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Abstract: The separation of ethylene (C,H4) from mixtures with carbon dioxide (CO,) and acetylene (C,H,) is of great
industrial importance but remains a critical challenge. Here, we report that a rationally designed flexible metal-organic
framework (FMOF), featuring a specifically engineered microporous environment with bifunctionality, can promote the
efficient one-step separation of C,H4 from a ternary mixture. Adsorption isotherms and dynamic breakthrough tests
provide experimental evidence confirming the selective adsorption of CO, and C,H, over C;H, on such a FMOF, as well
as its ability to separate C,H4 from a CO,/C,H,/C,H, ternary mixture. Theoretical calculations and simulations provide
critical insights into the flexible adsorption process and the separation mechanism of the FMOF. The bifunctionality
incorporated in FMOF provides exceptionally strong binding of CO, and C,H, but inhibition of C,H,, which, in turn,
enables high adsorption selectivity for CO,/C,H, and C,H,/C,H,. This FMOF has high potential for industrial applications

~
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Introduction

Ethylene (C,H4), one of the largest chemical products
globally, serves as the cornerstone of the petrochemical
industry.'*l The primary industrial technologies for pro-
ducing C,H, currently include steam cracking and methane
oxidative coupling.>®] Despite their efficiency, these pro-
cesses inadvertently yield small amounts of acetylene (C,H,)
and carbon dioxide (CO,), which can compromise the
downstream catalytic conversion of C;Hy to polyethylene by
acting as catalyst poisons.”'!] Consequently, the selective
removal of C;H, and CO, impurities is essential for the
recovery of polymer-grade C,H, from a ternary mixture
of CO,/C,H,/C,H,">'*] Because of their similar physical
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properties, the separation of CO,, C;H,, and C,H, remains
a challenging task.['>"'7] Industrial separation and purification
techniques often rely on multiphase processes using noble
metal-catalyzed hydrogenation and organic amine absorption
to eliminate the byproducts.['®'°1 However, these processes
are inherently intricate, energy-intensive, and carry significant
environmental drawbacks.[?>?!] There is, therefore, an urgent
need to develop an alternative technology that is both
economically viable and environmentally benign, capable of
effectively removing C,;H, and CO, to produce high-purity
C,H, from ternary gas mixtures.

Adsorption separation using porous solid adsorbents has
emerged in recent decades as a promising and energy-efficient
technology for gas separation and purification.”??’] The
development of high-performance adsorbents is critical to
the efficiency of adsorption and separation processes.!?02°]
Despite the widespread application of conventional adsor-
bents such as activated carbons and zeolites, they exhibit
certain limitations in terms of adsorption capacity and
selectivity.’*3?] Metal-organic frameworks (MOFs) have
received significant attention in recent years as a pioneering
class of porous materials owing to their highly tunable pore
structures, making them ideal materials for gas separation
applications.[***] Yang et al.[**] conducted a comprehensive
review and evaluation of innovative design strategies and
separation mechanisms for MOFs, with a focus on addressing
multicomponent separation challenges. Their analysis high-
lighted several powerful strategies, including incorporating
adaptive binding sites, integrating multiple binding domains,
and exploiting the gate-opening effect. However, very few
MOFs have demonstrated the ability to separate C,H, from
CO,/C,H,/C,H, ternary mixtures in a one-step process,
often limited by their unsatisfied working capacity and
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Scheme 1. a) Schematic diagram of the separation of CO,/C;H2/CaH4 mixture by adsorbents with different functionalities. b) The proposed
regulation strategies of the flexible adsorbent with bifunctionality for the binding of CO,, C;H3, and CHg.

selectivity.?7] In particular, flexible MOFs (FMOFs) are
recognized as intelligent and customizable materials, with
reversible structural transformations that can be exploited
for enhanced gas storage and separation.’>*] However,
the complexity of factors that influence their flexibility and
dynamic behavior complicates the design and regulation of
FMOFs compared to the robust counterparts, posing a chal-
lenge to their ability to selectively respond to specific guest
molecules during practical applications.[**?] The integration
of multifunctionality into porous materials enables for more
precise regulation of their pore size, shape, pore environment,
and charge characteristics.[*** This can generate a diverse
range of interactions, thereby facilitating the functionaliza-
tion of porous materials for selective recognition of guest
molecules. In addition, multifunctionality can also induce
localized structural distortions or rotational variations, which,
in turn, modulate their dynamic structures and adsorption
behaviors for guest molecules.[***7] Consequently, the design
of FMOFs with multifunctionality represents a promising
strategy for the development of high-performance adsorbents.

Herein, we presented for the first time a rationally
designed FMOF, Zn-ox-matz, with bifunctionality to pro-
mote the separation of C,H, from a ternary mixture of
CO,/C,H,/C,Hy (Scheme 1). The bifunctionality in Zn-
ox-matz was achieved by integrating two triazole-based
ligands containing amine and methyl groups. The engineered
microporous environment with bifunctionality can enhance
the interactions of Zn-ox-matz with specific gas molecules,
thereby improving the adsorption working capacity. The
incorporation of both methyl and amine groups into Zn-ox-
matz provides more binding sites for CO, and C,H,, while the
methyl groups in particular can modulate the dynamic struc-
ture and adsorption behavior of Zn-ox-matz toward C,H,. In
addition, the more compact pore structures and the enhanced
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positive charge distributions within Zn-ox-matz can increase
the electrostatic repulsion interactions with C,Hy, ultimately
promoting the effective one-step removal of C,H, and CO,
from the ternary mixture of CO,/C,H,/C,H,. Furthermore,
experimental results including adsorption isotherm, ideal
adsorption solution theory (IAST) selectivity, adsorption
heat, and dynamic breakthrough test confirmed the selective
adsorption of CO, and C,H, over C,H,. Moreover, molecular
simulations and density functional theory (DFT) calculations
further demonstrated that the multiple adsorption sites and
strong binding energies for C;H, and CO, on Zn-ox-matz
contribute to the efficient separation of C,H, from the
ternary mixture of CO,/C,H,/C,H,. Overall, such a rationally
designed FMOF is expected to be a highly promising material
for the one-step separation of C,H, from ternary gas mixtures.

Results and Discussion

The samples were prepared through a solvothermal reaction
between ZnCOj; and the ligands of oxalic acid, 3-amino-1,2,4-
triazole, or/and 3-methyl-1,2,4-triazole, yielding Zn-ox-atz,
Zn-ox-mtz, and Zn-ox-matz, respectively (Figures la and S1).
Structurally, these samples comprise a Zn ion layer bridged
by triazole units, with pendant —CHj; or/and —NH, groups.
The Zn ion layer is supported by oxalate units arranged in
an outward-facing configuration, which contribute to a three-
dimensional framework characterized by one-dimensional
pore channels. Unlike Zn-ox-atz and Zn-ox-mtz, Zn-ox-matz
features both methyl and amine pendant groups within its
pore channels, leading to the formation of two discernible
pore sizes with dimensions of 52 x 3.4 and 5.0 x 4.2 A2
(Figure 1b). The proton nuclear magnetic resonance (‘H
NMR) spectrum of the digested Zn-ox-matz revealed an
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Figure 1. a) Schematic illustration of the assembly of Zn-ox-matz. b) Channel and void surface of Zn-ox-matz.

approximate 1:1 ratio of methyl to amine functional groups
(Figure S2). The bulk-phase purity of the synthesized samples
was characterized using powder X-ray diffraction (PXRD)
technology. As depicted in Figure 2a, the experimental PXRD
patterns exhibited excellent agreement with the simulated
pattern, thereby confirming the high phase purity of the
prepared samples. In addition, thermogravimetric analysis
(TGA) and derivative thermogravimetric analysis (DTG)
revealed that the Zn-ox-matz remained at temperatures
up to 340 °C, which indicates its superior thermal stability
(Figure S3).

The infrared (IR) spectrum of Zn-ox-atz illustrated a char-
acteristic band at 3371 cm™, which is attributed to the —NH,
group in 3-amino-1,2,4-triazole.[*3%° Notably, the broad bands
centered at 2962 cm™! corresponded to the symmetrical and
antisymmetric stretching vibrations of the typical C—H bonds,
which are associated with the —CHj; groups present in 3-
methyl-1,2,4-triazole within Zn-ox-mtz.°°! The presence of
these two functional groups in Zn-ox-matz demonstrated
the successful synthesis of the sample with its desired
bifunctionality (Figure 2b). In addition, elemental mapping
conducted via scanning electron microscope (SEM) indicated
a homogeneous distribution of C, N, O, and Zn elements
across the surface of Zn-ox-matz (Figure S4). To further vali-
date the elemental states of Zn-ox-matz, X-ray photoelectron
spectroscopy (XPS) were conducted (Figure S5), and the
results were found to be in high agreement with the elemental
composition determined by SEM-based elemental mapping
and energy-dispersive X-ray spectroscopy (EDS) (Figure S6).

To analyze the porous structure of the synthesized sam-
ples, nitrogen (N,) adsorption—desorption isotherms were
performed at 77 K (Figure 2c). The isotherms revealed that
all the samples exhibited minimal N, adsorption capacity,
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suggesting that N, molecules are unable to diffuse into
their channels, which is characteristic of porous materials
with ultramicropores. To provide a more comprehensive
characterization of the pore structure in the different samples,
CO, adsorption—desorption experiments were carried out at
195 K. Accordingly, the Brunauer-Emmett-Teller (BET) spe-
cific surface areas of Zn-ox-atz, Zn-ox-mtz, and Zn-ox-matz
were calculated to be 481, 364, and 439 m?-g~!, respectively.
Additionally, a nonlocal density functional theory (NLDFT)
model was utilized to predict the pore size distributions of
different samples. As illustrated in Figure 2d, Zn-ox-matz
exhibited two prominent pore sizes centered at 3.9 and
4.1 A, which was less than that of Zn-ox-atz and Zn-ox-
mtz. Additionally, the pore volumes of Zn-ox-atz, Zn-ox-mtz,
and Zn-ox-matz were calculated to be 0.239, 0.220, and
0.235 cm®-g~!. In comparison to Zn-ox-atz and Zn-ox-trz, the
decrease in specific surface area, pore volume, and pore size of
Zn-ox-matz can be attributed to the successful incorporation
of both methyl and amine groups into the framework, leading
to the occupation of certain internal spaces within the pores.
It is clear that CO,, C,H,, and C,H; have similar
physical parameters (Table S1). Accordingly, the adsorption—
desorption isotherms of CO,, C,H,, and C,H, were tested
to evaluate the gas separation performance of different
samples (Figures 3, S7 and S8). The Zn-ox-atz demonstrates
a high adsorption capacity for CO,, exhibiting a markedly
steeper increase in adsorption in the low-pressure region
(Figure 3a), with the adsorption capacity of 86 cm?-g~!. In
contrast, it displays a pronounced hysteresis loop in the
stepwise adsorption behavior for C;H, and C,Hy, indicating
its flexible framework structure. Under similar conditions,
Zn-ox-mtz exhibited a strong affinity for CO,, with an
adsorption capacity of 70 cm?-g~! (Figure 3b). In contrast, the
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Figure 2. a) PXRD patterns, b) IR spectra, c) N; and CO, adsorption—desorption isotherms, and d) pore size distributions of different samples.

adsorption capacities for C;H, and C,H, were significantly
lower (8 and 10 cm3-g~!). As illustrated in Figure 3c, the
CO, adsorption capacity of Zn-ox-matz (84 cm®-g~!) was
significantly greater than that of C,H, (68 cm®g~!) and
C,H, (8 cm®g~!) at 298 K and 1 bar, respectively. Notably,
the CO; adsorption on Zn-ox-matz exhibited a more rapid
increase in the low-pressure region compared to C,H, and
C,H4, and a significantly higher adsorption capacity for
CO; (50 cm?-g~!') compared to C;H, (4 cm®-g~!) and C,H,
(1 cm®g™!) at 0.1 bar, indicating a stronger affinity of
Zn-ox-matz for CO, than C,H, and C,H;. However, the
incorporation of bifunctionality can eliminate the flexible
adsorption behavior of C;H, from Zn-ox-atz to Zn-ox-matz.
Also, the adsorption isotherm of C,H, changes from a
stepwise adsorption behavior to an S-shaped isotherm due to
the interactions between gas molecules and Zn-ox-matz with
bifunctionality. The presence of amine groups ensures a high
adsorption capacity for CO,, while the methyl groups inhibit
the C,H, adsorption and modulates the opening pressure
of C,H,. As a result, the disparity in adsorption capacity
between C,H, and C,H, reached a maximum. Consequently,
these results highlight the potential separation of C,H, from
a ternary mixture of CO,/C,H,/C,H,. Also, the adsorption
separation performance of a physically mixed sample of
Zn-ox-atz and Zn-ox-mtz was evaluated (Figure S9). The
results indicated that the adsorption capacity for C,H, and
C,H, was improved, while the adsorption selectivities for
CO,/C,Hy and C,H,/C,H4 were notably lower compared
than for Zn-ox-matz.
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To further evaluate the separation performance of Zn-
ox-matz for gas mixtures, IAST selectivity calculations were
performed by fitting the adsorption isotherms to the dual-
site Langmuir-Freundlich (DSLF) model (Figures S10-S13,
Table S5). The results showed that Zn-ox-amtz exhibited a
C,H,/C,H, selectivity of 4.2 and a CO,/C,H, selectivity of
1293.7 (Figure 3d), which significantly suppressed many previ-
ously reported values (Figure 3e,f, Tables S2-S4). In addition,
the separation potential (Aq = q1y»/y1 — q») was employed
as a combined selectivity-capacity metric to provide a deeper
evaluation of the separation performance of Zn-ox-matz. The
results indicated that the separation potential of CO,/C,H,
and C,H,/C,H, can reach 121.4 and 24.89 mmol-g™' at 100 kPa
and 298 K (Figures S14 and S15). Furthermore, the isosteric
adsorption heat (Qy) often provides valuable insight into
the binding affinity between the adsorbent and adsorbate.
The Qg values of Zn-ox-matz at zero coverage for CO,
(39.89 kJ-mol~!) and C,H, (25.71 kJ-mol~!) were found to be
higher than that for C,H, (20.81 kJ-mol~!) (Figures S16-S18),
suggesting a stronger interaction between Zn-ox-matz and
CO, and C,H; compared to C,Hj.

Dynamic column breakthrough experiments were
performed with mixtures of C,H,/C,H,, CO,/C,Hy4, and
CO,/C,H,/C,H,4 to further evaluate the potentially practical
separation performance of Zn-ox-matz (Figures 3e-g and
S19). As shown in Figure 3e, it can be observed that C;H,
was eluted first due to the its relatively weak interaction
with Zn-ox-matz. In contrast, C,H, was detected after
10 min-g~!, indicating the higher adsorption of C,H, than
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Figure 3. Adsorption isotherms of CO3, CoH,, and C;Hy4 on a) Zn-ox-atz, b) Zn-ox-mtz, and c) Zn-ox-matz at 298 K. d) IAST selectivity of CO,/CaHy,
CyH3/CyH4, and CO,/CoH; on Zn-ox-matz. Breakthrough curves for the binary mixtures of e) C;H,/CyHy4 (50/50) and f) CO,/CaHy (1/99) on
Zn-ox-matz. Breakthrough curves for the ternary mixture of CO,/CaH2/CaH4 (1/1/98) under various g) gas flow rates, h) temperatures, and i)

pressures on Zn-ox-matz.

that of C;Hs on Zn-ox-matz. Similarly, for the mixture of
CO,/C,H, (1/99), CO, can be detected until 258.1 min-g~!,
indicating a very strong interaction between CO, and Zn-
ox-matz (Figure 3f). In addition, Zn-ox-matz was applied
to a ternary mixture of CO,/C,H,/C,Hy. Figure 3g shows
that C,H,; was eluted first at 0.62 min-g~!, followed by
CH, at 836 min-g~! and CO, at 197.51 min-g~!. During
this process, Zn-ox-matz can produce high-purity C,H,4
(99.95%) at a concentration of 1.60 mmol-g~! from a ternary
mixture of CO,/C,H,/C,H, (1/1/98), which is higher than that
reported for some well-known MOFs (Figure S20). Based on
breakthrough curves, the dynamic separation selectivities of
CO,/C,Hy and C,H,/C,Hy on Zn-ox-matz were calculated
to be 106.91 and 10.88, respectively (Figure S21). To further
investigate the dynamic separation efficiency of Zn-ox-matz
for a CO,/C,H,/C,H, mixture, breakthrough experiments
were conducted under varying gas flow rates (Figure 3g) and

Angew. Chem. Int. Ed. 2025, 202508419 (5 of 9)

at different temperatures (Figure 3h). The results consistently
demonstrated the high separation efficiency of Zn-ox-matz
for this mixture.

Given the structural flexibility of Zn-ox-matz, further
breakthrough experiments were carried out at higher
pressures to investigate its separation performance for a
CO,/C,H,/C,Hy mixture. As illustrated in Figure 3i, the
separation efficiency of Zn-ox-matz exhibited a significantly
improvement with increasing pressure. Notably, the retention
time of C,H, was extended to 21.1 min-g~! at 2 bar and 31.0
min-g~! at 3 bar, respectively. Correspondingly, the calculated
C,H, productivity reached 3.12 mmol-g~' at 2 bar and
6.46 mmol-g~! at 3 bar. These results indicate that the flexibil-
ity of Zn-ox-matz can promote the separation of C;H4 from a
CO,/C,H,/C,H, mixture under higher pressure conditions.

To further investigate the reusability of Zn-ox-matz for gas
separation applications, cyclic adsorption and breakthrough
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experiments were performed for C,H,, C,H4, and CO,
(Figures S22 and S23). Remarkably, there was no detectable
loss of adsorption capacity for any of these gases, and
the cyclic breakthrough curves remained highly consistent
throughout the cyclic tests, suggesting the exceptional
reusability of Zn-ox-matz for the purification of C,H,
from ternary gas mixtures. It also demonstrated excellent
stability under different acid/base conditions and various
organic solvents from PXRD analysis (Figures S24-S28). The
195 K CO, adsorption—desorption curves also confirmed the
high stability of Zn-ox-matz under acid condiction (Figure
S29). Furthermore, a comparative analysis of breakthrough
experiments conducted under both dry and humid conditions
(RH = 11.5%) revealed efficient CO,/C,H,/C,H, separation
from a water vapor mixture on Zn-ox-matz (Figure S30).
Grand Canonical Monte Carlo (GCMC) simulations were
carried out to study the preferential interaction regions and
the density distributions of CO,, C,;H,, and C;Hs on Zn-
ox-matz (Figures 4a—c and S31). The results indicated that
the density distributions of CO,, C;H,, and C,H4 on Zn-
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ox-matz are predominantly concentrated in the symmetrical
regions of the rhombic channels, particularly proximal the
oxygen atoms of the oxalate. Over the pressure range of
1 to 100 kPa, the adsorption density distributions of CO,,
C,H,, and C,H4 all increased with increasing pressure.
Notably, the adsorption density distributions of CO, and
C,H, were significantly higher than that of C;Hs; on Zn-
ox-matz, confirming its superior adsorption performance for
CO, and C,H; compared to C,H,. These results are good in
agreement with the above experimental adsorption results.
To further elucidate the binding affinity of CO,, C,H,,
and C,H,; on Zn-ox-matz, the DFT calculated induced
charge density and preferential binding sites were performed
(Figure 4d-i). The calculated binding energies for CO,,
C,H,, and C,H,; on Zn-ox-matz were found to be 44.90,
26.02, and 19.42 kJ-mol~!, respectively, which are in good
agreement with the experimentally predicted isosteric
adsorption heats. In addition, induced charge density
plots further revealed significant charge transfer during
the adsorption process (Figure 4d-f), indicating strong

© 2025 Wiley-VCH GmbH
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Figure 5. a) ESP maps of Zn-ox-matz and gas molecules. The energy pathways and corresponding energy levels for the adsorption processes of b)

COy, ¢) C3H3, and d) CoHy4 into Zn-ox-matz.

interactions between the Zn-ox-matz and CO,. Specifically,
the oxygen atom of CO, established strong interactions
with two adjacent methyl hydrogen atoms, resulting in a
pronounced (CO,)O’~-+(CH;3)H’* with distances ranging
from 2.742 to 3.058 A (Figure 4g). However, this interaction
was insufficient to induce rotation or oscillation of the methyl
group. Furthermore, each CO, molecule interacted with two
triazole ligands, forming two (CO,)C’*--N°~ interactions
with distances ranging from 3.172 to 3.308 A, and hydrogen
bonding with the N—H--O and —NH, functional group with
distances ranging from 3.551 to 3.776 A, as well as interacting
with the carbon atom of the triazole to form C—H--O
interactions with distances of 3.503 and 3.305 A. Due to
these multiple interactions, CO, was tightly captured within
the pores of Zn-ox-matz. In addition, the induced charge
density result showed that the interaction between C;H, and
Zn-ox-matz was primarily through the hydrogen atoms of
the methyl groups and the m-electrons of C;H, (Figure 4e),
resulting in strong C—H--7y, interactions with distances
ranging from 2.875 to 3.253 A (Figure 4h). Simultaneously,
strong C—H---C—H interactions with distances ranging from
2.761 to 3.068 A were observed between the Zn-ox-matz and
C,H,. G, H,; interacted with an oxygen atom of an oxalic acid,
forming a C—H--O interaction with a distance of 2.794 A,
and with a nitrogen atom of a triazole, forming a C—H--N
interaction with a distance of 2.843 A. In contrast, each
C,H, only interacted with two oxygen atoms of oxalic acid,
forming weak C—H--O interactions (H—O, 2.924-3.281 A)
(Figures 4f-i). Consequently, the induced charge density and
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binding energy analysis results indicated that Zn-ox-matz has
stronger interactions with CO, and C,H, compared to C;Hj.
To elucidate the structural changes of Zn-ox-matz, its
dynamic behavior was further simulated using Ab initio
molecular dynamics.”!l The results revealed that the gate-
opening effect arisen from the multiple strong interactions
between C,H, and the methyl groups (Supplementary movies
1-3). These interactions can regulate the rotation and torsion
of the methyl groups, resulting in the formation of pores
that match the shape and size of C,H,. This configuration
promotes the passage of C;H, molecules and their diffusion
into adjacent channels. In contrast, CO, and C,H4 do not form
strong interactions with methyl groups, preventing rotation
and resulting in an absence of flexible adsorption behavior.
To gain a deeper understanding of the reduced adsorption
capacity of C;H4 on Zn-ox-matz, DFT calculated electrostatic
potential (ESP) maps of gas molecules and the pore surfaces
of Zn-ox-matz were investigated (Figures 5a and S32). Within
Zn-ox-matz, positive potentials were predominantly localized
around the hydrogen atoms of the ligands and the metal
centers, while negative potentials were localized near the
oxygen and nitrogen atoms of the ligands. In contrast to Zn-
ox-atz, Zn-ox-matz demonstrated a more positively charged
pore surface due to the additional hydrogen atoms derived
from methyl groups lining the channel pathways. Zn-ox-
atz is characterized by a spacious and open pore structure,
which allows optimal adsorption configurations for C,H, and
CO;, across various orientations. The introduction of methyl
groups leads to a more compact pore structure, with an
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increased density of hydrogen atoms along the channels,
thereby generating a positively charged pore environment.
The pore structure of Zn-ox-matz is well matched to the
molecular dimension of CO,, allowing for multiple non-
covalent interactions between CO, and the pore surfaces.
These interactions can enhance the selective adsorption of
CO;, as the electrostatic potential of CO; is complementary
to that of the Zn-ox-matz pore surface. However, the
polarities of C;H, and C,Hy4 are opposite to that of CO,,
resulting in electrostatic repulsion by the methyl groups in
Zn-ox-matz.

To explore the movement process of gas molecules, DFT
calculations were conducted to investigate the energy levels
associated with the diffusion of CO,, C,H,, and C,H, into
Zn-ox-matz (Figure 5b,d). The rate-determining step in these
diffusion processes is primarily driven by the maximun energy
barrier required in the transition states (TS) from surface
adsorption TS(II) to diffusion into the pores TS(III). As
shown in Figure 5b, the diffusion barrier for CO, within
the Zn-ox-matz was calculated to be 0.0944 eV, suggesting
facile transport through the pore channels. Because of the
improved steric hindrance caused by the bifunctionality,
the diffusion barrier for C;H, was increased to 0.299 eV
(Figure 5c). Conversely, the diffusion barrier for C,H, was
significantly higher at 2.178 eV, indicating hindered diffusion
and consequently minimal adsorption capacity for C;H, on
Zn-ox-matz.

Conclusion

In summary, this study successfully achieved for the first
time a rationally designed FMOF of Zn-ox-matz featuring
an engineered microporous environment with bifunctionality
for the separation of C,H, from a ternary mixture. The
bifunctionality of both methyl and amine groups in Zn-
ox-matz can enhance the interactions with CO, and C,H,,
while the methyl groups specifically modulate the dynamic
structure and flexible adsorption behavior for C,H,, as well as
provide electrostatic repulsion against C;H,. Comprehensive
experimental studies, supported by molecular simulations
and DFT calculations, elucidated that the multiple adsorption
sites and strong binding energies for CO,, combined with
C,H, adsorption regulated structural flexibility on Zn-ox-
matz, contributed to the efficient separation of C,H, from
a ternary mixture of CO,/C,H,/C,H,. Looking forward, the
present work paves the way for the development of efficient
adsorbents for practical applications in C,H, separation and
purification.
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