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Abstract: The adsorptive separation of molecules with
very similar physical properties is always a challenging
task. Reported herein is the design and tailoring of
zeolite adsorbent for the precise discrimination and
separation of CO,-C,H, mixture through the pro-
nounced trapdoor effect. Typically, Sr exchanged K-type
clinoptilolite, namely Sr/K-HEU, is developed as a
robust zeolite adsorbent for inverse CO,-C,H, separa-
tion, showing the-state-of-the-art dynamic CO,/C,H,
selectivity of 48.0 and sustainable CO, dynamic uptake
of 0.96 mmol/g at the same time. The perfect recycla-
bility and the intrinsic low-cost nature of St/K-HEU
make it a promising candidate for practical applications.
Three-dimensional electron diffraction determines the
precise structure of Sr/K-HEU and density functional
theory calculations reveal the intricate interplay be-
tween guest molecules and the gate-keeping extraframe-
work cations. Briefly, extraframework Sr’* cations from
the ten-membered rings of HEU =zeolites act as the
molecular trapdoor, allowing the entry of CO, molecules
while excluding C,H,. This work presents a new example
of molecular trapdoor in zeolite and its successful
application in the challenging inverse CO,-C,H, separa-
tion, which not only expands the scope of molecular
trapdoor concept but also improves current understand-

ing on the nature of molecular trapdoor. )
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Introduction

Acetylene (C,H,) stands as an important industrial raw
material, serving not merely as vital gas fuel, but more
importantly as a key feedstock for the production of
valuable chemicals and synthetic materials.'! C,H, can be
obtained from the partial combustion of natural gas and the
steam cracking of hydrocarbons, with the co-production of a
significant amount of carbon dioxide (CO,).* Conse-
quently, the separation of CO, from C,H, to secure high-
purity C,H, is an essential step for its downstream
applications. Liquid extraction and cryogenic distillation are
currently employed as the predominant technologies in
industry to obtain high-purity C,H, from the mixtures
containing CO, and C,H,, which unfortunately suffer from
substantial drawbacks such as huge energy consumption,
high operating cost, and environmental unfriendliness.®” A
surge of interest has arisen in the quest for more sustainable
and cost-effective CO,-C,H, separation technologies. There-
into, the adsorptive separation emerges as a promising
alternative, relying on the availability of adsorbents with
high dynamic uptake and selectivity.®*'” The formidable
challenges in the adsorptive separation of CO,-C,H, are
obvious due to the molecular resemblance shared by CO,
and CH,, for example the kinetic diameter and physical
properties including the boiling point, the dipole moment as
well as the polarizability (Supporting Information,
Table S1).16711

Various porous adsorbents have been explored for CO,-
C,H, separation, and most of them preferentially trap C,H,
with moderate selectivity, owing to the slightly higher
polarizability and quadrupole moment of C,H,.">' This
necessitates further desorption processes to attain high-
purity C,H,, thereby engendering a convoluted separation
process and exacerbating energy wastage. In contrast, the
allure of CO,-selective adsorbents lies in their ability to
facilitate the direct acquisition of high-purity C,H, in a
single step. However, the development of such CO,-selective
adsorbents is a very challenging task, and only a handful of
metal-organic frameworks (MOFs) have been reported so
far.'®>! The regulation of adsorption sites,”**” control of
pore environment,® 3! and kinetic-sieving®***! have been
proposed as available features to optimize CO, recognition
by MOFs for inverse CO,-C,H, separation.

Zeolites have been widely used as industrial adsorbents
for decades, showing unparalleled advantages of good
stability, large-scale availability and low production
cost.P** Adsorptive separation by zeolites is mainly based

© 2024 Wiley-VCH GmbH
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on physisorption and size-sieving, usually not applicable for
the challenging CO,-C,H, separation. In fact, the efficient
CO,-C,H, separation has only been achieved with Cu@FAU
zeolite wherein C,H, molecules are selectively trapped
through reversible chemical bonding on coordinatively
unsaturated Cu sites confined in zeolite.”” It seems very
difficult to obtain a CO,-selective zeolite adsorbent for
efficient CO,-C,H, separation considering the fact that the
ubiquitous local electrostatic field within zeolites will exhibit
stronger affinity toward C,H, molecules with higher polar-
izability and larger quadrupole moment than CO,. On the
other hand, the adsorption behaviors of guest molecules on
zeolites show great diversity, among which an interesting
mechanism, namely the trapdoor effect, a subset of the so-
called gating flexibility, has been disclosed.®**!! Typically,
the accessibility of the guest molecules to the internal
cavities is determined by their ability of inducing temporary
and reversible cation deviation to open the door for
entering.*?! This mechanism usually occurs in small-pore
zeolites with eight-membered rings (8MRs) windows and
large gate-keeping cations (K" and Cs™), by which efficient
CO,-CH, and CH,-N, separations have been achieved.!**!
The trapdoor effect by zeolites may offer new opportunities
for the challenging inverse CO,-C,H, separation.

Herein, the trapdoor effect by Sr-exchanged K-type
clinoptilolite (Sr/K-HEU) zeolite is disclosed for the first
time and successfully applied in the inverse CO,-C,H,
separation. Typically, the state-of-the-art CO,/C,H, dynamic
selectivity of 48.0 with high CO, dynamic uptake of
0.96 mmol/g can be achieved in the separation of CO,-C,H,-
>He mixture (5/10/85; v/v/v) under optimized conditions.
The fine structure of Str/K-HEU with the precise positioning
of extraframework cations is identified by means of three-
dimensional electron diffraction (3D ED). The interaction
between guest molecules (CO, and C,H,) and gate-keeping
cations (K™ and Sr*") is investigated by theoretical simu-
lations, showing a full picture of molecular trapdoor in
inverse CO,-C,H, separation by Sr/K-HEU zeolite. This
study not only provides a new example of trapdoor effect in
zeolites for a challenging adsorptive separation process, but
also improves our understanding on the underlying mecha-
nism of molecular trapdoor.

Results and Discussion

HEU zeolite boasts a distinctive two-dimensional (2D)
microporous channel system, characterized by two parallel
channels comprised of 10-membered rings (channel A) and
8-membered rings (channel B), intersected by additional 8-
membered rings (channel C), ultimately culminating in a
layered architectural configuration.*! Commercial K-HEU
zeolite (Si/Al1=3.9) exhibits considerable adsorption capaci-
ties for both CO, and C,H, (2.48 and 2.05 mmol/g for CO,
and C,H,, respectively, Figure 1a). The microporous surface
area of K-HEU calculated from Ar adsorption-desorption
isotherms at 87K is close to zero, demonstrating that Ar
molecules cannot diffuse into the pores of zeolite (Support-
ing Information, Figure S1, Table S2). The great difference

Angew. Chem. Int. Ed. 2024, 202419091 (2 of 7)

Research Article

Angewandte

intemationaldition’y) Chemie

[V
o

M
@

K-HEU Sr/K-HEU

N
o

©— €0, adsorption

—&— (0, adsorption

~—&— €0, desorption

—&— €0, desorption

°

C,H, adsorption

Uptake (mmol/g)

C,H, adsorption s C,H, desorption

e
@

C,H, desorption

°

e

24—
e
s

0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Pressure (bar) Pressure (bar)

c =2 d
Sr/K-HEU
L0 1.0 4 r e
08 bd 0.8 ¢
& ¢ . 7
< 06 9 2 06 |
S ] S ?
0.4 | 0.4 |
$ C,H, ¢ C,H,
02 3 —*—COo, 0.2 “‘ ——C0,
s J
0. 0.0 j

0 20 40 60 80 100 o 20

Time (min/g)

40 60 80 100
Time (min/g)

e 2
2 Sr/K-HEU
k= %0 [}
o Mg-NHZM
8 Sr/K-HEU
30
=
R
&)
=
S ¥ Barmmo
E Mur-16
10 ]
< cd-NP MFU-4 ce.MIL-140-4F z""’;’“"
g g eccl g a8
a 0 pyfoxa@ W PCP-NH,-ipalll

0.0 0.5 1.0 15 20 2.5 3.0

Dynamic CO, uptake (mmol/g)

Figure 1. Adsorption isotherms of C,H, and CO, on K-HEU (a) and Sr/
K-HEU (b) at 298 K; Column breakthrough curves of CO,/C,H,/He (5/
10/85, v/v/v; total gas flow: 8.5 mL/min) over a fixed-bed reactor
packed with K-HEU (c) and Sr/K-HEU (d) at 298 K; (e) Plots of CO,/
C,H, dynamic selectivity against dynamic CO, uptake under ambient
conditions with representative adsorbents.

in the sorption performance of K-HEU zeolite toward
molecules with similar kinetic diameters (3.4 A for Ar and
3.3A for CO,) implies that K-HEU might selectively open
the door for CO, molecules, following the so-called trapdoor
effect.***! Unfortunately, K-HEU exhibits molecular trap-
door effect for both C,H, and CO,, resulting in poor
separation ability. It is known that the interaction between
extraframework cations and gas molecules plays a pivotal
role in the observed molecular trapdoor effect, and thereby,
it should be possible to achieve specific recognition of CO,
via molecular trapdoor effect for CO,-C,H, separation
simply by regulating the extraframework cations.

A series of alkaline-earth metal ion-exchanged M-HEU
[M=Mg(II), Sr(II), Ba(II), with residual K(I)] zeolites were
prepared for CO,-C,H, adsorption and separation {due to
the severe collapse of Ca/K-HEU framework during calcina-
tion process (Supporting Information, Figure S2, S9 and
S10)¥*1 it is not included in this study}. The XRD patterns,
SEM images and Ar sorption isotherms of obtained zeolite
samples are shown in Figure S1, S3-S4 (Supporting Informa-
tion). Typically, M-HEU zeolites exhibit similar Ar sorption
characteristics as K-HEU, and therefore, their microporous
properties were determined by CO, sorption isotherms at
196K (Supporting Information, Table S2). M-HEU zeolites
achieve high exchange degrees of >80% after three
consecutive ion-exchange processes (Supporting Informa-
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tion, Table S2), consistent with previous reports.”” The CO,
and GC,H, sorption isotherms of M-HEU zeolites were
measured at 298K and 1bar (Figure la-b, Supporting
Information, Figure S5-S6). The saturated CO, adsorption
capacities of M-HEU zeolites align closely with their micro-
pore surface areas (Supporting Information, Figure S1,
Table S2). In this context, regulating the extraframework
cations of HEU zeolites to exclude C,H, molecules becomes
a feasible strategy to achieve one-step CO,-C,H, separation.
As expected, the adsorption capacities of C,H, display
significant variations across various cations (Ba/K-HEU >
K-HEU >Mg/K-HEU > Sr/K-HEU), indicating a close cor-
relation between the ability of C,H, molecules to penetrate
the structure and the presence of gate-keeping extraframe-
work cations. Remarkably, Sr/K-HEU maintains a substan-
tial uptake of CO, (2.21 mmol/g) while demonstrating only
minimal uptake of C,H, (0.14 mmol/g) at 298K and 1 bar.
Sr/K-HEU exhibits a noteworthy CO,/C,H, saturated up-
take ratio of 15.8, surpassing that of known CO,-selective
adsorbents such as Cu-F-pymo (11.9),"" MUF-16 (11.9 at
293K),® Cd-NP (6.02),”) Mg-NH,-ZM (6.2),*"! Zn-ox-mtz
(12.8),*" and Ce"V-MIL-140-4F (2.7)" (Supporting Informa-
tion, Table S3). It underscores the potential of Sr/K-HEU
zeolite as a low-cost adsorbent for CO,-C,H, separation due
to the gate-keeping function of Sr’*, which selectively
permits the passage of CO, molecules while hindering that
of C,H, (vide infra).

To assess the practical viability of M-HEU for CO,-C,H,
separation, column breakthrough experiments for CO,/
C,H,/He mixture (5/10/85; v/v/v) were conducted at 298K
(Figure 1c—d, Supporting Information, Figure S7-S8). In
consistent with static uptake results, all M-HEU zeolites
exhibit earlier breakthrough of C,H, than CO,, and almost
pure C,H, (determined by the mass spectrum detection limit
of 1ppm) can be obtained prior to the breakthrough of
CO,, for example 45min for Sr/K-HEU. The dynamic
adsorption capacities of CO, for K-HEU, Mg/K-HEU, Sr/K-
HEU and Ba/K-HEU are measured as 0.95, 0.66, 0.96 and
0.88 mmol/g, respectively. Accordingly, the dynamic separa-
tion selectivity of CO,/C,H, is determined as 3.1, 4.9, 48.0
and 2.5, respectively. Remarkably, the dynamic selectivity of
S1t/K-HEU surpasses all known CO,-selective adsorbents,
including prominent MOFs, for instance, Cu-F-pymo
(19.0),% MUF-16 (10.3),®® Cd-NP (5.4),*) Mg-NH,-ZM
(42.0),*" CeV-MIL-140-4F (4.9) and Y-bptc (33.0)!
(Supporting Information, Table S3). A comparison of exper-
imentally-determined CO,/C,H, dynamic selectivity against
dynamic CO, uptake further underscores the unprecedent
performance of Sr/K-HEU in CO,-C,H, separation (Fig-
ure le). Sr/K-HEU appears to be the most selective
adsorbent for inverse CO,-C,H, separation with sustainable
CO, dynamic uptake. To our knowledge, St/K-HEU is the
first eligible zeolite adsorbent for inverse CO,-C,H, separa-
tion. The impacts of operating conditions on CO,-C,H,
separation on Sr/K-HEU were further investigated. The
dynamic CO, uptake and CO,/C,H, selectivity keeps nearly
unchanged with increasing gas flow rate from 8.5 to 20 mL/
min, and the dynamic CO, uptake only shows a slight
decrease with increasing temperature from 298 to 333K
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(Supporting Information, Figure S11-S15). Especially, the
dynamic CO, uptake at 298K increases to 1.52 mmol/g while
the dynamic C,H, uptake keeps unchanged at 0.04 mmol/g
in high-concentration CO,-C,H, mixture (50/50; v/v) (Sup-
porting Information, Figure S16). These results demonstrate
the feasibility of Sr/K-HEU zeolite adsorbent for practical
applications.

Temperature-programmed desorption (TPD) experi-
ments were conducted to assess the adsorption strength and
the recyclability of adsorbents. In a typical procedure, the
zeolite adsorbent underwent initial dosing with a gas
mixture of CO,-C,H, at 298K, followed by primary Ar
purging at the same temperature. Subsequently, TPD
profiles of C,H, and CO, were recorded in the temperature
range of 298 to 650K under flowing Ar. In principle, weakly
adsorbed C,H, and CO, molecules on adsorbents can be
swiftly removed during the primary purging process, while
the strongly adsorbed species are trapped in the adsorbents.
As shown in Figure 2a, very weak C,H, desorption peaks
can be observed in the C,H,-TPD profile of Sr/K-HEU,
indicating that trace weakly adsorbed C,H, molecules on Sr/
K-HEU are eliminated during the primary purging process.
In contrast, distinct multiple C,H, desorption peaks are
observed in the temperature range of 323-500K for Mg/K-
HEU, Ba/K-HEU and K-HEU, in consistency with the
results from static adsorption and dynamic breakthrough
experiments. On the other hand, all M-HEU zeolites show
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Figure 2. TPD profiles of (a) C,H, and (b) CO, on M-HEU zeolites after
saturated adsorption. Recycling performance of Sr/K-HEU at 298 K and
1 bar with a gas mixture of CO,/C,H,/He (5/10/85, v/v/v) and total
flow rate of 8.5 mL/min: (c) Recyclability of Sr/K-HEU in C,H,/CO,
separation for eight cycles (only the CO, concentration curves are
shown for conciseness); (d) Dynamic adsorption capacities of CO, and
dynamic selectivity of CO,/C,H, in eight cycles. The saturated
adsorbent was regenerated by heating at 473K in flowing Ar for

30 minutes to remove adsorbed CO, between cycles.
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distinct CO, desorption peaks in the temperature range of
298-453K and Sr/K-HEU shows the largest CO, desorption
peak among all samples under study (Figure 2b). According
to the TPD profiles, the complete regeneration of M-HEU
adsorbents can be achieved upon thermal treatment at 453K
or higher. As expected, the optimized Sr/K-HEU adsorbent
shows perfect recyclability in eight continuous cycles of
binary breakthrough experiments (Figure 2c). The dynamic
CO, uptake (average: 0.96 mmol/g) and the CO,-C,H,
selectivity (average: 47.8) can be well maintained in the
recycling breakthrough tests (Figure 2d). These results high-
light the straightforward temperature-swing adsorption
process for CO,-C,H, separation employing Sr/K-HEU as a
low-cost zeolite adsorbent (~$2000 per ton).

To validate the adsorption affinity between CO, and M-
HEU, the isosteric heats of adsorption (Q,,) of CO, within
these zeolites were determined via TG-DSC measurements
(Supporting Information, Figure S17-S20). The Q,, values
obtained for M-HEU are 23.9, 28.2, 29.3 and 30.0 kJ/mol for
Mg/K-HEU, Sr/K-HEU, K-HEU and Ba/K-HEU, respec-
tively. All M-HEU zeolites exhibit desirable adsorption heat
values of 30kJ/mol at most, indicating the nature of
physisorption. For the optimized adsorbent St/K-HEU, the
isosteric heat was also calculated using the Clausius-
Clapeyron equation from the isotherms measured across a
range of temperatures (Supporting Information, Figure S21).
The isosteric heat value of ~30kJ/mol can be obtained
(Supporting Information, Figure S22), in consistency with
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that measured by TG-DSC. The data of isosteric heat
further validate the good recyclability of Sr/K-HEU for
CO,-C,H, separation.

Upon scrutiny of the empirical findings delineated
above, it is rational to propose that the inverse CO,-C,H,
separation is achieved by the trapdoor effect of extraframe-
work cations in M-HEU zeolites, with delicate interplay
between the guest molecules and the gate-keeping cations.
The underlying mechanism in the molecular level is then
explored, starting from the precise identification of extra-
framework cations in HEU zeolite. 3D ED technique was
performed to unveil the crystallographic structure of Sr/K-
HEU (| SryK; | [Al,SigsO546]) and the location of extraframe-
work cations. The high-quality 3D ED data (resolution
0.8 A) was collected within 3 min (Supporting Information,
Table S4). The possible space group (C2, Cm, and C2/m)
can be deduced from reflection conditions of the recon-
structed 3D reciprocal lattice (Supporting Information, Fig-
ure S23). The initial structure of Sr/K-HEU was solved by
SHELXT®F! with the space group of C2/m and unit cell
parameters of a=17.0 A, b=174 A, c=74 A, a=90°, B=
113.9°, and y=90°. The locations of extraframework cations
were identified by subsequent refinement via SHELXL.P!
Conclusively, the architectural framework of Sr/K-HEU
contains a 2D channel system, wherein 10MRs and SMRs
course along the [001] axis, denoted as channels A and B,
respectively (Figure 3a). Channel C comprises S8MRs aligned
along [100] (Figure 3d), and it is dense without pores along

Figure 3. Views of framework structure and cation sites of Sr/K-HEU determined from 3D ED. The 10MRs and 8MRs run along [001] as channel A
and channel B, respectively (a), and the 8MRs run along [100] as channel C (d). The extra-framework cations are located in the T0MR of channel A
as TOMR-Sr/Sr (b) and TOMR-K/Sr (c), while occupying channel C as Sr** (e) and K" (f). Si/Al: blue; O: red: Sr: green; K: purple.
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the [010] direction, a configuration consistent with previous
reports.">* Extra-framework cations, including Sr** and
un-exchanged residual K*, stake their claim within 10MRs
of channel A (Figure 3b-c) and also pervade 8MRs of
channel C coordinating with framework oxygen atoms
(closest Sr—O distance: 2.670 A, closest K—O distance:
2.504 A) (Figure 3e-f). It should be noted that, in consistent
with the proportional distribution of cations, the 10MRs
within channel A may be settled by double Sr** cations
(Figure 3b) or Sr**-K" pairs (Supporting Information, Fig-
ure S24, Figure 3c).

In light of the complete blockage of the SMRs within the
channel C of Sr/K-HEU (Figure 3e-f), the possibility of
molecules adsorption in the channel C can be fully ruled
out. By analyzing the apparent difference between the
properties of Ba/K-HEU and Sr/K-HEU, it can be con-
cluded that the adsorption difference should not originate
from the similar parts of the two zeolites (fully exposed
8MRs), but should come from the different parts, namely
the 10MRs sheltered by different cations. The density
distribution results also indicate that under the premise of
guest molecule (CO, and C,H,) admission into internal
cavities (Supporting Information, Figure S25), the molecules
are only distributed along the channel A, so it is established
from theoretical calculations that the 10MRs of channel A
represent the sole pragmatic conduits for gas diffusion into
the internal cavities. This revelation prompts an inquiry into
the mechanism for the admission of guest molecules despite
the apparent occlusion of the pore entrance in Sr/K-HEU.
The only possibility is the robust interaction between guest
molecules and the gate-keeping cations, which triggers a
transient and reversible cation deviation, thus facilitating the
entry of specific guest molecules into the internal cavities
through the door of 10MRs. That is, the concept denoted as
the “trapdoor” effect in previous reports.***>*! To unravel
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the complexity of the guest admission process by the 10MRs
of St/K-HEU, DFT calculations were performed to demon-
strate the relative energy level for guest molecules to
navigate past the gate-keeping cations. The initial state
energy of the guest molecules prior to their approach to the
10MRs is set at 0 kJ/mol. The consequential energy differ-
ential, denoted as AE, represents the augmentation in
energy level with the presence of guest molecules relative to
the initial state energy. The snapshots capturing the
adsorption configurations and trajectories of guest molecules
and gate-keeping cations within the confined space of the
10MRs of Sr/K-HEU were investigated in detail. Both K*
and Sr*" are considered as the gate-keeping cations consid-
ering their co-presence in St/K-HEU (17 % K" and 83 %
Sr’"). The calculation model is based on the 3D ED
resolved structure and the ratio of K*/Sr**.

The interaction between CO, and K* from the 10MRs
settled by Sr*"-K* pairs (denoted as 10MR-K/Sr) was
studied first. Typically, the interaction between CO, and K*
initiates first a pivotal repositioning of the latter towards the
center of the ring, effectuating complete occlusion (a transi-
tional state mandating an energy barrier of 57 kJ/mol), then
towards the periphery of the ring, transiently unblocking
door of the 10MRs (a migration state necessitating an
energy barrier of 36 kJ/mol), facilitating unimpeded passage
of CO,. Subsequently, as CO, traverses further into the
internal cavities, K promptly reverts to its initial position
to lock the door, thereby attaining the energy nadir of the
system (Figure 4a). For the interaction between CO, and
Sr’* from the 10MRs settled by Sr**-K* pairs, similar
dynamics could be observed. Briefly, the interaction
between CO, and Sr?* first initiates a subtle shift of Sr**
towards the center of the ring (a transition state demanding
an energy barrier of 44 kJ/mol), followed by a deviation
towards the periphery to unblock the door of 10MRs (with

b
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| e
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Figure 4. lllustration of the molecular trapdoor mechanism and the corresponding energy levels calculated by DFT. (a) The interaction between CO,
and K* when passing through T0MR-K/Sr. (b) The interaction between CO, and Sr** when passing through TOMR-K/Sr. (c) The interaction
between C,H, and K™ when passing through 10MR-K/Sr. (d) The interaction between C,H, and Sr** when passing through TOMR-K/Sr.
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an energy barrier of 41 kJ/mol). Notably, Sr** exhibits a
transient affinity towards CO, during the homing process,
underscoring the intricate host-guest dynamics (Figure 4b).
According to the simulation results, CO, can pass through
the door of 10MRs settled by Sr*"-K' pairs with a low
energy barrier of 44 kJ/mol (preferential interaction with
Sr**). Interestingly, CO, can easily pass through the door of
10MRs settled by double Sr** cations (10MR-Sr/Sr) with
exactly the same energy barrier of 44 kJ/mol (Supporting
Information, Figure S28). That is, CO, molecules can diffuse
into the internal cavities of HEU zeolite for adsorption by
passing through the door of 10MRs, driven by the robust
interaction between CO, and the dooring-keeping Sr**
cation.

Upon the proximity of C,H, to the 10MR-K/Sr, the
interplay between C,H, and K* was first considered with a
trajectory mirroring that of CO,, namely the migration of
K" towards the center of the ring before veering towards
the periphery. However, both the transition and migration
states necessitate high energy barriers, registering at 94 kJ/
mol and 54 kJ/mol, respectively (Figure 4c). Considering the
interaction between C,H, and Sr’* in 10MR-K/Sr, the subtle
relocation of Sr** towards the center of the ring and
subsequent migration towards the periphery necessitate a
formidable energy barrier of 201 kJ/mol and 188 kJ/mol,
respectively. The approaching C,H, molecules undergo
structure deformation owing to the strong repulsion from
the positive charge towards the positive center of the
molecule (H atom), making this mission impossible (Fig-
ure 4d). Similarly, it is impossible for C,H, molecules to pass
through the doors of 10MR-Sr/Sr (energy barriers > 200 kJ/
mol, Supporting Information, Figure S29). DFT simulation
results reveal the vital role of extraframework cations on the
inverse CO,-C,H, separation by constructing trapdoor for
molecular recognition, namely the molecular trapdoor.
Specifically, C,H, molecules cannot pass through the doors
of 10MRs with Sr*" as the gate-keeping cations, while they
might be able to diffuse into the internal cavities through
the doors of 10MRs upon the transient migration of gate-
keeping K* (even though with high energy barriers). In this
context, more residual K* as the gate-keeping cations
should correspond to higher amount of C,H, molecules
adsorbed by Sr/K-HEU zeolite, as confirmed by the static
C,H, sorption isotherms (Supporting Information, Fig-
ure S30). If Sr-HEU zeolite free of residual K* could be
prepared, perfect CO,/C,H, selectivity can be expected in
both static adsorption isotherms and dynamic breakthrough
experiments. In addition, we have to clarify that it is difficult
to use only simulations to treat such a complicated system.
However, with the combination of experimental observa-
tions and theoretical simulations, new insight into the
molecular trapdoor effect can be gained.

Conclusion

The separation of CO, and C,H, is an essential process to
produce high-quality C,H, for industrial applications, which
faces formidable challenges posed by the almost identical
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physical properties of the two molecules. We report herein
the first example of zeolite adsorbent, namely Sr/K-HEU,
for inverse CO,-C,H, separation utilizing the molecular
trapdoor effect. Experimentally, St/K-HEU shows unprece-
dent dynamic CO,/C,H, selectivity of 48.0, sustainable
dynamic CO, uptake of 0.96 mmol/g and perfect recycla-
bility in CO,-C,H, separation, demonstrating its great
potential for practical applications via a straightforward
temperature-swing adsorption process.

The precise structure of Sr/K-HEU has been identified
by 3D ED, showing 10MRs within channel A of HEU
zeolite settled by Sr*"-K " pairs or double Sr** as the gate—
keeping cations. The interplay between the guest molecules
(CO, or C,H,) and the gate-keeping cations (Sr** or K*)
has been investigated by DFT calculations. Typically, CO,
can easily pass through the 10MRs of HEU zeolite upon the
temporary and reversible deviation of gate-keeping cations
while C,H, cannot, thereby realizing the inverse CO,-C,H,
separation through the molecular trapdoor mechanism.
Overall, an example of molecular trapdoor in Sr/K-HEU
zeolite is demonstrated for the inverse CO,-C,H, separation
with the underlying mechanism well interpreted, providing
new thoughts for separation by zeolites.
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Sr-exchanged K-type clinoptilolite (Sr/K-
HEU) zeolite exhibits molecular trap-
door effect and thereby achieves inverse
separation of CO,-C,H, with benchmark
selectivity, which provides new thoughts
for gas separation by zeolites and
improves current understanding of mo-
lecular trapdoor mechanism.
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