The Supporting Information is available free
of charge at DOI: XXX. Simulated adsorption
curves for different zeolite models and charac-
terization data for the zeolite samples (PDF
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