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Scalable copper-based coordination frameworks
with tailored pore chemistry for energy-efficient
C,H,/CO, separation

Hao-Ling Lan, Su-Tao Zheng, Li Xu, Guo-Wei Guan and Qing-Yuan Yang (iD}d

The separation of C,H,/CO, mixtures for acetylene purification presents both industrial significance and
fundamental challenges due to their nearly identical kinetic diameters and similar physical properties. This
study demonstrates the effectiveness of ultramicroporous metal-organic frameworks (MOFs) in addressing
this challenge through precise pore confinement effects. We introduce two ultramicroporous materials,
Cu(cyhdc) and Cu(bdc), and assess their ability to capture C,H,. Under ambient conditions, Cu(cyhdc) and
Cu(bdc) exhibit C,H, uptakes of 1.92 mmol g and 1.44 mmol g, respectively. The most promising
candidate is Cu(cyhdc), which possesses a C,H,/CO, selectivity of 8.45 at 298 K and 1 bar. Grand canonical
Monte Carlo simulations revealed that the enhanced performance originates from multiple van der Waals
interactions between C,H, molecules and the curved cyclohexane-derived pore walls of Cu(cyhdc).
Importantly, dynamic breakthrough experiments and scalable synthesis processes validated the practical
separation potential of Cu(cyhdc) for CoH,/CO, mixtures. This work provides both mechanistic insights into
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gas-framework interactions and a potential solution for energy-efficient acetylene purification.
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1 Introduction

The process of separating acetylene (C,H,) and carbon
dioxide (CO,) is a critical operation in various industrial
applications, particularly in the field of acetylene
purification."™ Acetylene, a compound of carbon and
hydrogen, is widely used in chemical synthesis and as a fuel
in welding and cutting metals.®® However, the presence of
impurities such as CO, can significantly affect the quality
and efficiency of these processes.'®** Therefore, it is
essential to effectively separate C,H, and CO,. The challenge
in this separation lies in the fact that acetylene and carbon
dioxide share many similar physical properties and have
nearly identical molecular sizes. This makes conventional
separation techniques less effective, necessitating the
development of more advanced and precise separation
methods.”®"” The complexity of this task has attracted
significant scientific interest, leading to ongoing research
and innovation in the field.
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Metal-organic frameworks (MOFs) are widely recognized
for their easily tunable pore sizes and geometries, as well as
for their flexible internal surface modification."®' By
harnessing the isoreticular principle and a building-block
strategy in MOF chemistry, researchers can now tailor the
pore architecture of these materials with enhanced
predictability and precision.>*?* Through the strategic
substitution of organic linkers and/or metal nodes, MOFs can
be endowed with shape-matching capabilities and specific
binding sites for targeted gas molecules.”>*” In 2005,
Matsuda, Kitaura and Kitagawa et al. first reported the use of
a metal-organic framework (MOF) as a separating agent for
the selective adsorption of acetylene (C,H,) over carbon
dioxide (CO,).>® They selected a previously discovered copper-
based MOF, Cu,(pzdc),(pyr), due to its distinctive structural
features. The framework consists of two-dimensional
Cu(pzdc) sheets interconnected with pyrazine pillars, forming
one-dimensional channels with cross-sectional dimensions of
4 A x 6 A. These channels are fixed with basic adsorption
sites, specifically oxygen atoms. By forming strong hydrogen
bonds between the H atoms of C,H, and O atoms of the MOF,
C,H, molecules are preferentially located in the middle of the
channels. The saturation adsorbed amount of C,H, at 298 K,
1 bar is 42 cm® g™, Another C,H,/CO, separation candidate is
DICRO-4-Ni-i  ([Ni(1,4-di(pyridine-2-yl)benzene),-(Cr,05)].),>’
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which possesses an interpenetrated pcu topology consisting
of (Cr,0,)*" pillars of the sql lattice built up from Ni** cations
and di(pyridine-2-yl) benzene linkers. Benefitting from three
types of channels with different pore chemistries, this new
DICRO analogue has a higher C,H, affinity with the
framework and a C,H, uptake twice the value of CO,. The
C,H,/CO, selectivity for an equimolar mixture was 13.9 at 1
bar, estimated using IAST. In the subsequent breakthrough
test, a gas mixture consists of C,H,/CO,/He (10:5:85, v/v) at 1
bar, 298 K was studied. A slightly lower separation factor of 13
was calculated demonstrating the decent ability of this MOF
for C,H,/CO, separation.”>** In recent years, an increasing
number of high-performance MOFs for C,H,/CO, separation
have been developed. Wang et al. reported two Cu-based
MOFs, namely SIFSIX-dps-Cu and GeFSIX-dps-Cu, exhibiting
high C,H, uptake capacities of 4.57 mmol g™' and 4.04
mmol g', respectively. Notably, SIFSIX-dps-Cu achieved
an impressive IAST selectivity of 1786.6 for equimolar
(50/50) C,H,/CO,."* Lin et al. reported UTSA-300a, which
demonstrated exceptional IAST selectivity (>104) for
equimolar C,H,/CO,, enabling complete separation.®
Additionally, Yang et al. developed CPL-1-NH,, exhibiting a
C,H, uptake of 1.84 mmol g™* and an IAST selectivity of 119
for equimolar C,H,/CO,, rendering it a highly promising
candidate for this separation.*’

Herein, we demonstrate precise control pore
structures through altering the organic linkers in Cu(cyhdc)
and Cu(bdc), thereby enhancing both C,H, uptake capacity
and C,H,/CO, selectivity. By incorporating different anionic
linkers, two robust MOFs were synthesized with carefully
modulated sub-nanometer pore -cavities tailored for the
demanding C,H,/CO, separation.’*° Optimization of pore
dimensions combined with abundant binding sites retained
the exclusive C,H, adsorption behavior in Cu(cyhdc),
resulting in a C,H, uptake of 43.1 cm® g™ and a high IAST
selectivity of 8.45. Molecular modeling and dynamic
breakthrough experiments further confirmed the highly
effective C,H,/CO, separation performance, particularly in
Cu(cyhdc). Finally, we demonstrated the stable scale-up
synthesis of Cu(cyhdc) and verified its phase purity.*
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2 Results and discussion

The Cu(cyhdc) framework comprises one-dimensional chains
of dicopper paddlewheel units interconnected with ditopic
trans-1,4-cyclohexanedicarboxylate linkers, thereby forming a
three-dimensional architecture characterized by rhombic
channels oriented along the ¢ axis.*'** Each copper center is
coordinated with four equatorial carboxylate oxygen atoms,
together with an axial carboxylate oxygen derived from an
adjacent linker in the neighboring paddlewheel unit. In this
context, flexible yet robust MOFs featuring permanently small
pores and specific binding sites can be employed to
selectively capture target gas molecules, while the co-
adsorption of other gases is minimized by controlling the
gate-opening pressure. This principle has been exemplified
by Cu(cyhdc), which enables size-exclusive adsorption of
C,H, over CO,. To achieve both high uptake capacity and
superior separation selectivity for the more demanding
C,H,/CO, separation, a systematic investigation into the
fine-tuning of the pore structure in Cu(cyhdc) presents a
rational approach (Fig. 1).

The powder X-ray diffraction (PXRD) patterns of Cu(cyhdc)
and Cu(bdc) match well with the experimental PXRD data,
confirming the phase purity of the bulk samples
(Fig. 2a and b). Thermogravimetric analyses (TGA) were
performed to evaluate the thermal stability of Cu(cyhdc). The
TGA results suggest that Cu(cyhdc) is thermally stable before
300 °C (only 2.27% weight loss at 300 °C), suggesting its
suitability for high-temperature conditions potentially
encountered in industrial separation processes (Fig. S117).

Nitrogen adsorption and desorption experiments were
measured at 77 K to evaluate the permanent porosity.
Cu(cyhdc) and Cu(bdc) both demonstrate typical type I
adsorption isotherms, indicating their microporous nature.
Surface areas from Brunauer-Emmett-Teller (BET) were
assessed to be 490 m* g™ for Cu(cyhdc) and 535 m” g™ for
Cu(bdc) based on the N, adsorption isotherm (Fig. S27).
Based on nonlocal density functional theory (NLDFT), Fig.
S31 depicts the pore size distribution (PSD). The calculated
PSD values for Cu(cyhdc) and Cu(bdc) are 0.76 nm and 0.58

Cu(cyhdc)

Fig. 1 Coordination configuration and pore structures of Cu(cyhdc) and Cu(bdc).
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Fig. 2 PXRD patterns of (a) Cu(cyhdc) and (b) Cu(bdc).

nm, respectively. The smaller pore sizes of Cu(bdc) compared
to those of Cu(cyhdc) are more likely attributed to the greater
flexibility of the ligands ¢rans-1,4-cyclohexanedicarboxylate in
Cu(cyhdc), relative to 1,4-benzenedicarboxylate in Cu(bdc).
According to the findings, different organic linkers might not
only change the pore chemical environment but also modify
the pore structure, leading to a higher affinity with C,H, than
CO, for both MOFs.

A series of gas adsorption experiments were conducted to
evaluate the efficacy of Cu(cyhdc) and Cu(bdc) for the
separation of C,H, and CO,. Single-component adsorption
isotherms for C,H, and CO, were measured at 273 K and 298
K. As depicted in Fig. 3a and b, Cu(cyhdc) exhibited C,H,
and CO, uptake capacities of 43.1 cm® g™* and 22.7 cm® g™*,
respectively, at 298 K and 1 bar. In comparison, Cu(bdc)
demonstrated uptake values of 32.4 cm® g™* for C,H, and
27.0 cm® ¢! for CO, under the same conditions. Notably, the
C,H, sorption amount of Cu(cyhdc) at 0.1 bar and 298 K was
23.0 cm® ¢!, which was far beyond that of Cu(bdc) (5.6
em?® g" at 0.1 bar and 298 K), indicating a greater affinity
between C,H, and Cu(cyhdc) frameworks. Despite the fact
that Cu(bdc) has a smaller pore size of 5.8 A compared to
Cu(cyhdc) (7.6 A), thus being more closely matched to the
C,H, diameter (3.4 A), Cu(bdc) still adsorbs less C,H, than
Cu(cyhdc). The results showed stronger host-guest
interactions between C,H, and Cu(cyhdc) frameworks, likely
due to the enhanced van der Waals interactions between the
oxygen atoms in the Cu(cyhdc) framework and the hydrogen
atoms of acetylene, compared to Cu(bdc). At 273 K and 1 bar,
Cu(cyhdc) reached uptakes of 47.9 cm® g™ for C,H, and 44.9
em® g for CO, (Fig. 3c). Similarly, Cu(bdc) showed
adsorption capacities of 49.7 ecm® g™ for C,H, and 53.3
em?® g for CO, at 273 K (Fig. 3d). These results underscore
the potential of Cu(cyhdc) for C,H,/CO, separation under 1
bar and 298 K.

To elucidate the interaction strengths between C,H,/CO,
and both MOFs, we determined the isosteric heat of
adsorption (Qy) by fitting adsorption isotherms to a virial
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equation at 273 K and 298 K. For Cu(cyhdc), the zero-
coverage Qg values for C,H, and CO, were found to be 36.6
and 22.1 kJ mol™, respectively (Fig. 4a). The substantial
difference in adsorption enthalpy highlights the preferential
adsorption of C,H, over CO,, thereby enhancing the
separation efficacy of C,H,/CO, mixtures. In contrast,
Cu(bdc) exhibited zero-coverage Qg values of 24.4 and 21.0 k]
mol™ for C,H, and CO,, respectively (Fig. 4a). These findings
indicate that Cu(cyhdc) possesses a stronger affinity for C,H,,
emphasizing its potential as an effective material for the
selective separation of C,H,/CO, gas mixtures. Motivated by
these observations, we evaluated the adsorption selectivities
of a C,H,/CO, binary mixture using ideal adsorbed solution
theory (IAST) at 298 K. The calculated IAST selectivities for
C,H,/CO, (5:5) in Cu(cyhdc) and Cu(bdc) were 8.45 and 1.65,
respectively, at 100 kPa (Fig. 4b). The enhanced selectivity of
Cu(cyhdc) is attributable to its stronger affinity for C,H,
molecules. Notably, the selectivity of C,H,/CO, (5:5) in
Cu(cyhdc) surpasses that of several benchmark metal-organic
frameworks (MOFs) employed for C,H,/CO, separation,
including SIFSIX-3-Ni,** TIFSIX-2-Cu-I,>* JNU-1,** UTSA-
222a,* and FJU-90a (Fig. 4c).”> Combined with its decent
adsorption capacity, Cu(cyhdc) effectively mitigates the
conventional trade-off between capacity and selectivity.
Consequently, Cu(cyhdc) emerges as a highly efficient
material for the separation of C,H,/CO, mixtures.

Grand canonical Monte Carlo (GCMC) and density
functional theory (DFT) calculations were performed to
elucidate the adsorption interactions between C,H, and CO,
molecules and their respective binding sites. For Cu(cyhdc),
as illustrated in Fig. 5, the hydrogen atoms of C,H, engage
with the framework through O-H:---m electrostatic contacts
(ranging from 2.92 to 3.28 A) and induced-dipole interactions
between its saturated carbon backbone and the C,H,
molecules. In contrast, CO, exhibited significantly longer
binding distances to the framework, spanning 3.71 to 4.30 A.
These computational results are consistent with the
experimentally determined Qg values for C,H, and CO, (36.6

Ind. Chem. Mater., 2025, 3, 723-731 | 725
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Fig. 3 C,H, and CO, adsorption isotherms of (a) Cu(cyhdc) and (b) Cu(bdc) at 298 K; (c) Cu(cyhdc) and (d) Cu(bdc) at 273 K.

and 22.1 kJ mol™, respectively), thereby reaffirming the
preferential adsorption of C,H, over CO, in Cu(cyhdc). For
Cu(bdc), as shown in Fig. 5, the binding distances of C,H, to
the framework were slightly longer (3.24-3.37 A) compared to
those in Cu(cyhdc), which accounts for the lower C,H,
adsorption capacity observed in Cu(bdc) (32.3 cm® g™)
relative to Cu(cyhdc) (43 ecm® g™'). The variation in bond
lengths confirms that the organic linker trans-1,4-
cyclohexanedicarboxylate exhibits a stronger affinity for C,H,
than 1,4-benzenedicarboxylate, thereby making Cu(cyhdc) a
superior candidate for C,H,/CO, separation.

Although the pore size of Cu(bdc) (5.8 A) is more
compatible with the size of acetylene molecules compared to
that of Cu(cyhdc) (7.6 A), experimental data indicate that
Cu(cyhdc) exhibits a higher acetylene adsorption capacity
than Cu(bdc). To further explore the interaction mechanisms
between acetylene molecules and the two frameworks with
the same metal center, the influence of the organic ligands is
a key factor. Firstly, the saturated six-membered ring
structure of the cyclohexane ligand (cyhdc) adopts a chair
conformation, which may lead to the formation of more

726 | Ind. Chem. Mater., 2025, 3, 723-731

complex channel structures within the MOF framework. This
flexibility allows the channels to dynamically adjust during
adsorption, better matching the size of acetylene molecules
(linear structure and a kinetic diameter of approximately 3.3
A), thus enhancing the adsorption capacity. In contrast, the
planar rigid structure of the terephthalic acid (bdc) ligand
may result in fixed pore sizes in Cu(bdc), leading to a poorer
fit for acetylene. Secondly, the saturated carbon backbone of
cyclohexane may induce stronger van der Waals interactions
with acetylene's n-electron cloud through dipole-induced
interactions. The conjugated n-system of the benzene ring,
however, could form competitive repulsive interactions with
the acetylene =n-bond, reducing the adsorption efficiency.
Finally, the flexible framework of Cu(cyhdc) may undergo
local structural relaxation during acetylene adsorption,
expanding the channels or optimizing the arrangement of
adsorption sites, thus increasing the adsorption capacity. On
the other hand, the rigid framework of Cu(bdc) may not
achieve similar dynamic adjustments.

To assess the separation efficacy of Cu(cyhdc) for C,H,/CO,
mixtures, dynamic  breakthrough  experiments  were
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Fig. 4 (a) Isosteric heats of adsorption (Qg) of C,H, and CO, in Cu(cyhdc) and Cu(bdc); (b) IAST selectivity of C,H,/CO, for Cu(cyhdc) and

Cu(bdc); (c) CyH, uptakes and C,H,/CO, selectivity comparison with some benchmark materials at 298 K and 100 kPa; (d) experimental

breakthrough curves of C,H,/CO, (5/5) for Cu(cyhdc) at 298 K and 1 bar.

conducted at 298 K and 1 bar using laboratory-scale
equipments. A binary C,H,/CO, gas mixture (5/5) was
passed through a packed column containing activated
Cu(cyhdc) samples. The outlet gas concentrations were
monitored with an INFICON mass spectrometer. As
illustrated in Fig. 4d, CO, exhibited a breakthrough at
332.9 s g' and rapidly reached a plateau, whereas the
C,H, breakthrough was significantly delayed, occurring at
1203.7 s g '. These results demonstrate that Cu(cyhdc)

effectively separates C,H, from CO, wunder ambient
conditions.
Finally, we investigated the scale-up synthesis of

Cu(cyhdc) by maintaining the reaction conditions and
post-synthesis procedures unchanged, while increasing the
quantities of reactants tenfold and solvents eightfold. The
reactants and solvents were added in a 1 L bottle with
continuous stirring. Following approximately 20 minutes of
ultrasonic dissolution, a clear blue solution was obtained

© 2025 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

and it was placed in an oven for reaction. As shown in
Fig. S8,f we carried out 5 batches of kilogram-scale
synthesis of Cu(cyhdc), with yields of 79.1%, 75.5%,
81.9%, 76.6% and 76.4%, respectively. Unlike the
previously reported synthesis procedure (yielded about 2 g
per batch), this method yielded approximately 1550 g of
bulk Cu(cyhdc) with a total yield of 77.9%. Powder X-ray
diffraction (PXRD) analysis of the bulk samples was
consistent with that of laboratory-scale products (Fig. 6),
confirming the phase purity of the scaled-up material.
Cu(cyhdc) satisfies key green chemistry criteria through
cost-effective copper precursors (~18 CNY per kg), energy-
efficient synthesis (90 ©°C/18 h without pressurized
equipment), and exceptional stability (300 °C thermal
tolerance; 60% RH/6 month durability). These advantages,
combined with the future potential for DMF solvent
recycling to reduce production costs, position it as a
sustainable material for industrial implementation.*’

Ind. Chem. Mater.,, 2025, 3, 723-731 | 727
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Fig. 5 Preferential binding sites of (a) C;H, and (b) CO; in Cu(cyhdc) determined by GCMC simulations; preferential binding sites of (c) C;H, and
(d) CO, in Cu(bdc) determined by GCMC simulations; the unit of distance is A. Cu, dark green; O, red; C, grey; H, pale grey. H atoms of (a), (c) and
(d) are omitted for clarity. GCMC simulations of guest-inclusion structures for (e) C,H, loaded Cu(cyhdc) and (f) CO, loaded Cu(cyhdc).
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(50 °C, 60% RH; samples taken weekly).

3 Conclusions

This study presents two copper-based coordination
frameworks for the separation of C,H,/CO, mixtures.
Compared to other porous materials, Cu(cyhdc) exhibits a
well-balanced C,H, adsorption capacity and C,H,/CO,
selectivity. Owing to its flexible organic ligand, trans-1,4-
cyclohexanedicarboxylate, Cu(cyhdc) demonstrates a stronger

728 | Ind. Chem. Mater.,, 2025, 3, 723-731

(a) Products of kilogram-scale synthesis of Cu(cyhdc); (b) PXRD patterns of kilogram-scale Cu(cyhdc) recorded over an 8-week ageing test

affinity for C,H, molecules, resulting in enhanced C,H,/CO,
selectivity. Theoretical calculations were conducted to
elucidate the underlying mechanisms of C,H, adsorption
and separation, revealing that C,H, interacts more strongly
with the framework than CO,. Column breakthrough
experiments further confirmed that Cu(cyhdc) efficiently
separates C,H,/CO, mixtures. Additionally, our laboratory
has successfully achieved a scalable synthesis of Cu(cyhdc) at

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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the 10 kg scale, while maintaining a cost control of
approximately 200 RMB per kilogram. The scalable synthesis
method of Cu(cyhdc) positions it as a promising adsorbent
for future applications, offering high efficiency and low
energy consumption in C,H, capture and separation.

4 Experimental section
4.1 Materials

trans-1,4-Cyclohexanedicarboxylic acid (97%) and N,N-
dimethylformamide (DMF, >99%) were purchased from
Aladdin Bio-Chem Technology Co. Ltd. Terephthalic acid
(99%) and copper(u) nitrate trihydrate (AR, 99%) were
purchased from Shanghai Macklin Biochemical Technology
Co. Ltd.

4.2 Synthesis of Cu(cyhdc)

Cu(cyhdc) was prepared according to a previously reported
method with a slight modification.>® For Cu(cyhdc), trans-1,4-
cyclohexanedicarboxylic acid (1.722 g, 0.01 mol) and
Cu(NO3),-3H,0 (2.416 g, 0.01 mol) were added to a 250 mL
bottle charged with 100 mL N,N-dimethylformamide. After
about 2 minutes of ultrasonic dissolution, the blue solution
was heated for 16 h in an oven at 90 °C. The obtained
precipitate, exhibiting a green-blue hue, was isolated through
filtration and subsequently washed thrice using 25 mL
portions of fresh N,N-dimethylformamide. This step was
followed by another series of washes, where the precipitate
was rinsed thrice with 25 mL portions of methanol, then
immersed in 100 mL fresh methanol for 24 h (two times) and
then preserved in 100 mL of fresh methanol within a tightly
sealed bottle. The framework was activated by heating at
150 °C under vacuum for 18 h to 24 h and a deep green
powder was obtained.

4.3 Synthesis of Cu(bdc)

The framework Cu(bdc) was prepared using a modification of
the procedure reported in ref. 33. The procedure is almost
identical to that of Cu(cyhdc), except that a different organic
ligand is used. For Cu(bdc), terephthalic acid (1.661 g, 0.01
mol) and Cu(NOj3),-3H,0 (2.416 g, 0.01 mol) were added to a
250 mL bottle charged with 100 mL N,N-dimethylformamide.
After stirring and dissolving, the blue solution was heated for
16 h in an oven at 90 °C. The obtained precipitate, exhibiting
a blue hue, was isolated through filtration and subsequently
washed thrice using 25 mL portions of fresh N,N-
dimethylformamide. This step was followed by another series
of washes, where the precipitate was rinsed thrice with 25
mL portions of methanol, then immersed in 100 mL fresh
methanol for 24 h (two times) and then preserved in 100 mL
of fresh methanol within a tightly sealed bottle. The
framework was activated by heating at 150 °C under vacuum
for 18 h to 24 h and a darker blue powder was obtained.

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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4.4 Characterization

The phase purities of Cu(cyhde) and Cu(bdc) were
determined by powder X-ray diffraction (PXRD). A LabXXRD-
6100: SHIMADZU (Shimadzu Corporation, Kyoto, Japan) with
a CuK radiation source (1 = 1.5406 A) was used to collect the
diffractograms from 5 to 60° (20). To determine the
thermogravimetric (TGA) curves, a Netzsch STA449F5
instrument was used in a nitrogen atmosphere (nitrogen flow
rate of 100 mL min~'). In closed alumina cells, the sample
was heated at 20 °C min™" between 25 and 300 °C to perform
this experiment. To study the surface morphology of the two
MOFs, a TESCAN MAIA3 LMH scanning electron microscope
was used.

4.5 Gas adsorption measurements

BSD-PM2 (Beishide Instrument Technology (Beijing) Co. Ltd.)
and JW-BK200C (JWGB Sci & Tech Co. Ltd.) instruments were
used to measure C,H,, CO,, and N, adsorption isotherms at
various temperatures (273-298 K). Prior to gas adsorption
measurements, both MOFs were evacuated at 150 °C for 24 h.
During sorption experiments, the temperatures were precisely
controlled with anhydrous ethanol in a constant temperature
bath. The cryogenic temperatures were maintained using
liquid nitrogen baths at 77 K.

4.6 Breakthrough separation experiments

With dynamic breakthrough equipment (BSD-MAB, Beishide
Instrument Technology (Beijing) Co. Ltd.), dynamic
breakthrough experiments were carried out at 101 kPa and
298 K. For this, C,H,/CO, gas mixtures (50/50, v/v) were used.
A glass column filled with 0.7 g of activated Cu(cyhdc) was
used for the experiments. The column has a diameter of 6
mm and a length of 20 cm. The length of the packed MOF
sample was 6.7 cm. Prior to breakthrough experiments, the
columns were degassed for 10 h at 150 °C under vacuum.
After degassing, the columns were swept with 40 mL min™" of
He at room temperature. Using a gas flow meter, the total
C,H,/CO, gas flow rate at the entrance was set to 4 mL
min~'. The gases emitted from the adsorption bed were
continuously monitored using a BSD mass spectrometer
(thermal conductivity detector (TCD), 1 ppm detection limit).

Data availability

Additional supporting data, such as XRD patterns,
adsorption isotherms, and TEM images, are included in the
ESIt of this paper. Specific datasets related to the molding
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