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1. Introduction

The shift toward renewable energy sources
is crucial for advancing sustainable devel-
opment goals. As the universe’s most abun-
dant element, hydrogen is fundamental to
various eco-friendly energy strategies. Its
isotopes, protium (H), deuterium (D) and
tritium (T) are indispensable in applica-
tions such as moderators in different
nuclear reactors[1,2] and critical inputs for
nuclear fusion.[3] Despite their utility, sep-
arating and purifying hydrogen isotopes
efficiently remain a formidable obstacle
due to their close chemical and physical
properties.[4] Deuterium and tritium occur
naturally in extremely low concentrations,
further complicating purification.[5]

Traditional separation techniques, such
as cryogenic distillation[6] and combined
electrolysis-catalytic exchange,[7,8] demand
significant energy inputs, undermining
their feasibility from both economic and
environmental perspectives.

To address these challenges, a wide range
of materials and mechanisms have been
explored for hydrogen isotope separation,
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The potential of two families of trapdoor zeolites with chabazite (CHA)
and merlinoite (MER) structures have been explored for selective hydrogen
isotope separation by investigating the influence of framework structure
and the presence of different trapdoor cations (Kþ, Rbþ, and Csþ) on the
thermal and kinetic responses. By leveraging the distinct porous structures of
these frameworks, the separation of H2 and D2 gases is facilitated. The
energy required for hydrogen to displace the door-keeping cations and
fully access the inner zeolite porosities is identified for each sample, with
frameworks containing heavier cations requiring higher critical temperatures.
At 77 K, both MER and CHA frameworks show D2 adsorption amounts
nearly double those of H2. Kinetic studies indicate slower diffusion for
D2 molecules through these porous structures compared to H2, particularly
at pressures below 100 mbar. This research suggests that D2 is more likely
to access a broader range of diffusion pathways than H2, due to the
presence of the trapdoor cations restricting certain pathways during gas
sorption. This leads to differing kinetic responses, increased adsorption
amounts and prolonged equilibration times for D2, indicating potential
for effective separation of H2 and D2 using the molecular trapdoor
mechanism.
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each operating under distinct conditions with varying effective-
ness. Palladium-based alloys, for example, offer high selectivity
through strong chemical affinity but require high operating
temperatures (above 300 °C) and substantial energy input.[9,10]

In contrast, porous materials such as metal-organic frameworks
(MOFs),[11,12] covalent organic frameworks (COFs),[13] porous
organic cages (POCs),[14] nanoporous carbons,[15] and zeolites[16]

have attracted increasing attention as energy-efficient alternatives,
including kinetic quantum sieving (KQS) and chemical affinity-
based interactions. Many of these systems demonstrate high iso-
tope selectivity at cryogenic temperatures (often below 30 K),[17,18]

but their practical deployment is limited by synthesis complexity,
stability concerns, or the need for ultralow operating temperatures.

Within the broader category of porous materials, trapdoor zeo-
lites offer a particularly promising pathway. These systems
exhibit dynamic “trapdoor” behavior, in which extra-framework cat-
ions selectively regulate gas diffusion through eight-membered
ring (8MR) windows.[19–22] Trapdoor zeolites such as chabazite
(CHA) andmerlinoite (MER) allow only molecules with high polar-
izability and quadrupole moments, such as CO2, to diffuse with
minimal energy barriers.[23–26] Other gases, like N2, require addi-
tional thermal energy to displace these cations before passing
through, introducing the concept of a critical temperature
(Tc) for gas diffusion.

[27,28] Earlier research centered on analyz-
ing the structural dynamics of this mechanism under diverse
thermal conditions and gas atmospheres, revealing how cation
variations impact the uptake and diffusion of gases such
as CO2,

[29,30] while these studies provided critical insights into
framework flexibility, porosity modulation, and thermal
responses in MER and CHA.[31–33]

These trapdoor zeolites offer promising potential for hydrogen
isotope separation due to the pronounced differences in polariz-
ability and cation displacement energy between H2 and D2.
Compared to H2, D2 exhibits higher polarizability (2.4 times
higher than H2)

[4,34] and lower required energy to dislocate
the cation,[35,36] enabling it to more readily trigger the trapdoor
mechanism and diffuse through the functional windows. These

8MR windows form during the synthesis of zeolites through dif-
ferent arrangements of four-membered rings (4MRs) and six-
membered rings (6MRs),[37] which dictate the available diffusion
pathways (Figure 1). While H2 can only access these pathways
above a certain threshold temperature, D2 can do so at lower tem-
peratures (T< Tc), enabling efficient isotope separation under
controlled thermal conditions.

In addition to their performance, zeolites offer significant prac-
tical advantages over other porous materials such as MOFs.
Zeolites possess exceptional thermal stability, typically withstand-
ing temperatures above 600 °C, making them suitable for high-
temperature processes and long-term industrial use.[38,39] They
are also chemically robust in a wide range of environments, includ-
ing humid and acidic conditions, where many MOFs tend to
degrade. Furthermore, zeolites are produced at large scale using
well-established, low-cost synthesis methods from earth-abundant
precursors such as alumina and silica. In contrast, MOFs often
require multistep synthesis, high-purity metal salts, and complex
organic linkers, contributing to higher production costs and lim-
ited scalability. These factors make zeolites a more economically
and operationally viable platform for large-scale hydrogen isotope
separation applications.

In our earlier work, we investigated the thermal response of
trapdoor structures in MER and CHA zeolites, revealing that
adsorbed hydrogen alters crystalline responses at temperatures
exceeding Tc. Through structural analysis under varying thermal
conditions, we established that separation efficiency hinges on
the synergy between framework geometry and cation dimen-
sions.[18] This research advances earlier investigations by explor-
ing hydrogen isotope separation in two families of trapdoor
zeolites, with a particular emphasis on the kinetic diffusion
and equilibrium adsorption behaviors of different isotopes.
Unlike previous studies, which primarily focused on H2 adsorp-
tion using breakthrough methods at temperatures above
ambient, this work employs both rigorous isothermal adsorp-
tions to determine the threshold conditions for H2 and kinetic
analyses to evaluate isotope-selective diffusion at liquid nitrogen

Figure 1. Illustrations depicting a) CHA framework structures viewed from different angles. b) Double six-membered rings (D6Rs), four-membered rings
(4MRs), and eight-membered rings (8MRs) in CHA. c) MER framework structures viewed from different angles. d) Six-membered rings (6MRs), four-
membered rings (4MRs), and eight-membered rings (8MRs) in MER. In these figures, Si─O bonds are represented in blue and Al─O bonds in red.
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temperatures. The greater polarizability and stronger interac-
tions of D2 with trapdoor cations are predicted to facilitate its
entry into the internal cavities of CHA and MER frameworks
at cryogenic temperatures, offering a groundbreaking strategy
for isotope separation. Furthermore, the study systematically
examines how different cations (Kþ, Rbþ, and Csþ) impact sepa-
ration efficiency through low-temperature (77 K) gas adsorption
experiments. By integrating equilibrium and kinetic data, this
work offers deeper mechanistic insight into isotope transport
in trapdoor systems and highlights their potential for efficient,
scalable separation technologies. Our findings establish a critical
threshold for D2 sorption at cryogenic temperatures and reveal
how framework-cation interactions influence isotope selectivity.
This research not only advances the practical utility of trapdoor
zeolites for separating hydrogen isotopes but also offers a fresh
kinetic perspective on molecular sieving processes. By linking
fundamental insights into trapdoor mechanisms with actionable
separation approaches, our research lays the groundwork for
designing more efficient, scalable technologies in nuclear fuel
refinement and hydrogen storage systems.

2. Results and Discussion

2.1. Elemental Composition and Distribution

The morphological features of the CHA and MER zeolite samples
were previously characterized using scanning electron microscopy
(SEM) and EDX analysis,[18] confirming uniform crystal structure
and consistent elemental composition. Representative SEM images
are provided in Figure S1a,b, Supporting Information. To further
probe structural details, additional STEM analysis was conducted
on CsCHA (Figure S1c,d, Supporting Information); however,
due to the subnanometer dimensions of the functional trapdoor
windows (�4 Å), direct imaging of the extra-framework cations
within the 8MRs was not feasible. As a result, STEM did not yield
additional insights beyond SEM, and the trapdoor structure could
not be resolved under currently available imaging conditions.

In this study, the chemical composition (Figure 2a) and elemen-
tal distribution (Figure 2b) of both CHA andMER frameworks were
determined using X-ray photoelectron spectroscopy (XPS)[40,41]

(refer to Figure 2 for CsMER, with other materials illustrated in
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Figure 2. a) Full XPS spectrum of CsMER. b) Elemental distribution (in atomic %) of O, Si, Al, and functional cations in KCHA, RbCHA, CsCHA,
KMER, RbMER, and CsMER. c) Experimental and fitted characteristic peaks of O in CsMER. d) Experimental and fitted characteristic peaks of Si in
CsMER. e) Experimental and fitted characteristic peaks of Al in CsMER with a detailed view of the Al 2p peak. f ) Experimental and fitted characteristic
peaks of Cs in CsMER.
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Figure S2–S7, Supporting Information). Frameworks with Kþ

exhibited the lowest O atomic% (at%) and the highest Si at%.
A comparative analysis of cation exchange efficiency revealed that
cations in CHA exhibited lower atomic percentages compared to
MER frameworks with Kþ suggested 7.40% in CHA but 9.60%
in MER; Rbþ weight 7.05% in CHA and 9.13% in MER; and
Csþ only took 6.03% in CHA but 9.20% in MER. These results
indicate that MER frameworks demonstrate a better cation
exchange capability under identical alkaline conditions, achieving
greater displacement of the native cations within the zeolite struc-
tures compared to CHA frameworks. XPS analysis of CHA and
MER frameworks were subjected to similar cation exchange proto-
cols (details in Figure S2–S6, Supporting Information), indicating
an identical chemical bonding environment across both framework
types. In all synthesized frameworks, characteristic spectral signa-
tures corresponding to Al, Si, and O framework constituents were
uniformly detected, validating the presence of essential chemical
bonding configurations requisite for the formation of archetypal
MER and CHA zeolite frameworks.

Three distinct types of oxygen bonding contributed to the
O 1s peak (530.90 eV):[42] Si–O–Si (�531.94 eV),[43,44] Al–O–
Si (�532.67 eV),[45] and O–C–O (�531.01 eV) (Figure S3,
Supporting Information),[46–48] indicating that the structural
framework was predominantly composed of SiO2 structure,
complemented by Al2O3 structure. The appearance of carbon–
oxygen bonds stemmed from the use of carbon as a calibration
standard during surface analysis, producing an additional
peak. The presence of the extra carbon peaks was also noticed
at the representative binding energy that corresponded to
C–C (�284.48 eV), CO (�284.82 eV), and CO2 (�288.27 eV)
(Figure S4, Supporting Information).[46] The Si 2p peak,
observed at 102.20 eV, confirmed that O-Si–O, the fundamen-
tal building block of the framework’s cage-like structure, was
the sole silicon chemical state present (Figure S5, Supporting
Information).[49,50]

The characteristic Al 2p peak overlaps with the Cs 4 d response
in frameworks with Csþ incorporated frameworks. Nevertheless,
composite Al peaks remained consistent across all samples, with a
prominent peak at 74.04 eV[51] (assigned to Al2O3, associated with
bonds connecting 8MRs and 6MRs), aligning with the O 1s peak
fitting results (Figure S6, Supporting Information).[52,53] The pres-
ence of specific functional cations was confirmed in all tested sam-
ples (Figure S7, Supporting Information). For the same cation, the
chemical state generated on the MER and CHA framework was
identical, implying that these cations occupied analogous positions
within both structures. Additionally, atomic weight percentages
derived from XPS, as shown in Figure 2b, confirm closely aligned
Si/Al ratios (2.40� 0.15) across all samples, minimizing the influ-
ence caused by the difference in elemental contribution in
frameworks.

Detailed bonding environments were further elucidated by
Fourier transform infrared spectroscopy (FTIR, Figure 3a,b,
more detail in Figure S8 and S9, Supporting Information), com-
plementing the XPS data. The presence of H2O (as crystal water)
was confirmed between 3600 cm�1 and 3200 cm�1, and O–H
stretching within the frameworks was observed around
1600 cm�1.[24,54] Characteristic peaks specific to the frameworks
were primarily below 1100 cm�1, where the difference between
CHA and MER frameworks can be observed. Noticeably, the

characteristic peaks of both frameworks shifted to the lower
wavenumber area with heavier exchanged cations in the frame-
work, indicating that these characteristic peaks are energetically
sensitive to the metal cations, and suggesting the energy required
for the cations to be displaced may be different.

Notably, strong transmission peaks around 1000 cm�1 were
observed, corresponding to asymmetric Si–O stretching vibra-
tions[55,56] or SiO4 tetrahedral stretching vibrations in frame-
works.[28,57] Significant spectral differences between all MER
and CHA frameworks can be noticed, mostly caused by the basic
unit formed at the beginning of the zeolite synthesis (Figure 3a),
including symmetric Si–O–Si stretching in four-member
rings (4MR, 790–720 cm�1),[58,59] six-membered rings vibration
(6MRs, 650–600 cm�1),[60] stretching of double six-member rings
(D6Rs) (around 520–460 cm�1),[37,61] and the internal vibrations
of Si–O and Al–O tetrahedra (462–410 cm�1).[62,63] Since the
8MRs and cages are formed by the connection of 4MRs and
6MRs,[64] variations in these smaller units lead to structural dif-
ferences in the 8MRs (the trapdoor structure, as shown in
Figure 1) and may result in differences in gas sorption properties
between the two types of frameworks. The local environment of
Si in the framework is influenced by the number of nearby Al
atoms (0, 1, 2, 3, or 4),[65] leading to asymmetric Si–O–Si and
Si–O–Al stretching, indicative of a nonuniform Al environment.
This asymmetric peak fitting in both MER and CHA frameworks
(Figure 3b) confirmed that the frameworks exhibit three different
types of asymmetric stretching when the pores are blocked by
the cations.

2.2. Critical Temperature Measurements

From previous studies,[18] gases like H2 rely on extra thermal
energy input to diffuse through the 8MRs, and the minimum
temperature required to provide sufficient thermal energy is
known as the critical temperature (Tc). The critical temperatures
of all materials were determined to estimate the optimal temper-
ature ranges for hydrogen and deuterium separation at 1 bar
(Figure 4).

The influence of the trapdoor cations on the critical temperature
was observed in both frameworks. CHA and MER containing Kþ

cations did not show an increasing trend in H2 uptake in the mea-
sured temperature range (290 K to 360 K), indicating that the Tc of
H2 in both frameworks is lower than the temperatures tested, con-
sistent with the Tc recorded for N2 on KCHA (266 K).[23] As the size
of the trapdoor cations in the frameworks increased (Kþ

(r= 1.52 Å)[66]<Rbþ (r= 1.66 Å)[67]<Csþ (r= 1.81 Å)[68]), the
Tc for H2 also increased (333 K for RbCHA, 343 K for CsCHA;
338 K for RbMER, 345 K for CsMER), suggesting that frameworks
with heavier trapdoor cations require more thermal energy for H2

to traverse the functional windows.
Elevating the temperature from 310 K to 358 K enhanced H2

adsorption in both Rb and Cs-exchanged frameworks, attributable
to increased thermal energy facilitating molecular diffusion. The
Rb exchanged CHA framework exhibited the highest H2 uptake,
suggesting incomplete occlusion of trapdoor apertures by Rbþ

cations, thereby enabling unrestricted guest molecule access.
Conversely, Cs-exchanged MER frameworks demonstrated higher
H2 adsorption capacities compared to Rb-exchanged MER variants,
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highlighting framework-specific cation effects on pore accessibility.
Since the thermal effect primarily influences functional windows
blocked by the alkali metal cation,[18,23] more cations sitting on
the trapdoor windows can cause a distinct response in thermal
energy variation. The increased H2 adsorption capacity observed
in CsMER relative to RbMER at temperatures approaching the crit-
ical threshold may imply that CsMER exhibits a greater number of
accessible diffusion pathways. This observation indicates that a
higher proportion of Csþ cations are displaced from the center
of the thermally controlled windows (8MRs) compared to Rbþ cat-
ions. In other words, Csþ are more likely to sit in the trapdoor win-
dows in the MER framework compared to Rbþ cations. This
positioning could lead to a more pronounced increase in sorption
as the temperature approaches and surpasses the critical tempera-
ture, thereby opening functional windows. These observations are
consistent with XPS results, which showed a higher atomic percent-
age of Csþ compared to Rbþ in both MER and CHA frameworks.
When the temperature exceeds the threshold for H2, the H2 mol-
ecules can be adsorbed on the internal pore volume guarded by the

trapdoor (8MR) sites that are typically blocked by the cation at lower
temperatures.

To further explore the structural influence of the adsorbed
hydrogen isotopes on trapdoor frameworks, neutron diffraction
measurements of zeolite frameworks under H2 and D2 at different
thermal conditions were conducted. However, due to the limited
adsorption amount at temperatures above room temperature, the
information generated from the neutron diffraction was limited
(Figure S11–S19, Supporting Information). In trapdoor zeolites,
the sorption of both H2 and D2 occurs via physical adsorption,
resulting in nearly identical neutron diffraction patterns across
all tested temperatures (Figure S11, Supporting Information).
The distinction between physical sorption and thermal effects
was highlighted by comparing diffraction patterns at 345 K with
baseline measurements at 300 K. For H2, elevated temperatures
caused an upward shift in the diffraction background, which per-
sisted even after cooling to 300 K (the baseline temperature) with
1 bar H2 dosed (Figure S12–S13, Supporting Information). In
contrast, for D2, shifts observed under similar thermal conditions
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appeared primarily linked to thermal effects (Figure S14 and S15,
Supporting Information). Upon cooling back to 300 K, the neutron
diffraction patterns of D2 dosed samples closely aligned with the
baseline on all test samples, which suggests that the adsorption
of D2 was not blocked by cations at the measured temperatures
(Figure S16–S19, Supporting Information). However, this discrep-
ancy between observations with H2 and with D2 may stem from
D2’s smaller neutron cross section, which reduces its detectability
in neutron diffraction, potentially masking adsorption within the
trapdoor-guarded pore volume. Consequently, additional sorption
studies are necessary to fully elucidate these interactions.

2.3. Low-Pressure H2 and D2 Sorption

Critical temperature measurements indicated that H2 can benefit
from increased extra thermal energy input from room temperature
up to critical temperature (Figure 4). To achieve the best separation
of H2 and D2 within these frameworks, the selected temperature

should ensure the maximum adsorption difference between D2

and H2. Thus, the selected operation temperature should be sig-
nificantly below the recorded Tc (333 K on RbCHA; 343 K on
CsCHA; 338 K on RbMER; 345 K on CsMER) for H2.

The detailed surface areas and pore size distributions of the
CHA and MER zeolites used in this study have been previously
reported,[18] where both frameworks were confirmed to exhibit
microporosity consistent with typical trapdoor zeolites. The ear-
lier study also demonstrated that larger exchanged cations within
the frameworks led to reduced surface area and a broader pore
size distribution. The higher surface area of CHA frameworks
versus MER frameworks was reflected in the greater sorption
quantities in both H2 and D2 (Figure 5a,b). In general, D2 was pre-
ferred by both framework structure types compared to H2 at 77 K,
and the preference existed for all three cation-exchanged porous
systems. Compared to other materials, KCHA, with the smallest
cation size (radius r= 1.52 Å) and the more porous CHA frame-
work, exhibited the highest sorption amount in both H2 and D2 at

(a) (b)

333 K 

343 K 338 K 

345 K 

Figure 4. Measured hydrogen uptakes at variable temperatures at 1000mbar on a) CHA frameworks (Kþ in black, Rbþ in red, and Csþ in blue). b) MER
frameworks (Kþ in black, Rbþ in red, and Csþ in blue). Critical temperatures are indicated.

Figure 5. Adsorption (solid symbols) and desorption (empty symbols) of H2 (represented by spheres) and D2 (represented by squares) on a) KCHA
(black), RbCHA (red), and CsCHA (blue) at 77 K. b) KMER (black), RbMER (red), and CsMER (blue) at 77 K.
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77 K (Table 1). However, the quantitative difference between the
amount of H2 and D2 adsorbed on KCHA is the lowest, suggesting
that the difference in accessible capacity between H2 and D2 in the
KCHA framework is lower than in heavier cation-exchanged
frameworks.

The diminished efficacy of separation of Kþ in CHA frame-
works is likely to arise from steric incompatibility, as Kþ (ionic
radius � 1.52 Å) provides suboptimal occlusion of 8MRs (func-
tional radius r= 1.9 Å), thereby negating the trapdoor mechanism’s
capacity for discriminative H2/D2 separation at 77 K. In contrast,
the MER frameworks exhibit anisotropic 8MR pore architectures
with reduced dimensions (r= 1.05 Å, 1.13 Å, and 1.80 Å), enabling
Kþ to achieve near-complete steric hindrance across two orthogonal
pore orientations, thus preserving selective molecular sieving func-
tionality. The enhanced efficacy of the trapdoor mechanism under
these conditions amplifies the differential adsorption capacities of
H2 and D2, yielding a 14% increase in the D2/H2 selectivity ratio
relative to KCHA (Table 1). This trend, wherein heavier exchanged
cations correlate with progressively higher D2/H2 adsorption ratios,
underscores the heightened propensity of D2 to lower the energy
barrier of the door-keeping cation and diffuse through the gate at
elevated temperatures.

For both types of frameworks, upon increasing the cation size
(Kþ< Rbþ< Csþ), the ratio of adsorbed D2 to adsorbed H2

increases at 77 K, with the highest ratio observed in Csþ contain-
ing frameworks (1.894 in CsMER). Although the increase in cat-
ion size limited the adsorption of guest molecules by blocking
the pores, the quantitative difference (in the percentage) of

adsorbed H2 and D2 increased with cation size, which indicates
that the cation size directly influences the blockage of the func-
tional windows (8MRs) and determines the adsorption difference
between H2 and D2, indicating the potential of separating H2 and
D2 with trapdoor systems.

2.4. Kinetic Analysis

To gain a more profound understanding of the H2 and D2 diffu-
sion processes within the frameworks, we calculated the mass
transfer coefficient (k) (see Figure 6, with calculations based
on Equation (1) and (2)) for the adsorption process of H2 and
D2 at 77 K. The times required for the complete D2 adsorption
process at 77 K were uniform across all cation-exchanged CHA
and MER frameworks (Figure S20, Supporting Information),
demonstrating that D2 molecules can diffuse through the pores
freely in all the frameworks without blockage of the trapdoor win-
dows at temperatures below the threshold temperature.

On the contrary, the time required for the entire adsorption
process for H2 at 77 K increased slightly in Rbþ and Csþ

exchanged frameworks compared to Kþ exchanged frameworks,
suggesting some hindrance encountered by H2molecules during
diffusion through the windows blocked by the alkali metal cati-
ons and necessitating prolonged periods in navigating accessible
diffusion pathways. During the adsorption process within a
lower pressure range (<100mbar), a stage where the guest mol-
ecules are spontaneously adsorbed on the porous surface, the
equilibration time for D2 was longer than for H2 (refer to
Figure S20–S26, Supporting Information). This indicated the
potential existence of more diffusion pathways available for D2

which induced longer equilibration times in the pores and led
to higher sorption amounts.

Across all the synthesized frameworks, the mass transfer coef-
ficient (k) exhibited a monotonic pressure-dependent increase at
77 K for both H2 and D2 adsorbates (Figure 6). Adsorption iso-
therms for both isotopes adhered to a quasilinear progression
within the studied pressure regime. The fluctuation in the k
results observed in MERs could likely be attributed to the limited

Table 1. H2 and D2 sorption results of all samples at 900mbar and 77 K.

KCHA RbCHA CsCHA KMER RbMER CsMER

Amount of adsorbed D2 at
900 mbar 77 K [mmol g�1]

0.719 0.209 0.159 0.158 0.135 0.125

Amount of adsorbed H2 at
900 mbar 77 K [mmol g�1]

0.570 0.145 0.085 0.103 0.072 0.066

D2/H2 1.261 1.441 1.869 1.600 1.876 1.894
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Figure 6. Mass transfer coefficient k (s�1) for H2 (solid squares) and D2 (open spheres) at 77 K in a) KCHA (black), RbCHA (red), and CsCHA (blue) with
detailed plot up to 10mbar (inset). b) KMER (black), RbMER (red), and CsMER (blue) with detailed plot up to 10mbar (inset).
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accessible porosities of the frameworks. The accessible micropo-
rous volumes reached capacity at �400mbar, prompting subse-
quent diffusion of the guest molecules alongside the external
surface upon further pressure increase. The uptake rate for
D2 was slower across all samples at the same pressure until
900mbar when the adsorption process concluded, compared to
the H2 results. This difference becomes more pronounced when
focusing on the lower pressure range (<10mbar). Frameworks
containing Kþ displayed the lowest k values in both CHA and
MER structures, indicating slower uptake kinetics in KCHA
and KMER than in heavier cation (Rbþ and Csþ) containing frame-
works. This trend implies that heavier cations (Rbþ, Csþ) facilitate
higher kinetic rates at equivalent pressures, likely due to steric
effects that restrict pore accessibility, thereby accelerating equili-
bration by limiting diffusion pathways with faster equilibrium
at the same pressure. The KCHA framework, specifically, showed
a significantly lower mass transfer coefficient (k) for both D2 and
H2 (0.2 s

�1 lower for H2 and 0.1 s�1 lower for D2 when compared
with RbCHA and CsCHA). Considering the highest adsorption
results were obtained for both D2 and H2 from KCHA, it is plau-
sible that the slower kinetic rate is due to the presence of higher
porosities for the guest molecules within KCHA, as Kþ cannot
fully block the 8MRs in the CHA framework. RbCHA had similar
kinetic rates to CsCHA for both D2 and H2, albeit slightly slower.
The same pattern was observed in MER frameworks, suggesting
that the exchanged cation is the primary factor affecting kinetic
behavior.

As pressure increased, gradual compression and crowding of
guest molecules inside the pores caused adsorbed H2 to move
through the pores, which resulted in variability in the uptake steps
and extended step durations after equilibrium. In contrast, the step
duration for D2 decreased with rising pressure, indicating that at
higher pressure (>500mbar), D2 could penetrate the pores more
easily than H2 (Figure 6). These varied behaviors further indicate
that H2 and D2 are likely to follow different pathways in the porous
system, each possessing unique accessible capacities. The largest

kinetic differences between H2 and D2 at 10mbar and 100mbar,
in ratio terms, were provided by KMER, RbCHA and CsCHA
(Table S1, Supporting Information). In MER frameworks, the
mass transfer coefficient between H2 and D2 decreased with
the inclusion of heavier cations. In contrast, in CHA frameworks,
this difference increases with cation size, particularly at 100mbar.

Equilibration time calculations (detailed in Equation (2), the
time needed to reach adsorption equilibrium at each pressure step,
te) further reinforced the kinetic results generated from the diffu-
sion process (Figure 7). H2 reached equilibrium faster than D2 in
both MER and CHA frameworks, with a shorter te at 77 K, consis-
tent with the higher kinetic rate observed for H2. Results generated
on MER were more variable than on CHA as depicted by the mass
transfer coefficient (Figure 6) and required a higher pressure to
stabilize, indicating the framework’s structure influenced the
kinetics of the diffusion process. The exchanged cations did not
noticeably affect the te of H2 on CHA frameworks at pressures
below 10mbar. However, the Kþ confined MER frameworks
exhibited a longer te compared to Rbþ and Csþ exchanged MERs.

Above 250mbar, the time H2 took to reach equilibrium fell
below 1 s on both frameworks. Still, at lower pressure (<50mbar),
MERs showed higher te values for H2. This extended equilibrium
time for MER below 250mbar might be due to the availability of
different pathways (accessible windows) with varying diameters
compared to CHA frameworks. The minimum reading of te of
H2 on the instrument was achieved at around 550mbar on all can-
didates, indicating the pores had been fully occupied by the guest
molecules at that pressure. By comparison, this value for D2 was
not reached until 600mbar on CsCHA or 700mbar on RbMER,
further confirming that more surfaces and pathways are accessible
to D2 in these frameworks than for H2. In contrast to H2, the
time required for full D2 adsorption exhibited a clear influence
from the trapdoor cations: KCHA exhibited the longest te below
250 mbar compared to RbCHA and CsCHA; correspondingly,
CsMER had the shortest te below 250 mbar compared to
RbMER and KMER.
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Figure 7. Equilibration time (s) for H2 (solid square) and D2 (open sphere) at 77 K in a) KCHA (black), RbCHA (red), and CsCHA (blue) with detailed plot
up to 10mbar. b) KMER (black), RbMER (red), and CsMER (blue) with detailed plot up to 10mbar.
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The inverse relationship between cation size and equilibrium
time shows that reduced porosities due to larger cation size can
result in faster D2 equilibrium. Additionally, the impact of the
exchanged cation on the framework seems to be more pronounced
in D2 sorption experiments, suggesting that some pathways (win-
dows) containing the trapdoor cations, such as the 8MRs, are exclu-
sively accessible to D2. The shortest te on CsMER can also be
attributed to the reduced porosities as the cation not only sits on
the functional windows.[69] Trapdoor zeolites, as studied here, offer
a unique approach by employing kinetic selectivity via dynamic cat-
ion gating at liquid nitrogen temperature (77 K). This approach bal-
ances practicality and performance by harnessing differences in
diffusion behavior rather than solely equilibrium adsorption selec-
tivity. To provide context, Table 2 summarizes reported selectivity
values, operating temperatures, andmechanisms for representative
materials used in hydrogen isotope separation:

This comparison highlights that while trapdoor zeolitesmay not
achieve the highest absolute selectivities, their operating condi-
tions are more accessible and scalable, making them promising
candidates for practical hydrogen isotope separation technologies.
The kinetic differences observed here between H2 and D2 in the
trapdoor system can be used to inform methods of for separating
these hydrogen isotopes using a breakthrough system. With a
shorter equilibrium time and a lower sorption amount, H2 would
pass through an absorbent bed of the trapdoor zeolite more quickly
than any D2 present, and higher purity H2 stream could be col-
lected first after the breakthrough process. The separation results
of the hydrogen isotopes can be benefited by extending the length
of the breakthrough bed and increasing the difference in diffusion
time of the hydrogen isotopes. Since the sorption process is fully
reversible, the guest isotopes remaining in the bed can be removed
easily by pressure swing.

While the current work focuses on single-component H2 and
D2 sorption at cryogenic conditions, future studies will explore
their separation behavior in mixed-gas systems under elevated
temperatures. Prior reports suggest some level of D2 selectivity
in trapdoor zeolites like CsCHA at ambient temperature;[70] how-
ever, the extent to which kinetic differences can be exploited
across temperature ranges remains an open question. Mixed-
gas adsorption and breakthrough experiments will be essential

to fully assess the practical potential of these materials for isotope
separation under more realistic conditions.

3. Conclusion

This study aimed to demonstrate the possibility of applying a
trapdoor system in hydrogen isotope separation by exploring
the influence of the trapdoor structure and exchanged cations
in both thermal and kinetic responses. Structural distinctions
between CHA and MER frameworks were confirmed through
XPS and FTIR analyses, revealing that variations in symmetric
bonding configurations define their unique architectures and
porosity profiles, despite both exhibiting functional trapdoor
mechanisms. Isobaric sorption measurements experimentally
validated the presence of a threshold temperature for H2 diffu-
sion, confirming the trapdoor effect. The critical temperature of
the frameworks was shown to be dependent on the mass of the
trapdoor cations (TCs

þ> TRb
þ> TK

þ).
A preference for D2 over H2 can be seen from the gas sorption,

as evidenced by higher sorption quantities and faster equilibration
times. The isothermal gas sorption confirmed the Csþ cations
resulted in the highest D2/H2 uptake ratio generated on 900mbar
at around 1.9, probably due to the best blockage of the functional
window, maximizing the opening and closing behavior of the trap-
door. However, the larger cation size also limited the adsorption
ability of the frameworks. CHA frameworks with higher framework
porosities can cooperate better with heavier cations than MER.

Both isothermal and kinetic results demonstrate that D2 has a
higher likelihood of penetrating the cation-blocked functional
windows (8MRs) compared to H2 at temperatures below the
critical temperature. This results in a slower diffusion rate for
D2, with observable saturation occurring at lower pressures when
pores remain unoccupied by adsorbates. Furthermore, the
kinetic dynamics of hydrogen isotopes are significantly governed
by the identity of exchanged cations within the frameworks.
Considering the straightforward synthesis of CHA and MER
frameworks from commercial Y-zeolites, this approach holds
strong promise for scalable industrial applications requiring effi-
cient hydrogen isotope separation. Moreover, given the demon-
strated thermal and radiation stability of these frameworks,[18]

the trapdoor mechanism may be extended to the separation of
tritium (T2) from hydrogen at cryogenic temperatures, with fur-
ther studies needed to evaluate its selectivity.

In conclusion, KMER and RbCHA emerge as the materials
best suited for hydrogen isotope separation at 77 K below
500mbar owing to their pronounced kinetic contrast and quan-
titative differentiation between H2 and D2, alongside practical
adsorption capacities. These findings underscore that zeolites
with trapdoor mechanisms could represent viable options for
efficient H2/D2 separation under cryogenic conditions.

4. Experimental Section

Synthesis of Zeolites: The synthesis of CHA and MER zeolites was
performed following the method established by Kim et al.,[71] and the
ion exchange process was conducted in accordance with previously estab-
lished research.[18] The synthesized samples were dried in open air for over
72 h at room temperature.

Table 2. Summary of different types of porous materials applied in
hydrogen isotope separation.

Material type Operating
temperature

Mechanism Quantitative
selectivity
(D2/H2)

Reference

Palladium alloys >300 °C Chemical affinity High
(variable)

[9,78]

MOFs ≤77 K,
maximized at

30 K

Chemical affinity
quantum sieving

Up to 10–20 [79,80]

POCs and COFs and
small pore zeolites

≤77 K
maximized at

30 K

Kinetic quantum
sieving

Moderate [14,33,81]

Trapdoor zeolites 77 K Kinetic trapdoor
selectivity

�1.9
(900 mbar)

This
study
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Structural characterization of the CHA and MER zeolite frameworks
(including energy-dispersive X-ray spectroscopy, powder X-ray diffraction,
and simultaneous thermal analysis) has been reported in detail in our pre-
vious work.[18] Representative SEM images of the CHA and MER samples
are provided in the Supplementary Information.

XPS: The XPS experiments were carried out to confirm the presence of
specific inorganic groups. These experiments were performed using a
Kratos Axis SUPRA XPS system equipped with an Al Kα X-ray source with
monochromatic light (1486.7 eV), a spherical sector analyzer, and three
multichannel resistive plates as well as 128 channel delay line detectors.
The experiments were conducted at 150W power with a spot size of
700� 300 μm. Survey scans were performed at a pass energy of
160 eV, and more detailed scans at a pass energy of 20 eV. Electron charge
neutralization was accomplished using a magnetic immersion lens. The
experiment parameters included a filament current of 0.27 A, a charge bal-
ance of 3.3 V, and a filament bias of 3.8 V. All experimental data were gath-
ered under a pressure below 10�8 Torr and at a room temperature of 294 K
on the powder samples. Data were analyzed with CasaXPS v2.3.20PR1.0
software, and the spectra were calibrated with the C1s peak at 284.8 eV.

FT-IR: A mid-infrared attenuated total reflectance spectrometer
(Spectrum Two by Perkin-Elmer, USA) was utilized to identify the charac-
teristic bonds in the zeolites. We examined powdered samples under
atmospheric conditions and at room temperature, using both transmis-
sion and absorption modes. Analysis of the spectral data was conducted
using PerkinElmer Spectrum, a proprietary software offered by the spec-
trometer’s manufacturer.

Critical Temperature Measurement: The critical temperatures of H2 for
all materials were ascertained using a Hiden Isochema XEMIS gravimetric
sorption instrument. These measurements were conducted isothermally
at various temperatures, ranging from 303 K to 360 K, utilizing a water
bath for temperature control. The pressure was manipulated from 0 to
5 bar with a buoyancy correction applied based on a helium measurement
at room temperature. All gases used for these experiments were supplied
by BOC with a purity of 99.999%. To remove moisture, the powder sam-
ples (around 80mg) were degassed under a high vacuum (10�7 mbar) at
473 K for over eight hours prior to the measurements.

Gas Sorption and Kinetic Analysis: Gas sorption measurements were
performed on a Micromeritics 3-Flex instrument in the range of 0 to
1 bar at two different temperatures: 77 K (controlled by liquid N2) and
273 K (ice bath). The gases utilized in the experiment, namely H2

(99.999%) and D2 (99.999%), were supplied by BOC. Comprehensive
degassing was ensured by exposing the samples to a high vacuum
(10�7 mbar) at 473 K for over 8 h before the measurements. Low-pressure
sorption kinetics of H2 and D2 were collected on the 3-Flex and analyzed
via MATLAB for step fitting and equilibrium time calculation.

Kinetic quantum sieving of hydrogen isotopes was effectively ruled out
in the cation-exchanged frameworks at the experimental conditions, as the
cation exchange processes obstructed the aperture sizes required to
induce the quantum effect.

Kinetic analyses for H2 and D2 sorption were performed utilizing the
linear driving force (LDF) model.[72,73] LDF, a modified version of the gen-
eral diffusion equation (Fickian diffusion),[74] is suited for isothermal
adsorption analysis of pure guest molecules in a single porous adsor-
bent.[75] In this model, the kinetic coefficient can be derived from the
adsorbent fractional uptake of each step. The fractional uptake at the mea-
sured time[76] (θt) of each step is calculated as per Equation (1)

θt ¼ ðnt � n0Þ= ðn∞ � n0Þ (1)

where n0 is the adsorbed volume at the beginning of the adsorption step and
nt, and n∞ represents the adsorbed volume during equilibration and at equi-
librium, respectively. The fractional uptake can also be described as a func-
tion of time and mass transfer coefficient k[77] as shown in Equation (2)

θt ¼
Vit

Vi∞
¼ kðn∞ � ntÞ ¼ n0 þ ðn∞ � n0Þ ½1� expð�kðt� t0ÞÞ� (2)

where Vit is the uptake volume of the gas at time t, t0 is the time at the start
of the pressure step, nt is the adsorbed volume at time t, Vi∞ is the uptake

volume at the equilibrium of the measured pressure step, and n∞ is the
amount absorbed at equilibrium. Therefore, under isothermal conditions
for a pure gas input, Vit/Vi∞ is referred to as the adsorbent fractional uptake
(θt) for the measured pressure, and k can be viewed as the kinetic rate con-
stant. The equilibrium time (te) is defined as the time required for 95% of the
guest molecules to have been adsorbed at the recorded pressure step.

SEM: SEM images were captured at 15 kV and a working distance of
10mm with an IT300 SEM instrument from JEOL, Japan. After mounting
the samples onto a conductive carbon tape, they were coated with a thin
layer of high-purity graphite (10�15 nm), using a Q150TES coater from
Quorum Technologies Ltd., UK, to prevent electron charging and optimize
characteristic X-ray collection.
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