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Abstract

To address the challenge of identifying the true structure–performance relationship gov-
erning xenon adsorption in silver-exchanged zeolites, a series of Ag/13X adsorbents with
tunable silver loadings were synthesized via liquid-phase ion exchange. The unique FAU-
type topology of 13X zeolite, composed of spacious supercages interconnected by large
12-membered-ring windows, enables high silver dispersion while minimizing diffusion
limitations. This unique structural advantage makes Ag/13X an ideal model system for in-
vestigating the intrinsic role of silver active sites in Xe adsorption. We identify a pronounced
volcano-shaped dependence of Xe adsorption on silver loading, establishing that total silver
content is not the governing factor for Xe capture. Combined structural characterization
and spectroscopic analyses reveal that increasing silver loading continuously alters silver
speciation from highly dispersed Ag+ ions toward more aggregated silver species, which
may reduce the fraction of accessible Ag+-related adsorption sites and simultaneously
modify the local electronic environment of silver species. At an optimal AgNO3 exchange
concentration of 0.5 M, the predominance of well-dispersed Ag+ species maximizes ac-
cessible active-site density and leads to the highest Xe uptake. Charge-corrected GCMC
simulations provide molecular-level validation by showing that these accessible Ag+ sites
reinforce Xe adsorption through stronger ion-induced dipole interactions. Consequently,
this work identifies the density of accessible Ag+ sites as an important descriptor for Xe
capture, offering a design guideline for engineering high-efficiency noble-gas adsorbents.

Keywords: xenon capture; Ag-exchanged 13X zeolite; accessible Ag+ sites; silver speciation;
GCMC simulation

1. Introduction
Xenon (Xe) is a strategically important noble gas with critical applications in semicon-

ductor manufacturing, microelectronics, deep-space ion propulsion, and nuclear medical
imaging [1]. However, its ultralow concentration in industrial off-gases, combined with the
presence of krypton (Kr) and other impurities, renders its efficient recovery technically chal-
lenging and economically demanding [2–5]. Compared with conventional energy-intensive
cryogenic distillation, pressure swing adsorption (PSA) based on porous adsorbents has
emerged as a promising alternative owing to its lower energy consumption and simpler
process design [6–8]. Among various porous adsorbents, zeolites have attracted consider-
able attention because of their high structural stability, well-defined pore architectures, and
readily tunable ion-exchange chemistry.
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Despite these advantages, the intrinsic interaction between the aluminosilicate frame-
work of zeolites and Xe is relatively weak, resulting in limited adsorption affinity. To
strengthen Xe-adsorbent interactions, silver species have been widely incorporated into
zeolites through ion exchange, leading to substantially enhanced Xe adsorption [9–16].
However, the identity of the silver species primarily responsible for Xe adsorption remains
under debate. Isolated Ag+ ions, partially reduced silver species, and small silver clusters
have all been proposed as the dominant adsorption sites, yet no clear consensus has been
established [12–15]. A key reason for this inconsistency is that increasing silver loading can
simultaneously alter silver speciation, active-site accessibility, and pore structure [17–19].
These closely coupled changes make it difficult to distinguish the intrinsic contribution of
silver active sites from changes in pore accessibility and transport-related effects, thereby
obscuring the underlying structure–performance relationship governing Xe adsorption in
silver-exchanged zeolites.

Addressing this challenge requires a suitable model system in which the intrinsic role
of silver active sites can be examined with minimal interference from pore blockage and
diffusion limitations. In this regard, 13X zeolite with the FAU topology is particularly well
suited. Its spacious supercages (~1.12 nm), interconnected by large 12-membered-ring
windows (~0.74 nm), provide abundant adsorption space and facilitate molecular transport.
More importantly, compared with narrow-pore zeolites, where silver incorporation can
readily cause severe pore blockage and diffusion limitations, the open FAU framework
can accommodate substantial amounts of silver species while largely preserving pore
accessibility. This structural advantage makes Ag/13X a well-defined model platform
for distinguishing intrinsic active-site effects from transport-related limitations and thus
for more clearly identifying the factors governing Xe adsorption. However, systematic
studies that distinguish the contributions of these closely associated effects remain lim-
ited, leaving the underlying structure–performance relationship governing Xe adsorption
insufficiently understood.

Herein, a series of Ag/13X zeolites with systematically varied silver loadings was pre-
pared via liquid-phase ion exchange. By integrating structural and spectroscopic character-
ization with Xe adsorption measurements, thermodynamic analysis, and charge-corrected
Grand Canonical Monte Carlo (GCMC) simulations, we establish the relationship between
silver speciation, accessible Ag+ sites, and Xe adsorption performance. A pronounced
volcano-shaped dependence of Xe uptake on silver loading is identified, revealing that Xe
adsorption is not governed simply by the total silver content but is strongly influenced
by the density of accessible Ag+ sites. Moreover, the open FAU pore network largely
preserves pore accessibility, helping to reduce transport-related interference and facilitate
the utilization of accessible Ag+ sites. These findings clarify the structure–performance
relationship governing Xe adsorption in Ag/13X and highlight active-site accessibility as
an important design parameter for high-performance noble-gas adsorbents.

2. Materials and Methods
2.1. Preparation of Ag/13X Zeolites

Ag-loaded 13X zeolites with different silver loadings were prepared via a liquid-phase
ion-exchange method using commercial 13X zeolite (Nankai University Catalyst Factory,
Tianjin, China) as the support. AgNO3 aqueous solutions (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China) with concentrations of 0.1, 0.5, and 1.0 M were prepared
separately. The ion-exchange process was conducted at a liquid-to-solid ratio of 20:1 (20 mL
solution per gram of zeolite). Specifically, 13X zeolite was added to the AgNO3 solution and
stirred at 45 ◦C in a thermostatic water bath under dark conditions for 2 h. The ion-exchange
procedure was repeated twice to ensure sufficient incorporation of silver species.
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After ion exchange, the solid products were separated by vacuum filtration and
thoroughly washed with deionized water to remove residual silver salts. The obtained
samples were dried at 60 ◦C for 12 h and subsequently calcined in air at 425 ◦C for 3 h.
The resulting samples were denoted as 0.1 MAg/13X, 0.5 MAg/13X, and 1 MAg/13X,
respectively. The preparation procedure of Ag/13X zeolites is illustrated in Figure 1.

 

Figure 1. Schematic illustration of the preparation procedure for Ag/13X zeolites via Ag+

ion exchange.

2.2. Characterization

The crystal structures of the samples were characterized by X-ray diffraction (XRD)
using a SmartLab SE (2038) diffractometer (Rigaku Corporation, Akishima, Tokyo, Japan)
equipped with Cu Kα radiation (λ = 1.5406 Å). Diffraction patterns were collected over
a 2θ range of 5–50◦ at a scanning rate of 10◦/min. X-ray fluorescence (XRF) analy-
sis was performed using a Malvern Panalytical Axios spectrometer (Malvern Panalyt-
ical, Almelo, The Netherlands) equipped with a 4 kW Rh-anode X-ray tube. Approxi-
mately 2 g of powder was pressed into a pellet (~40 mm in diameter) at 30 tons for
30 s, with boric acid (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) used as
a backing material when necessary. Measurements were conducted under vacuum us-
ing SuperQ software (version 5.0) with the Omnian standardless analysis program and
LiF200 (60 kV, 60 mA), PET (30 kV, 120 mA), and Ge (30 kV, 120 mA) analyzing crys-
tals. The morphology and microstructure of the samples were examined using a field-
emission scanning electron microscope (SEM, GeminiSEM 300, Carl Zeiss Microscopy
GmbH, Jena, Germany). Nitrogen adsorption–desorption isotherms were measured at
77 K using a BSD-660S A3S physical adsorption analyzer (BSD Instrument Technology
(Beijing) Co., Ltd., Beijing, China). Prior to analysis, all samples were degassed under
vacuum at 200 ◦C for 2 h. The Brunauer–Emmett–Teller (BET) specific surface area was
calculated using the multipoint BET method, while the micropore volume was determined
by the t-plot method. Ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS) were
recorded on a UH4150 UV-Vis-NIR spectrophotometer (Hitachi High-Tech Corporation,
Tokyo, Japan) in the wavelength range of 200–800 nm using BaSO4 supplied by the testing
facility as the reference material. The surface elemental composition and chemical states of
the samples were analyzed by X-ray photoelectron spectroscopy (XPS) using a K-Alpha
spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a monochromatic Al
Kα X-ray source (hν = 1486.6 eV). The binding energies were calibrated using the C 1s peak
at 284.8 eV as the reference. Static Xe adsorption isotherms were measured using a BK200C
surface area and pore size analyzer (Beijing JWGB Sci. & Tech. Co., Ltd., Beijing, China)
at 298 K over a pressure range of 0–1 bar. Approximately 0.2 g of each sample was used
for each measurement. The mass of each sample was determined by weighing the empty
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sample tube and the sample-loaded tube using a CP225D analytical balance (Sartorius,
Göttingen, Germany) and calculating the difference. Prior to adsorption measurements, the
samples were degassed under vacuum at 250 ◦C for 12 h to remove physically adsorbed
water and other residual gases from the pores. After degassing, the sample tube was
cooled to room temperature and transferred to the analysis station maintained at 298 K
using a thermostatic bath. Ultra-high-purity Xe (99.999%; Sichuan Runtai Specialty Gas
Co., Ltd., Guanghan, China) was used as the adsorbate without a carrier gas. Because a
static volumetric adsorption method was employed, no continuous gas flow rate or fixed
adsorption time was involved. Xe was introduced stepwise, and the system was allowed to
reach pressure and thermal equilibrium after each dosing step. The equilibrium pressure
was automatically recorded by the instrument. The adsorption capacity was determined by
the volumetric method and normalized to the mass of the adsorbent.

3. Results and Discussion
3.1. Crystal Structure and Microstructural Analysis

To clarify the influence of AgNO3 solution concentration on the chemical composition
of the zeolite, the elemental compositions of a series of Ag/13X samples were analyzed
by X-ray fluorescence spectroscopy (XRF), and the results are summarized in Table 1. The
XRF results show that the Ag content progressively increased with increasing AgNO3

concentration, accompanied by a corresponding decrease in the Na content, consistent with
the progressive exchange of Ag+ for Na+ in 13X [20,21]. For 0.1 MAg/13X, the Ag content
reached 6 mol%, while 4 mol% Na remained, indicating incomplete Na+/Ag+ exchange
under this condition. When the AgNO3 concentration was increased to 0.5 M, the Na
content decreased below the detection level, while further increasing the concentration to
1.0 M resulted in only a slight increase in the Ag content from 10 mol% to 11 mol%, sug-
gesting that the ion-exchange process had approached saturation. The Si/Al ratios derived
from XRF varied slightly between 1.23 and 1.38 but showed no systematic dependence
on the AgNO3 concentration. In particular, the absence of a progressive increase in the
Si/Al ratio with increasing AgNO3 concentration indicates that no significant framework
dealumination was detectable during the ion-exchange treatment, within the limits of
XRF precision.

Table 1. Elemental composition of Ag/13X samples determined by XRF analysis.

Sample
Elemental Content (mol%) Elemental Molar Ratio

Na Ag Si Al O Molar Ratio
Ag/(Ag + Na) Si/Al

13X 15 0 16 13 56 0 1.23
0.1 MAg/13X 4 6 18 13 59 0.6 1.38
0.5 MAg/13X 0 10 17 13 60 1 1.31
1 MAg/13X 0 11 17 13 59 1 1.31

To investigate the influence of AgNO3 concentration on the crystalline phase, frame-
work integrity, and possible formation of crystalline silver species in Ag/13X zeolites,
XRD patterns of the Ag-modified samples were collected, as shown in Figure 2a. All
Ag/13X samples exhibited the characteristic diffraction peaks of FAU-type zeolite, which
were consistent with the standard 13X zeolite pattern (PDF#38-0237), indicating that the
FAU framework was well preserved after Ag+ ion exchange [20]. The major diffraction
peaks were indexed to the corresponding crystallographic planes, as shown in Figure 2a.
With increasing AgNO3 concentration, the diffraction peak intensity showed a slight de-
crease, whereas no obvious peak shift or disappearance of the characteristic reflections
was observed. This suggests that Ag incorporation had only a limited influence on the
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long-range crystalline structure of 13X zeolite. According to previous reports, the decrease
in diffraction intensity after metal-ion exchange is generally associated with local struc-
tural rearrangement, redistribution of extra-framework cations, and changes in scattering
contrast, rather than framework collapse [22–25]. Together with the absence of a system-
atic increase in the XRF-derived Si/Al ratio, these results provide no clear evidence for
significant framework dealumination during the ion-exchange treatment. In addition,
no diffraction peaks corresponding to metallic Ag were detected at 2θ ≈ 38.1◦ and 44.3◦,
implying that crystalline Ag nanoparticles were absent or present in amounts below the
detection limit of XRD [26,27].

Figure 2. XRD patterns (a), N2 adsorption–desorption isotherms (b), and pore size distributions (c) of
Ag/13X samples. The dashed lines in (a) indicate the positions of the characteristic diffraction peaks
of the FAU framework.

To further evaluate whether Ag incorporation affected the pore structure of Ag/13X
zeolites, N2 adsorption–desorption measurements were performed, and the corresponding
results are summarized in Table 2. As shown in Figure 2b, all Ag/13X samples exhibited
typical Type I adsorption isotherms, indicating that the microporous characteristics of the
FAU framework were largely retained after Ag+ ion exchange [28]. Compared with pristine
13X, the Ag/13X samples exhibited lower BET surface areas and pore volumes, consistent
with partial occupation of the microporous space by introduced Ag species. Within the
Ag/13X series, the BET surface area and pore volume decreased further with increasing
AgNO3 concentration. Meanwhile, the average pore diameters of the Ag/13X samples
remained in the range of 0.72–0.77 nm, larger than the kinetic diameter of Xe molecules
(~0.40 nm), suggesting that Xe molecules could still access the internal pore channels. No-
tably, 0.5 MAg/13X and 1 MAg/13X exhibited very similar porosity parameters, indicating
that further increasing the AgNO3 concentration from 0.5 to 1.0 M did not cause obvious
additional pore loss. As expected from the structural design of the FAU framework, the
large supercages and interconnected 12-membered-ring windows of 13X can accommodate
relatively high amounts of Ag species while avoiding severe pore blockage. Therefore, these
results confirm that the Ag/13X samples maintain sufficient pore accessibility, providing a
suitable structural basis for further evaluating the influence of Ag species distribution and
active-site accessibility on Xe adsorption [29].

Table 2. Textural properties of Ag/13X samples derived from N2 adsorption–desorption measurements.

Sample SBET
(m2/g)

Total Pore Volume
(cm3/g)

t-Plot
H-K Average Pore

Diameter (nm)Smicro
(m2/g)

Sexternal
(m2/g)

Vmicro
(cm3/g)

13X 772.8 0.298 763.8 9.0 0.2868 0.6635
0.1 MAg/13X 571.1 0.228 559.7 11.4 0.2108 0.7653
0.5 MAg/13X 492.7 0.204 483.4 9.3 0.1895 0.7173
1 MAg/13X 488.3 0.200 474.8 13.5 0.1824 0.7241
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Although XRD and N2 adsorption analyses showed that the overall structure and pore
characteristics were largely preserved after Ag modification, SEM and TEM were further
used to examine the morphology and dispersion of silver species. As shown in the SEM
images (Figure 3a–c), all Ag/13X samples retained the characteristic octahedral morphology
of the parent 13X zeolite without obvious structural collapse or large silver aggregates on
the external surface, indicating that the ion-exchange process did not significantly alter
the overall morphology of the zeolite crystals. To gain further insight into the distribution
of silver species, TEM observations (Figure 3d–f) and EDS elemental mapping analyses
(Figure 4) were performed. TEM images show no obvious large nanoparticles or aggregates
on the zeolite surface, suggesting that extensive large-scale Ag aggregation did not occur
after ion exchange and subsequent calcination. This observation is consistent with the XRD
results, in which no diffraction peaks attributable to crystalline metallic Ag were detected.
Furthermore, EDS elemental mapping shows that Ag is broadly distributed throughout the
zeolite crystals (Figure 4), indicating that Ag species were successfully introduced into the
13X zeolite during ion exchange.

 

Figure 3. SEM images of (a) 0.1 MAg/13X, (b) 0.5 MAg/13X, and (c) 1 MAg/13X, and TEM images
of (d) 0.1 MAg/13X, (e) 0.5 MAg/13X, and (f) 1 MAg/13X.

Figure 4. SEM image and corresponding EDS elemental mapping images of 1MAg/13X zeolite:
SEM image (a); merged elemental mapping image (b); O (c, red); Si (d, cyan); Ag (e, magenta); and
Al (f, green).
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To further investigate the chemical states of silver species, X-ray photoelectron spec-
troscopy (XPS) analysis was performed. The corresponding XPS survey spectra are pre-
sented in Figure S7. Because the binding energy difference between metallic Ag and ionic
Ag species in the Ag 3d region is relatively small, the modified Auger parameter (α’) was
employed to more reliably identify the silver oxidation states [30]. The modified Auger
parameter is defined as the sum of the binding energy (BE) of the characteristic photoelec-
tron peak (Ag 3d5/2) and the kinetic energy (KE) of the most intense Auger transition (Ag
M4N45N45), according to α’ = BE + KE. As a relative parameter, α’ effectively minimizes
the influence of charging effects and other experimental factors that may shift absolute
binding energies, thereby providing a more reliable assessment of the chemical state than
the Ag 3d binding energy alone [31].

The Ag MNN Auger spectrum consists primarily of two major transitions, namely
M4N45N45 and M5NN. Owing to the superposition of multiplet splitting and spin–orbit
coupling effects associated with the M4 and M5 core levels, the Ag MNN spectrum exhibits
a relatively complex line shape [30]. Therefore, only the α’ values calculated from the
M4N45N45 transition were considered in this work. As summarized in Table 3, the modified
Auger parameter gradually increased from 723.1 to 723.5 eV with increasing silver loading.
This trend suggests a gradual increase in the electron density surrounding silver species,
indicating partial aggregation of isolated Ag+ species and the formation of small silver
clusters. Nevertheless, all α’ values remained substantially lower than that of metallic
silver (≈726 eV), indicating that Ag+ species remained dominant in all samples, while
only limited amounts of silver clusters or metallic Ag species were present [32]. Although
Ag+ species remain dominant in all samples, increasing silver loading is accompanied
by a greater contribution from aggregated Ag species, which may reduce the effective
population of accessible Ag+-related adsorption sites.

Table 3. Modified Auger parameters (α’) of 0.1 MAg/13X, 0.5 MAg/13X, and 1 MAg/13X samples.

Sample BE(Ag 3d5/2) (eV) KE(Ag MNN) (eV) α’ (eV)
0.1 MAg/13X 368.5 354.6 723.1
0.5 MAg/13X 368.5 354.7 723.2
1 MAg/13X 368.6 354.9 723.5

Although XPS provides valuable information regarding the chemical state of silver,
it cannot effectively distinguish the spatial distribution and aggregation state of silver
species within the zeolite framework. Therefore, UV-Vis diffuse reflectance spectroscopy
(UV-Vis DRS) was employed to further elucidate the evolution of silver species with in-
creasing ion-exchange concentration (Figure 5c) [33]. Three characteristic absorption bands
were observed in the UV-Vis spectra. The absorption band at approximately 223 nm is
generally attributed to isolated Ag+ species highly dispersed at exchange sites within the
zeolite framework [34,35]. The band centered around 285 nm is assigned to small silver
clusters, whereas the absorption feature at 339–348 nm is associated with larger silver
clusters [36–38]. Combined with the XRF results, these observations reveal a clear evolu-
tion of silver species as the ion-exchange concentration increases. For the 0.1 MAg/13X
sample, the silver species exhibited a high degree of dispersion; however, the overall silver
loading remained relatively low according to XRF analysis, limiting the density of potential
adsorption sites. Increasing the ion-exchange concentration to 0.5 M significantly enhanced
the silver loading while maintaining silver species predominantly in the form of highly
dispersed Ag+ ions. In contrast, when the concentration was further increased to 1.0 M,
only a marginal increase in total silver content was achieved, whereas substantial changes
in silver speciation occurred. Specifically, the absorption band at approximately 339 nm,
characteristic of larger silver clusters, became markedly stronger. Meanwhile, a pronounced
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baseline elevation and absorption tail extending beyond 400 nm were observed. These
spectral features indicate that excessive silver species tend to aggregate within the confined
supercage environment of the FAU framework, suggesting the gradual evolution of highly
dispersed Ag+ species toward more aggregated Ag states [39–41].

 

Figure 5. Ag 3d XPS spectra (a), Ag MNN Auger spectra (b), and UV-Vis DRS spectra (c) of
0.1 MAg/13X, 0.5 MAg/13X, and 1 MAg/13X samples. The dashed lines in (a,c) indicate the positions
of the characteristic peaks.

The combined XRF, XPS, and UV-Vis DRS results indicate that an ion-exchange concen-
tration of 0.5 M provides a favorable balance between silver loading and silver dispersion.
This sample achieves a relatively high silver content while maintaining a large fraction of
highly dispersed Ag+ species, which is expected to favor a higher population of accessible
Ag+-related adsorption sites and may preserve favorable local environments for Xe interac-
tion. This Ag distribution is consistent with the enhanced Xe adsorption observed in the
subsequent adsorption measurements.

3.2. Xenon Adsorption Performance and Isosteric Heat Analysis

To clarify how silver loading, silver speciation, and active-site accessibility af-
fect Xe adsorption performance, Xe adsorption measurements were conducted for
Ag/13X zeolites at 298 K. As shown in Figure 6a, all Ag-modified samples exhib-
ited significantly enhanced Xe adsorption capacities compared with pristine 13X over
the entire pressure range. The overall adsorption capacity followed the order of
13X < 0.1 MAg/13X < 1 MAg/13X < 0.5 MAg/13X, with 0.5 MAg/13X showing the high-
est Xe uptake of approximately 58 cm3/g at 100 kPa. The Xe adsorption capacity did not
increase monotonically with increasing silver loading, but instead exhibited a clear volcano-
type dependence on the AgNO3 exchange concentration. For 0.1 MAg/13X, although Ag
species were highly dispersed and Ag+ species were dominant, the relatively low silver
content limited the number of available adsorption sites. Increasing the exchange concentra-
tion to 0.5 M substantially increased the population of highly dispersed Ag+ species while
maintaining good site accessibility within the interconnected FAU pore network, leading to
the highest Xe adsorption capacity. In contrast, further increasing the AgNO3 concentration
to 1.0 M resulted in only a marginal increase in the total silver content, while UV-Vis DRS
revealed a greater contribution from aggregated Ag species. 0.5 MAg/13X and 1 MAg/13X
exhibited very similar textural parameters, suggesting that substantial additional pore loss
is unlikely to be the dominant origin of the decreased Xe uptake. Instead, the decline in
adsorption is consistent with the evolution of Ag speciation from highly dispersed ionic
species toward more aggregated states. Such aggregation may influence Xe adsorption
through two possible effects: reducing the population of accessible Ag+-related adsorption
sites and modifying the intrinsic Xe–Ag interaction through changes in the electronic and
geometric environment of silver species. Previous theoretical studies have also shown that
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the interaction between Xe and Ag species is sensitive to the aggregation state of silver [15],
supporting the importance of Ag speciation in determining Xe adsorption behavior.

 

Figure 6. (a) Xe adsorption isotherms of pristine 13X and a series of Ag/13X samples. (b) Comparison
of Xe adsorption capacities of 0.5 MAg/13X with representative Xe adsorbents reported in the litera-
ture. (c) Isosteric heats of Xe adsorption for 13X and 0.5 MAg/13X. (d–f) Dual-site Langmuir model
fitting of Xe adsorption isotherms for 0.1 MAg/13X, 0.5 MAg/13X, and 1 MAg/13X, respectively.

The adsorption performance of the optimized 0.5 MAg/13X sample was further
compared with representative Xe adsorbents reported in the literature. As shown in
Figure 6b, 0.5 MAg/13X exhibits a Xe adsorption capacity of approximately 2.59 mmol/g at
298 K and 100 kPa, showing competitive performance among representative Xe adsorbents.
For the Ag/13X system, the favorable adsorption performance can be attributed to the
combination of the spacious FAU supercage structure, large 12-membered-ring windows,
and the optimized distribution of accessible Ag-related adsorption sites, which provide
sufficient adsorption space, facilitate Xe diffusion, and improve the utilization of silver
active sites.

To further clarify the thermodynamic nature of Xe adsorption, adsorption isotherms
measured at different temperatures were fitted using the Virial equation, and the corre-
sponding isosteric heats of adsorption were calculated as a function of Xe loading [42,43].
As shown in Figure 6c, the initial isosteric heat of adsorption for 0.5 MAg/13X was ap-
proximately 32 kJ/mol, which was much higher than that of pristine 13X, approximately
15 kJ/mol. This increase indicates that the introduced silver species create high-affinity
adsorption sites and strengthen the interaction between Xe and the adsorbent. Moreover,
the Qst value of 0.5 MAg/13X decreased rapidly with increasing Xe loading, indicating
the preferential occupation of strong silver-associated adsorption sites at low coverage,
followed by adsorption on weaker framework sites at higher coverage.

The Xe adsorption isotherms of Ag/13X samples were further fitted using a dual-site
Langmuir model to quantitatively analyze the heterogeneous adsorption behavior [44–46].
As shown in Figure 6d–f, all samples were well described by the dual-site Langmuir model,
with high correlation coefficients, suggesting the coexistence of weak and strong adsorption
sites in the Ag-modified zeolites. The weak adsorption sites are mainly associated with
nonspecific physisorption within the zeolite framework, whereas the strong adsorption
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sites are related to Xe interactions with silver species. Compared with 0.1 MAg/13X,
0.5 MAg/13X showed higher capacity and affinity for the strong adsorption sites, indicating
that the 0.5 M ion-exchange condition increases the number of high-affinity sites and
strengthens their interaction with Xe. These results further support the important role of
accessible Ag+ species in the enhanced Xe adsorption performance of Ag/13X zeolites.

The Xe adsorption behavior can be related to the structural and surface properties
of Ag/13X. XRD and N2 adsorption results show that the FAU framework and pore
accessibility are largely preserved after Ag ion exchange, while spectroscopic analyses
reveal that 0.5 MAg/13X maintains a high proportion of highly dispersed Ag+ species,
whereas further increasing the Ag loading promotes Ag aggregation. This evolution may
reduce the effective population of highly dispersed and accessible Ag+-related adsorption
sites and may also modify the intrinsic Xe-Ag affinity through changes in the electronic
and geometric environment of the Ag species, with both effects potentially contributing
to the lower Xe uptake. Combined with the isosteric heat analysis, these results indicate
that the open FAU pore network maintains Xe accessibility, while Ag speciation plays an
important role in determining the adsorption affinity and capacity.

The recyclability of 0.5 MAg/13X was further evaluated through repeated Xe
adsorption–desorption cycles. As shown in Figure 7, the adsorption isotherms remained
nearly unchanged over five consecutive cycles, indicating good cycling stability and regen-
eration performance. The structural stability after Xe adsorption was further supported by
XRD, FTIR, and SEM characterization (Figure S8). These results show that 0.5 MAg/13X
maintains both its adsorption performance and structural integrity during repeated Xe
adsorption–desorption processes.

 
Figure 7. Xe adsorption isotherms of 0.5 MAg/13X over five consecutive adsorption–desorption
cycles at 298 K.

3.3. GCMC Simulation

A modified grand canonical Monte Carlo (GCMC) model was employed to investigate
the molecular-level adsorption behavior and evaluate the role of Ag+-induced polarization
in Xe adsorption on Ag/13X zeolites [47]. The crystal structure of the Ag/13X model
used for the simulations is shown in Figure S9. Initially, simulations based on the default
parameters of the COMPASS and Universal force fields significantly underestimated the
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experimental Xe adsorption capacity and failed to reproduce the enhanced adsorption
affinity after silver incorporation. This discrepancy may arise from the limitations of
conventional Lennard-Jones-based force fields, which cannot explicitly describe the ion-
induced dipole interaction between Ag+ species and Xe atoms. Therefore, polarization-
related interactions should be considered when modeling Xe adsorption in Ag-containing
zeolites. To partially compensate for the missing polarization effect, an empirical effective
charge of −0.09 e was assigned to Xe atoms, while the parameters of the zeolite framework
and silver species were kept unchanged. It should be emphasized that this effective
charge does not represent the actual charge state of Xe. Instead, it serves as a simplified
correction to enhance the electrostatic contribution and approximate the polarization of
Xe induced by the strong local electric field around Ag+ sites. As shown in Figure 8, the
charge-corrected model more closely reproduced the experimental adsorption isotherm
than the uncorrected force-field models over the entire pressure range, supporting the
importance of polarization-related interactions in Xe adsorption on Ag-exchanged zeolites.
The remaining deviations between the simulated and experimental adsorption capacities
may arise because the model does not explicitly account for the heterogeneous distribution
of silver species, local variations in electrostatic fields, or the dynamic polarization of Xe
within zeolite pores. The modified GCMC model captures the experimental adsorption
trend and supports the proposed role of highly dispersed Ag+ species in enhancing Xe
adsorption through ion-induced dipole interactions.

 
Figure 8. Experimental and GCMC-simulated Xe adsorption isotherms of 0.5 MAg/13X.

4. Conclusions
In summary, this work reveals that Xe adsorption in Ag-exchanged 13X zeolites is

strongly influenced by the density of accessible Ag+ active sites rather than the total silver
loading. Moderate silver loading maximizes the population of highly dispersed Ag+-
related adsorption sites, whereas excessive silver incorporation promotes the formation
of more aggregated Ag species. This aggregation may decrease site accessibility and alter
the local Xe–Ag interaction environment, both of which could contribute to the reduced
adsorption performance. Thermodynamic analysis together with charge-corrected GCMC
simulations demonstrates that these accessible Ag+ sites strengthen Xe adsorption through
enhanced ion-induced dipole interactions, while the spacious FAU topology ensures their
efficient utilization by minimizing transport limitations. By identifying accessible Ag+
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site density as an important descriptor for Xe adsorption in silver-exchanged zeolites, this
work establishes a mechanistic foundation and a rational design principle for optimizing
noble-gas adsorbents beyond simply increasing silver loading.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/separations13090266/s1, Figure S1: XRD pattern of the
parent 13X zeolite. The characteristic diffraction peaks are consistent with the standard FAU-type
zeolite (PDF#38-0237), confirming that the pristine 13X possesses a well-defined FAU framework
prior to Ag+ ion exchange; Figure S2: N2 adsorption–desorption isotherm of the pristine 13X zeolite
measured at 77 K; Figure S3: SEM images of 13X recorded at different magnifications, with scale bars
of (a) 20 µm, (b) 10 µm, (c) 2 µm, and (d) 1 µm; Figure S4: SEM images of 0.5MAg/13X recorded at
different magnifications, with scale bars of (a) 20 µm, (b) 10 µm, (c) 2 µm, and (d) 1 µm; Figure S5:
TEM images of 13X recorded at different magnifications, with scale bars of (a) 500 nm, (b) 200 nm,
(c) 100 nm, and (d) 50 nm; Figure S6: TEM images of 0.5MAg/13X recorded at different magnifica-
tions, with scale bars of (a) 500 nm, (b) 200 nm, (c) 100 nm, and (d) 50 nm; Figure S7: XPS survey
spectra of (a) 0.1MAg/13X, (b) 0.5MAg/13X, and (c) 1MAg/13X; Figure S8: Structural characteriza-
tion of Ag/13X before and after Xe adsorption. (a) XRD patterns and (b) FTIR spectra of fresh and
Xe-adsorbed Ag/13X; SEM images of (c) fresh Ag/13X and (d) Xe-adsorbed Ag/13X; Supplementary
Method: Construction of the GCMC Model and Simulation Method; Figure S9: Crystal structure of
the Ag/13X model used for the GCMC simulations. The model was derived from the FAU framework
and contains 83 Ag+ ions distributed within the pore system; Table S1: Elemental composition (wt.%)
of 13X and Ag/13X samples determined by XRF.
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