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ABSTRACT: Molecular simulation is used to unravel the adsorption mechanisms of xenon on Ag-doped ZSM-5 zeolite. We show 
that silver nanoparticles, which form at the external surface of zeolite crystallites, are responsible for enhanced xenon physisorption at 
very low pressure. We also propose a simple model of adsorption on such composite materials made up of silver-exchanged zeolites 
and silver nanoparticles adsorbed at the zeolite surface. This model, which allows predicting the adsorption of other gases without any 
additional parameters, provides a tool to characterize the amount of reduced silver as well as the silver particle size distribution (in 
good agreement with transmission electron microscopy images). The presence of a majority of silver nanoparticles is further

characterized by means of X-ray diffraction and X-ray Absorption Spectroscopy at the silver K edge.

1. INTRODUCTION

Xenon is a noble gas which is used in various applications such
as energy efficient lighting,1 medicine,2 chemical analysis,3 etc.
Several unstable Xe isotopes, which are produced by nuclear
activities, are also used to monitor radioactive release into the
air, especially in the context of the Comprehensive nuclear Test
Ban Treaty (CTBT).4−6 Such monitoring employs porous
adsorbents to capture, separate each noble gas and concentrate
xenon.4,7,8 Given that xenon is the least abundant noble gas
after radon (the atmospheric Xe concentration is 0.087 ppm),
adsorbents with large xenon adsorption affinities (i.e., large heat
of adsorption) are required to design efficient processes.
In the early 70s, Barrer and co-workers reported xenon

adsorption isotherms in the atmospheric pressure range and
showed that xenon is strongly adsorbed when the zeolite cation
is exchanged with silver.9−11 Later, Munakata et al.12

investigated the possible use of silver-exchanged zeolites instead
of activated carbons for xenon and krypton capture in the
framework of the PUREX process (reprocessing of spent
nuclear fuel). More recently, xenon adsorption isotherms at low
pressure (∼100 ppm) were reported for zeolite 5A,13 zeolite
Y,14 chabazite, SAPO-34, and ALPO−CHA.15 The isosteric

heat of adsorption of xenon on Ag-exchanged and Na-zeolites
(Y form) were found to be −31.0 and −18.5 kJ mol−1,
respectively. The beneficial effect of silver loading was also
observed for zeolites such as Ag-modernite,12 Ag-ETS-10,16 Ag-
Chabazite, and Ag-ZSM-5.17 Very recently, Daniel et al.18

realized a screening of diverse silver-loaded zeolites for xenon
capture at very low pressure (0.1 ppm = 10−5 kPa). These
authors observed that silver-loaded zeolites present either one
or two adsorption sites depending on the zeolite framework
type and the silver loading. The heats of adsorption of xenon
corresponding to the strongest adsorption site are −35 and
−40 kJ mol−1 for AgX and Ag@ZSM-5, respectively. These
strong adsorption sites were found to allow efficient xenon
capture at very low pressure (0.1 to 100 ppm corresponding to
pressures 10−5 to 10−2 kPa).
The strong interaction between xenon and silver-exchanged

zeolite was qualitatively explained using xenon nuclear magnetic
resonance (NMR);19,20 such a strong adsorption arises from
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the specific interaction between xenon and the silver cations in
the zeolite supercages. Recently, a density functional theory
(DFT) study by Nguyen et al.21 on the binding between xenon
and silver cluster (Agn

+ with n = 1−4) suggested that strong
xenon adsorption occurs rather on silver clusters than on
neutral silver particles. However, significant discrepancies were
observed between the theoretical (−14 kJ/mol) and exper-
imental (approximately −30 kJ/mol) adsorption energies. In
contrast, Kuznicki et al.16 have hypothetically attributed the
strong adsorption on Ag-ETS-10 to a specific interaction of
xenon with silver nanoparticles observed at the external surface
of zeolite grains. Furthermore, the heats of adsorption reported
for Ag-ETS-10 are between 40 and 90 kJ mol−1, which are the
largest values reported for xenon physisorption. It is well-
known that heat treatment of silver-exchanged zeolites causes
the reduction of silver ions Ag+ to silver nanoparticles (noted
AgNPs in what follows) and/or silver cluster.22,23 The
formation of silver nanoparticles is also observed in zeolite
with small-pore such as Ag-natrolite.24 This autoreduction was
also reported in metal-organic frameworks (MOFs) such as
Ag@MOF-74Ni.25 In this study, the authors have reported that
silver nanoclusters are likely responsible for the large xenon
uptake, although the adsorption mechanism was not
determined.
In summary, the mechanisms proposed in the literature,

which rely both on experimental and theoretical data, are
somewhat contradictory and the nature of the adsorption sites
in silver-loaded zeolites is still an open question. Moreover, the
strongest adsorption sites, which have been recently discovered
for Ag-loaded ZSM-5, BEA, and Faujasite X, have not been
studied in detail.18 The characterization of these very strong
sites is of the utmost importance as it would enable designing
efficient adsorbents for the capture of atmospheric xenon.
Beyond the identification of the nature of these strongest sites,
unraveling the adsorption mechanism is even more complex
because no characterization techniques allow quantifying the
different types of silver in conditions relevant to the practical
application: Ag+ cations, charged Ag clusters, Ag2O particles,
and Ag particles.
Our previous screening of Ag-zeolite has shown that the

largest number of strong adsorption sites is obtained for 10.5 wt
% Ag-loaded ZSM-5.18 In the present paper, we provide an in-
depth study of this sample with the aim to determine the origin
of the strong adsorption sites responsible for such enhanced
xenon capture. We demonstrate by means of a combined
experimental and theoretical study that silver nanoparticles are
responsible for xenon physisorption at very low pressure (10−5

kPa ∼ 0.1 ppm) while Ag+ adsorption sites adsorb xenon at
larger pressures. The presence of a large amount of Ag
nanoparticles (AgNPs) is characterized using X-ray diffraction
(XRD), X-ray absorption near edge structure (XANES),
extended X-ray absorption fine structure (EXAFS), and
transmission electronic microscopy (TEM). Using Grand
Canonical Monte Carlo simulations, we provide a simple yet
quantitative tool to estimate the numbers of AgNPs and Ag+

adsorption sites. This paper also reports a simple model of
adsorption on such composite materials made up of silver-
exchanged zeolites and silver nanoparticles adsorbed at the
external zeolite surface. We derive a simple equation which
allows describing adsorption on such systems and test it against
molecular simulations. We also apply it to our experimental
data and show that it allows retrieving the nanoparticle size
distribution seen from TEM experiments. Finally, we further

validate this model by showing that it also allows predicting
krypton adsorption data on the same system without any
additional parameters.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS
2.1. Experimental Methods. The adsorbents used in this

work were prepared from a commercial Na-ZSM-5 zeolite.
Silver was loaded using a classical exchange procedure starting
from sodium zeolites. The sodium zeolite powder Na-ZSM-5
was suspended in an aqueous solution of AgNO3. The mixture
was stirred and the powder filtered, washed several times with
deionized water, and dried at 373 K. Finally, the powder was
treated at 673 K under N2 (BIP purity) gas flow in order to
thermally stabilize the adsorbents for their use in further
experiments.
The silver loading was measured by ICP-OES (inductively

coupled plama-optical emission spectrometry). The XRD
powder diffraction patterns, which were recorded at 2θ between
10° and 100° with Cu Kα (λ = 1.5406 Å), were used to show
the presence of silver nanoparticles and to verify their
crystalline structure. X-ray absorption spectroscopy (XAS)
experiment on the Ag K-edge (25514 eV) have been performed
at the MARS beamline at SOLEIL Synchrotron (Saclay,
France) to analyze the silver phase and its oxidation state.
Energy calibration of the monochromator has been carried out
with an Ag metallic foil at 25514 eV. To analyze the silver phase
and its oxidation state, X-ray absorption spectroscopy (XAS)
measurements at the Ag K-edge have been performed in
transmission mode at the MARS beamline of the SOLEIL
Synchrotron (Saint-Aubin, France).26 The optics of the
beamline were set by using the two silicon (220) crystals for
the monochromator and the platinum strips at an angle of 2.2
mrad for the reflecting mirrors. Energy calibration of the
monochromator has been carried out by measuring the K-edge
of an Ag metallic foil (edge at 25514 eV). Data were processed
using the Athena-Artemis chain of codes.27 Background
removal was performed using a pre-edge linear function and
the AUTOBK algorithm. The EXAFS data and corresponding
Fourier transform (FT) were computed in k2χ(k) between 1.9
and 11.3 Å−1. Phases and amplitudes were calculated by the
Feff84 code from the AgO structure.28 Fitting was carried out
in the simple scattering formalism in R space without any
filtering of the data between 1 and 4 Å. The R-factor is
provided as an indication of the fit quality in R space. The size
distribution of the silver nanoparticles was assessed by means of
TEM (JEOL). Image analysis was performed for about 300
silver nanoparticles with ImageJ.29 High-resolution TEM
showing Ag cluster/particles of less than 10 atoms were carried
out on a TITAN G2 (FEI).
The xenon and krypton adsorption isotherms were carried

out at 303 K using a volumetric apparatus from Belsorp-Max
(Bel Japan) with 4.8 grade xenon and 4.8 grade krypton
(Messer). Prior to the measurements, the samples were treated
under a vacuum of 5.10−5 Pa at 573 K for 12 h. The noble gas
uptake was measured at pressures ranging from 10−5 kPa (0.1
ppm) to 100 kPa. When reporting adsorption isotherms, the
noble gas pressure was plotted using a log scale in order to
better visualize the uptakes over the whole pressure range
(from ppm to the atmospheric pressure). Adsorption
equilibrium was assumed to be reached when the pressure
variation over an equilibration time of 300 s is less than 0.3%.
For long measurement times, variation of the level of the
regulated water bath and thus the change of dead volume needs
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to be taken into account. Consequently, all measurements were
carried out using the high-accuracy mode available on the
Belsorp Max device. This unique method, AFSM (advanced
free space measurement), compensates the free space change in
the sample cell. This is done by measuring the pressure change
in a separate empty sample cell.
2.2. Molecular Simulation. Zeolites, Silver Nanoparticles,

and Composite Systems. The zeolite framework ZSM-5 was
obtained from the silicalite-1 structure whose chemical
composition is Si96O192. ZSM-5 is a specific zeolite material
that belongs to the MFI family/structure in the zeolite
database. This zeolite structure is made up of 10-membered
ring channels (10-MR). The unit cell was duplicated in the z
axis direction in order to have a bigger system size with x, y, and
z equal to 20.07, 19.92, and 26.84 Å, respectively. To mimic a
silver-exchanged zeolite Ag@ZSM-5 with a ratio Si/Al = 12 in a
realistic way, N = 15 silicon atoms were substituted with
aluminum atoms. Following previous works,30 the substitutions
were attempted randomly but we checked that they respect
Lowenstein’s rule.31 The charge defect induced by the Si to Al
substitutions was compensated by adding N silver ions Ag+ to
obtain a model of Ag-ZSM-5 (Figure 1) with a chemical

formula Ag15Si177Al15O384. During the simulation, the zeolite
framework was considered rigid to reduce the computational
burden except for the extra framework silver cations which were
allowed to move. For small molecules, this assumption has been
shown to be reasonable.32 The charges on the Si, O, and Al,
which were taken from the work by Van Beest et al.,33 are qSi =
2.4e, qO = −1.2e, and qAl = 1.4e. The charge for the silver
cations was fixed at qAg = +1e. A spherical cutoff radius has been
set at 9 Å (i.e., about half the smallest size of the simulation
box) for truncating the Lennard-Jones interactions. Periodic
boundary conditions were applied in the x, y, and z directions
to avoid finite size effects. The electrostatic interactions were
calculated with the Ewald summation technique to correct for
the finite size of the system (the Ewald sum parameters were
selected to obtain an accuracy 10−5).
Silver nanoparticles were built from a large face-centered

cubic (FCC) structure of crystalline silver with a lattice
parameter equal to 4.0853 Å (Figure 1). Silver nanoparticles
with a diameter of 3 and 4 nm were prepared. Each
nanoparticle was then placed in a cubic simulation box at
least twice larger than the nanoparticle (allowing multilayer
adsorption of xenon at the particle surface). The silver
nanoparticles are electroneutral since all atoms carry a charge
equal to zero (Ag0). The cutoff is set to half the size of the
simulation box.

In this work, we also considered composite materials which
are made up of Ag+ cationic zeolites and Ag0 nanoparticles. The
ZSM-5 framework (Si/Al = 12) was duplicated in the x, y, and z
axis directions. Such a larger system was placed in a simulation
box of a larger size in the x axis in order to mimic an external
surface. A number K of extraframework silver cations were
substituted by hydrogen atoms (named H1), while the oxygen
dangling bonds at the external surface along the x axis were
saturated by adding hydrogen atoms (named H2). The silver
nanoparticles formed by the K silver atoms were then placed at
the external surface along the x axis. The composite system (3)
is made up of (1) a zeolite framework duplicated three times
along the x, y, and z axes and (2) 2 nm silver nanoparticles
placed at the external surface of the zeolite (Figure 1). The final
box size is 120.21 × 59.46 × 80.52 Å. The charges on the Si, Al,
O, and Ag were the same as those for the initial zeolite
framework ZSM-5. For the silver nanoparticles, the atomic
silver charge was null. To ensure the electroneutrality of the
simulation box, the hydrogen atoms carry a charge qH1 = +1e
and qH2 = +0.6e for H1 and H2, respectively. The cutoff
distance was chosen equal to 29.7 Å.

Grand Canonical Monte Carlo Simulations. Xenon and
krypton adsorption in the different systems presented above
was simulated by means of Monte Carlo simulations in the
Grand Canonical (GCMC). The Grand Canonical Monte
Carlo algorithm (μVT ensemble) is a stochastic method that
simulates a system having a constant volume V in equilibrium
with an infinite reservoir of molecules. In this technique, the
fictitious reservoir imposes its chemical potential, μ, and
temperature, T. Starting from an initial configuration, new
configurations are generated by randomly displacing an existing
molecule and by creating or deleting molecules within the
simulation box. These new configurations are accepted or
rejected in the framework of the Metropolis sampling scheme.34

Lennard-Jones (12−6) potentials were used to model the
interaction between xenon (or krypton) and atoms of the
zeolite framework. Following previous work, the noble gas
atoms interact with the O atoms of the zeolite only (i.e., no
interactions with the Si and Al atoms).35,36 Indeed, due to the
large polarizability of oxygen compared to silicon and
aluminum, it can be assumed that the interactions with these
two species are screened by those with oxygen.36,37 The
interaction between xenon and the silver ions and silver atoms
in the nanoparticles were assumed to be identical. The charge
difference between silver ion (q = +1) and metal (q = 0) has no
impact on the interaction with xenon since the latter is neutral.
The polarizabilty terms of xenon were not included in our
simulation. However, we checked that the simulated data for
xenon adsorption with polarizability terms on silicalite-1 and
without polarizability are very similar (within ±5%).38 The
difference between the two sets of data is even smaller for
krypton as krypton is less polarizable than xenon. While most
interactions were taken from the literature, the Xe−Ag, Xe−H,
Ag−H, Si−H, Al−H, and O−H Lennard-Jones parameters
were determined from the Lorentz−Berthelot combining rules
(see Table 1).39,40 The same combining rules were used for
krypton. Following previous work, we assumed that the
dispersion/repulsion interaction parameters for Si and Al are
identical.41 On the other hand, these two atoms in the zeolite
have different partial charges so that their interactions with
silver ions differ because of the Coulombic interaction.
Xenon and krypton adsorption on the silver nanoparticles,

silver-exchanged zeolite ZSM-5, and the composite system was

Figure 1. Structural model of silver-exchanged zeolite ZSM-5 with a
Si/Al ratio equal to 12 (left), structural model of silver nanoparticles
(center), and composites made up of ZSM-5 with silver nanoparticles
adsorbed at the external surface (right).
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studied in the pressure range from 10−6 to 100 kPa (10−2 to 106

ppm). The chemical potential, μ, for xenon is related to its
fugacity, f:

μ=
Λ

f
k T

k Texp( / )b
3 b (1)

where kB is Boltzmann’s constant, T the temperature, and Λ the
de Broglie thermal wavelength. In this work, xenon and krypton
were treated as ideal gases so the pressure, P, is equal to the
fugacity, f. Given the low pressures considered in this work,
treating these gases as an ideal gas is a reasonable
approximation. For all pressures, we used at least 5 × 107

Monte Carlo steps to equilibrate the system. The thermody-
namics of adsorption was further investigated by analyzing the
isosteric heat of adsorption Qst, which is related to the
interaction between the adsorbate and adsorbent.43

= −
⟨ ⟩ − ⟨ ⟩⟨ ⟩

⟨ ⟩ − ⟨ ⟩
Q k T

UN U N

N Nst
ads

b
ads ads
2

ads
2
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where U is the energy and Nads the number of adsorbed
molecules.

3. RESULTS AND DISCUSSION
3.1. Experimental Xenon Adsorption. The xenon

adsorption isotherm at 303 K in Ag@ZSM-5 exhibits two
adsorption steps: a first step at low pressure from 10−4 to 10−1

kPa (corresponding to adsorption on sites referred to as site II)
and a second step at higher pressure (corresponding to
adsorption on sites referred to as site I) (Figure 2). These two
steps reveal the presence of two distinct adsorption sites with a
first strong site (site II) at very low pressure. Both adsorption
sites were previously characterized by fitting the experimental
data using a double site Langmuir model.44 The number of
strong sites (site II) was estimated to 5.7 ± 0.5 × 10−4 mol g−1

with a heat of adsorption of −40 ± 2 kJ/mol. On the other
hand, the number of weak sites (site I) was estimated to 1.6 ±

0.1 × 10−3 mol/g−1 with a heat of adsorption at zero coverage
of −34 ± 2 kJ/mol.

3.2. Characterization of the Structure of the
Adsorbent. ICP-OES analysis of silver and sodium after the
exchange process enables determining an exchange ratio
>99.9% (Ag = 10.5 w% and Na < 0.1 wt %). TEM analysis,
which was performed after the heat treatment under N2 flow,
indicates that most of the silver has been reduced into silver
nanoparticles (Figure 3, left). The particle size distribution,

which was fitted against a Gaussian distribution, reveals that the
mean nanoparticle size is around 3 nm with a standard
deviation around 0.8 nm (Figure 3, right). Note that because of
the relatively high particles concentration into the TEM images,
it is frequent that particles are overlapping although they are
actually separated in the direction perpendicular to the image
plane. As a consequence, the analysis of the TEM images leads
to a non-negligible yet small overestimation of the actual
particle size. Large Ag particles of a size ∼10 nm are also
observed in the TEM images. Such very large particles, which
are not shown in the particle size distribution in Figure 3, are
thought to arise from the merging of smaller nanoparticles.
Moreover, given the fact that their number/occurrence is low
and their adsorption capacity (mol Xe/g), their impact on
adsorption is assumed to be negligible. Most of the particles are
larger than the ZSM-5 zeolites microporous channels (d > 5.5
Å), which demonstrates that they are not located in the zeolite
microporous channels but most likely at the external surface of
the zeolite crystallites. At high magnification, some small
nanoparticles (around ∼0.7 nm, made up of about 10 atoms)
can be observed in the TEM images. Such particles are

Table 1. Lennard-Jones (12-6) Parameters Used in This
Worka

ε (K) σ (Å) ref

Xe Xe 281.00 3.85 38

Kr Kr 191.43 3.57 38

Xe Ag 1060.04 3.19 LB

Kr Ag 874.9 3.06 LB

Xe O 135.87 3.45 35

Kr O 95.97 3.30 LB

Xe H 46.37 3.19 LB

Kr H 38.27 3.22 LB

Ag Ag 3998.89 2.54 41

Ag Si 1738.34 1.91 41

Ag Al 1738.34 1.91 −

Ag O 1999.44 1.88 41

Ag H 174.95 2.54 LB

H H 7.65 2.85 42

H Si 34.53 3.33 LB

H Al 34.53 3.33 LB

H O 19.19 2.94 LB
aLB indicates that the Lennard-Jones parameters were obtained from
the like atoms parameters using the Lorentz−Berthelot combining
rules.

Figure 2. Xenon adsorption isotherm at 303 K on zeolite Ag loaded
ZSM-5. Experimental isotherm (triangle down) and fit by a double-site
Langmuir model (line).18

Figure 3. (left) TEM images of Ag@ZSM-5 showing the presence of
silver nanoparticles. The inset shows high resolution-TEM images of
small nanoparticles. (right) Diameter distribution of AgNPs extracted
from the TEM images. The line is a fit using a Gaussian distribution.
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necessarily located at the external surface of the zeolite grains as
the cavities in ZSM-5 have an internal diameter of about 0.5
nm. In contrast, we note that smaller clusters (made up of 3−4
atoms) can be located in the zeolite cavities. The number of
such small clusters present in the zeolite cavities cannot be
quantified as they are too small to be observed using TEM at
regular magnification. As a result, the particle size distribution
shown in (Figure 3, right) does not take into account such
intracrystalline clusters and therefore should be considered
representative of clusters at the external zeolite surface only.
Physisorption experiments could be used to probe the presence
of such particles in the zeolite cavities. The fact that our simple
model (eq 3), which describes adsorption in the system as the
sum of adsorption in the zeolite cavities and adsorption at the
surface of silver nanoparticles, reproduces the maximum
adsorbed amount suggests that the zeolite cavities are free of
silver particles.
The X-ray powder diffraction patterns of the parent Na@

ZSM-5 and silver-loaded zeolite are shown in Figure 4. The

diffraction peak at 2θ = 38°, which corresponds to the 111
crystallographic planes of the face-centered cubic (fcc) silver

crystals (ICDD patterns ref: 00-004-0783) confirms the
reduction of Ag+ in silver metal particles under the thermal
treatment in an inert gas stream. This observation is consistent
with the work by Shi et al.22 who considered Ag-H-ZSM-5
zeolite treated at 500 °C under helium (He) stream.
XAS is widely used to probe the local structure of materials,

especially for amorphous or highly disordered structures. Figure
5 shows the experimental EXAFS spectrum and corresponding
Invert Fourier Transform (IFT) of Ag@ZSM-5 at the K edge of
Ag. The experimental IFT exhibits two main contributions at
c.a. R + Φ = 1.6 and 2.7 Å. Adjustment of the EXAFS signal in
the real space with one contribution of O atoms and one
contribution of Ag atoms lead to a good fit with r factor and
metrical parameters described in Table 2. The first contribution

in the EXAFS signal is due to the Ag−O contribution at a
distance of 2.31 Å. This value is in good agreement with the
typical values (2.33 Å) for the distance between silver cations
and oxygen framework atoms in zeolites.45 The coordination
number (2.7) is also close to the coordination obtained by
Bordiga et al.45 (2.5 O at 2.30 Å for Ag−O) for Ag+ in their
zeolite material (Ag(I)-ZSM-5). Concerning the second
contribution, the Ag−Ag distance in Table 2 is 0.1 Å shorter
but of the same order as the first Ag distance in metallic Ag
(2.90 Å). This suggests the presence of Ag0 species and

Figure 4. XRD patterns of Na@ZSM-5 (black) and Ag@ZSM-5 (red)
with a zoom in the range 2θ = [36:40] to visualize the peak
characteristic of the silver phase FCC Ag(111).

Figure 5. (left) EXAFS spectrum of Ag@ZSM-5 at the Ag K edge. Straight line, experimental; circles, fit. (right) Invert Fourier transform of the
EXAFS spectrum of Ag@ZSM-5. Straight line, experimental; circles, fit.

Table 2. Metrical Best Fit Parameters of the Adjustment of
the EXAFS Spectrum of Ag@ZSM-5 at the K Edge of Aga

sample O first contribution Ag second contribution

Ag@ZSM-5 2.7(1) O at 2.31(1) Å 0.8(1) Ag at 2.79(2) Å

EXAFS adjustement σ 2 = 0.0164 Å2 σ 2 = 0.0155 Å2

Ag metal48 2.9 Å

AgO49 2.03 Å 3.4 Å

Ag2O
50 2.04 Å 3.34 Å

aNumbers in parentheses give the uncertainties; σ is the Debye Waller
factor. The global amplitude factor S02 is equal to 1.0, the energy
threshold e0 is equal to 5.41 eV, and the r factor of the fit is equal to
1.6%. For comparison, crystallographic distances from the literature
are also given for Ag2O, AgO, and Ag metal.
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consequently the partial reduction of Ag+ and formation of
small metal nanoclusters of Ag0 with the possible concomitant
presence of Agn

m+ clusters. The formation of silver nanocluster
was also observed by Agostini et al.46 In their study, upon
heating Ag-ETS-10 at 673 K (under inert atmosphere), the
amplitude of the first contribution (Ag−O at 2.33 Å) decreases
while the second contribution increases (Ag−Ag at 2.7 Å). This
result confirms the formation of small nanoclusters due to the
reduction of a fraction of the silver content. Both Debye−
Waller factors are large (above 0.01 Å2), which suggests a
relatively disordered system (although we note that this value is
in agreement with the Debye−Waller factors observed by
Joyner et al.47 for H@ZSM-5).
To further characterize the silver phase in Ag-loaded zeolites,

the XANES spectrum of Ag@ZSM-5 has been recorded and
compared to that of Ag(0) metal, Ag(II)O, and Ag(I)NO3

(Figure S1 of the Supporting Information). The energy
position of the XANES spectrum is related to the formal
oxidation state of the cation, although this position may be
modulated by the local symmetry. Nevertheless, XANES
spectra have been used in a phenomenological way to assess
the cation formal oxidation state. The comparison of XANES
spectra suggests that Ag@ZSM-5 contains mainly charged
species. Nevertheless, this interpretation must be taken with
care because the resolution for the Ag K edge is smeared by the
core hole width (around 6 eV for Ag 1s orbital). In summary,
the XANES/EXAFS analysis suggests that Ag@ZSM-5 contains
two distinct silver species: a fraction of silver is in cationic form
such as cationic Ag+ and/or charged clusters Ag,n

m+ while the
other fraction is reduced to Ag0. This partial reduction is also
confirmed by XRD analysis presented before. TEM analysis
also confirms the formation of the nanoparticles on the zeolite
surface.
3.3. Molecular Simulation. In order to clarify the

experimental results above, we have carried out intensive
molecular simulations of xenon adsorption on two distinct
systems: (1) Ag(I)@ZSM-5 (i.e., zeolite framework) with silver
ion in exchange cationic position and (2) silver nanoparticles
(with a FCC structure) with different sizes ranging from 1 to 4
nm. Figure 6 shows the xenon adsorption isotherms at 303 K

on Ag(I)@ZSM-5 and AgNPS. In contrast to the experimental
data, the xenon adsorption isotherm on model Ag(I)@ZSM-5
exhibits a single step and not two steps. At pressures lower than
10−1 kPa, the xenon adsorbed amount is close to zero, and the
simulated data on model Ag(I)@ZSM-5 do not reproduce the
experimental xenon uptake. Upon increasing the pressure, the
two experimental and simulated adsorption isotherms are in

good agreement. In addition, the calculated isosteric heat of
adsorption (insert in Figure 6, left), around −30 − −35 kJ/mol,
is in agreement with the values estimated by modeling the
experimental adsorption isotherm against the Langmuir model
(−34 kJ/mol) for the weak site (site I).18 However, the Ag(I)@
ZSM5 model does not describe accurately the whole
experimental adsorption isotherm since the strongest adsorp-
tion sites, which are responsible for xenon adsorption at low
pressure, are not observed. On the other hand, it represents
quite well the weak adsorption sites in terms of number of sites
and adsorption energy strength.
The simulated adsorption isotherms for xenon on silver

nanoparticles (Figure 6, right) reveal that xenon gets adsorbed
at very low pressures (10−5 kPa). Xenon adsorption on the
AgNPs starts between 10−5 and 10−4 kPa, which is in good
agreement with the experimental measurement for Ag@ZSM-5.
The simulated isosteric heat of adsorption is in the range from
−50 to −65 kJ/mol, depending on the xenon coverage
(molecular configuration shown in the inset of Figure 6,
right). Such isosteric heats of adsorption together with the
pressure at which adsorption starts suggest that adsorption at
the nanoparticle surface corresponds to the strong adsorption
site (site II) observed in the experimental data. The difference
between the experimental and simulated heats of adsorption is
thought to be due to the use of the Langmuir model in the
treatment of the experimental data. Indeed, while this model
reproduces very well the shape of the adsorption isotherm, it is
based on some approximations such as the assumption of
independent adsorption sites which lead to errors in the
estimate of the heat of adsorption. As mentioned above, the
molecular simulations allow calculating the isosteric heat of
adsorption from the first xenon atoms adsorbed. The molecular
simulations carried out for the two models (silver-exchanged
zeolite and silver nanoparticles) suggest that adsorption at high
pressure (P > 1 kPa) occurs in the zeolite framework, while
adsorption at much lower pressures occurs on the silver
nanoparticles. As a result, the latter could explain the large
experimental isosteric heat of adsorption corresponding to the
strong adsorption site (site II).
Figure 6 also shows typical molecular configurations of xenon

adsorbed on silver nanoparticles at different pressures. Upon
filling, xenon first gets adsorbed on the nanoparticle edges
(from 10−6 to 10−4 kPa). Adsorption then occurs in a
continuous fashion until the surface is uniformly covered by a
xenon monolayer (from 10−3 to 10−2 kPa). The xenon
adsorbed amount per unit of particle surface area is
independent of the nanoparticle size (provided the particle is
larger than 2−3 nm).

3.4. Simple Model of Gas Adsorption on Composite
Materials (Zeolite + Silver Nanoparticles). This section
aims to estimate the proportion between Ag(I) and Ag0 in
Ag@ZSM-5. For this purpose, we have developed a simple
model of gas adsorption on composite materials made up of
silver-exchanged zeolites (Ag(I)@ZSM-5) and silver nano-
particles adsorbed at the external zeolite surface. In what
follows, we derive a simple equation which allows describing
adsorption on such systems and test it against molecular
simulations. We also apply it to our experimental data and show
that it allows retrieving the nanoparticle size distribution seen
from TEM experiments. Finally, we further validate this model
by showing that it also allows predicting krypton adsorption on
the same system (although no data from krypton adsorption
was used to derive the model).

Figure 6. (left) Experimental (△) and simulated adsorption isotherms
(□) for xenon at 303 K on Ag(I)@ZSM-5. The inset shows the
corresponding isosteric heat of adsorption as estimated from the
GCMC simulations. (right) Simulated adsorption isotherm of xenon
on silver nanoparticles AgNPs 1 (○), 2 (△), 3 (▽), and 4 (□) nm.
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In order to describe the adsorption isotherm on a system
composed of silver nanoparticles adsorbed at the external
surface of the zeolite, we write that the system contains
xAg@ZSM‑5 unit cells of Ag@ZSM-5, xH‑ZSM‑5 unit cells of H-
ZSM-5, and silver particles with a size distribution l(r). The
xH‑ZSM‑5 unit cell of H-ZSM-5 arises from the fact that all silver
cations which are reduced when forming a silver nanoparticle
are replaced by hydrogen atoms within the zeolite framework.
Let f(P) and g(P) be the Xe adsorption isotherms in Ag@ZSM-
5 and the H-ZSM-5 unit cell, respectively. h(P,r) is the Xe
adsorption isotherm on a silver nanoparticle of a size r. The
xenon adsorbed amount n(P) at a pressure P is therefore the
sum of three contributions: (1) adsorbed amount in the silver-
exchanged zeolite Ag(I)@ZSM-5, (2) adsorbed amount on the
silver nanoparticles AgNPS, and (3) adsorbed amount in the
H+-exchanged zeolite H@ZSM-5:

∫
= +

+

− − −n P x f P x g P

l r h P r r

( ) ( ) ( )

( ) ( , ) d

Ag@ZSM 5 H ZSM 5

(3)

The first two terms in eq 3, which corresponds to xenon
adsorption on Ag(I)@ZSM-5 and H@ZSM-5, accounts for
adsorption at high pressure on zeolite. The last term in eq 3
describes adsorption at low pressure on the silver nanoparticles
using a nanoparticle size distribution l(r). In order to determine
h(P,r), xenon adsorption on silver nanoparticles was predicted
using GCMC simulations for particle sizes ranging from 0.25 to
8 nm (details can be found in the Supporting Information).
In order to validate our model prior to applying it to

experimental data, we have first simulated xenon adsorption
isotherm on a model system consisting of a nanoparticle
located at the external surface of a zeolite membrane (model
(3), Figure 1). As shown in Figure S4 of the Supporting
Information, the adsorption isotherm predicted using eq 3 is in
good agreement with the simulated xenon adsorption isotherm
(we note that no adjustable parameters are needed since all
terms in eq 3 are known for the simulated composite system).
This result validates our model together with the hypothesis
that xenon adsorption occurs independently (i.e., in different
pressure ranges) on the zeolite framework and on the silver
particles.
Figure 7 shows a fit of the experimental xenon adsorption

isotherm at 303 K against eq 3 (a Gaussian distribution was
assumed for the particle size distribution). The simulated
adsorption isotherm predicted by eq 3 is in good agreement
with the experimental data. The small difference between the
two adsorption isotherms is due to the approximations used in

the model: (1) silver nanoparticles without oxide phase, (2)
replacement of silver reduced by hydrogen to ensure the
electroneutrality of the simulation box, and (3) ideal framework
without any defects. The parameters extracted from the fit of eq
3 against the experimental data are shown in Table 3 together

with available experimental parameters. The percentage of silver
in the zeolite in our model (12.5 wt %) is in very good
agreement with the experimental value (10.5−11wt %).
Moreover, the mean particle size centered around a value of
1 nm, as obtained from our model, is lower than the value
estimated from TEM (3 nm). The error may be due to the
ability of the GCMC molecular simulations to describe Xe
adsorption on silver particles. We estimated a database of xenon
adsorption isotherms on silver particles as a function of the
particles size (see details in the Supporting Information). While
the simulated data for independent silver nanoparticles
introduce an error in the modeling of the adsorption isotherm
for the experimental system, we believe that the differences
between the simulated and experimental particles size
distributions are mainly due to the fact that the resolution of
the TEM images is not sufficient to see very small nanoparticles
(∼ nm). As a result, the experimental particle size distribution
necessarily overestimates the average particle size. In a study on
the formation of silver clusters in Ag@ZSM-5 by electron beam
irradiation, Sasaki et al.51 estimated that silver clusters are
composed of 60−90 atoms. Such a value, which corresponds to
a size of about 1.25 nm, is in excellent agreement with our
prediction based on eq 3. Overall, the results and data above
suggest that our model reasonably captures Xe adsorption on
composite systems made up of silver nanoparticles and Ag-
exchanged zeolites.
If we consider adsorption on silver nanoparticles only, we

observe a saturation of the xenon adsorbed amount on AgNPs
at around 10−1 kPa. On the basis of eq 3, the maximum xenon
adsorbed amounts are close to 5.5 × 10−4 mol (Xe) g−1. The
quantities of silver reduced in the metallic form (Ag+ →
AgNPs) extracted from eq 3 is around 9.4 × 10−4 mol (Ag) g−1.
Considering the AgNPs as the only strong sites, the ratio of the
total xenon adsorbed amount on the strong site and the
amount of reduced silver atoms (i.e., AgNPS) is equal to 1.7
(i.e., at the maximum adsorption on the strong site, 1 Xe atom
is adsorbed for 1.7 silver). This value is in good agreement with
the experimental value of 2 determined by Daniel et al.18 On
the basis of the assumption that a fraction of surface atoms
around 40% of AgNPs corresponding to the particle size
distribution observed in TEM (Figure 3), the adsorbed Xe−
surface silver ratio would be around 1:1. This ratio is close to
the value determined by eq 3, which is around 0.9:1 for the
Xe−surface silver ratio. As discussed above, the ratio between
the numbers of silver atoms reduced Ag0 and silver cations Ag+

Figure 7. (left) Xenon adsorption isotherm at 303 K on Ag@ZSM-5:
experimental (symbols), model corresponding to eq 3 (line). (right)
Experimental Kr adsorption isotherm at 303 K on Ag@ZSM-5:
experimental (symbols), model corresponding to eq 3 (line).

Table 3. Comparison of Experimental Parameters with
Those Extracted from eq 3

experiments simulation

Mean particle size distribution 3 nm 1 nm

σ (standard deviation) 0.8 0.25

% Ag loaded 10.5−11% 12.5%

Ratio Xe strong site/Ag 1 Xe for ∼2 Ag 1 Xe for ∼1.7 Ag

Ag0/Ag(loaded)
a / 0.8

aAg0/Ag(loaded) is the ratio of the amount of reduced Ag (Ag0) and
the total amount of silver in the sample.
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is difficult to estimate from experiments (XANES). In contrast,
the model presented in this paper provides a simple tool to
estimate such a ratio.
To further validate our model, we applied eq 3 to krypton

adsorption on Ag@ZSM-5. As mentioned in Introduction, the
choice of krypton and xenon was motivated by the fact that
separation of rare gases is a key step in the monitoring of
radioactive xenon to detect illegal nuclear activities. We note
that the comparison between our model and the experimental
krypton adsorption data is a severe validation procedure as no
parameters were derived from the experimental data. Figure 7
compares the krypton adsorption isotherm on silver-exchanged
ZSM-5 with the predictions from eq 3. A very good agreement
between the experimental data and theoretical predictions is
observed. This further confirms that adsorption on silver-
loaded ZSM-5 consists of adsorption at low pressure on silver
nanoparticles followed by adsorption in ZSM-5 at higher
pressure. In previous work, Grosse et al.19,52 characterized the
strong interaction between xenon and silver-exchanged zeolite
by means of 129Xe NMR. These authors concluded that xenon
interacts with a charged molecule which corresponds to silver
cation. The results reported in the present work show that
xenon is more strongly adsorbed on silver nanoparticles. These
two possible scenarios are not necessarily contradictory since
both mechanisms occur at different pressure ranges. The NMR
studies were carried out at pressure higher than 1 kPa where
Ag0−Xe interactions are masked by the Ag+−Xe interactions
(indeed, in this pressure range, adsorption on the silver cluster
is already complete and further adsorption occurs on the Ag+

cations).20,53 The presence of silver nanoparticles, as taken into
account in our model, is in full agreement with TEM, XRD, and
EXAFS. The main information extracted in this work is that
xenon at low pressures is preferentially adsorbed on the silver
aggregate and particles than on the silver cations. Finally,
experimental adsorption on Na@ZSM-5 and Ag@ZSM-5
shows different xenon adsorbed amounts at high pressure
(100 kPa) which exactly correspond to the xenon loaded on the
strong site (results not shown). This results further supports
the idea that silver nanoparticles, which are responsible for the
strong adsorption sites, form on the external surface of the
zeolite host.

4. CONCLUSION

This work deals with xenon adsorption on silver-exchanged
zeolites. The GCMC simulations suggest that the specific
interaction between xenon and silver-exchanged zeolite
observed at low pressure is due to the presence of silver
nanoparticles located at the external surface of the zeolite
grains.
This paper also reports a simple model which allows

characterizing and predicting adsorption of gases on hybrid
systems made up of nanoparticles deposited at the external
surface of porous solids. This idea is fully consistent with
previous works in which it was shown that adsorption in
materials with different porosities and surface areas can be
described using a linear combination of adsorption in the
different regions.54,55 This model shows that adsorption of a
simple gas can be used to characterize the nanoparticle size
distributions, dispersion, and amounts of reduced silver.
Moreover, provided these parameters are known, this simple
model allows predicting adsorption of other gases.
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