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The enrichment and purification of CH, from coalbed methane by adsorption are important but
challenging. We propose a “tetrahedral-configuration-matching” metal-organic framework (MOF)
methane trap, TUTJ-3Ni, with cyclopropyl groups precisely positioned to create a pre-configured pore
structure that is geometrically complementary to tetrahedral CH,; molecules. TUTJ-3Ni exhibits
a substantially higher CH, adsorption heat (30.3 kJ mol™) than its analogue TUTJ-2Ni (24.0 kJ mol™),
and this value is the highest among reported adsorbents. Moreover, TUTJ-3Ni exhibits a superior CH4/N,
selectivity of 11.1, the highest value reported for hydrophobic MOFs. In situ spectroscopy and theoretical

modeling results elucidate that the matched tetrahedral binding pocket, constructed with two hydrogen

atoms of the cyclopropyl group along with fluorine and oxygen atoms from the ligand, engages all four

hydrogen atoms of CHy4 via synergistic van der Waals interactions. Breakthrough experiment results verify
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that TUTJ-3Ni delivers high-purity CH4 (>99.9%) from coalbed methane and that its dynamic CH,

working capacity in humid environments is the highest among reported adsorbents. Furthermore, TUTJ-

DOI: 10.1039/d6sc02393b

rsc.li/chemical-science potential industrial applications.

1 Introduction

The global initiative to mitigate climate change and transition
toward a low-carbon energy future has intensified the focus on
unconventional natural gas resources. Among these, coalbed
methane is a vast and promising reservoir.'”* However, the
efficient utilization of a significant portion of coalbed methane,
often termed low-concentration coalbed methane (methane
content less than 50%),” remains a formidable challenge due to
its inherently low calorific value. This gas stream is character-
ized by a high degree of dilution of methane (CH,) with inert
nitrogen (N,).>® The core scientific challenge lies in achieving
thermodynamically favorable and kinetically efficient separa-
tion of CH, from N,. These two molecules exhibit remarkably
similar physical properties, including nearly identical kinetic
diameters of 3.8 A for CH, and 3.6 A for N,, coupled with low
polarizabilities (Fig. S1 and Table S1).” This molecular similarity
renders conventional separation technologies such as cryogenic
distillation economically prohibitive.*® Consequently, billions
of cubic meters of this valuable energy resource are wasted

“College of Chemistry and Chemical Engineering, Taiyuan University of Technology,
Taiyuan 030024, Shanxi Province, China. E-mail: zhangfeifeio096@link.tyut.edu.cn;
Jpli211@hotmail.com; yangjiangfeng@tyut.edu.cn

*Shanxi Research Institute of Huairou Laboratory, Taiyuan 030031, Shanxi Province,
China

© 2026 The Author(s). Published by the Royal Society of Chemistry

3Ni has good thermal and moisture stability and can easily be scaled up, making it promising for

annually, exacerbating global energy insecurity while unneces-
sarily contributing to greenhouse gas emissions."* The
development of advanced separation materials capable of
concurrently achieving high selectivity toward CH, and excep-
tional stability under practical operating conditions has there-
fore emerged as a critical technological frontier with profound
global implications.

Metal-organic frameworks (MOFs), renowned for their
ultrahigh surface areas and precisely tunable pore architec-
tures, have emerged as promising candidates for gas
separation.”* Their chemical versatility allows researchers to
design pore environments that are tailored for specific molecule
recognition.**** Researchers have made significant efforts to
enhance the CH, affinity of porous materials. One common
strategy is to incorporate polar functional groups (F, N, and O)
as single-site ligands, e.g., in fluorinated frameworks such as
Culn(3-Fina),,* nitrogen-containing structures such as
Ni(ina),,** and oxygen-functionalized materials, including ATC-
Cu.”” The limited efficacy of these materials arises from two
fundamental issues. First, their isolated sites interact with the
tetrahedral CH, molecule via weak, non-specific van der Waals
or electrostatic forces. Second, they fundamentally lack the
complementary structural geometry required for specific
molecular recognition. Consequently, they fail to provide
a spatially matched and synergistic multi-point interaction that
can enable the effective discrimination between CH, and N,.
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This limitation is particularly relevant given the presence of
a substantial amount of water vapor in practical coalbed
methane extraction. Under such humid conditions, competitive
water adsorption severely diminishes the CH,-adsorption
performance. Water molecules readily form coordinate bonds
with open metal sites or form extensive hydrogen-bonding
networks, which in turn trigger irreversible structural collapse
and pore blockage.**** While recent efforts have focused on
developing hydrophobic MOFs, often through perfluoroalkyl
functionalization, these strategies raise concerns about
environmental persistence and cost.*>** Overall, the establish-
ment of a rational design principle that moves beyond mere
hydrophobicity remains a formidable challenge. Such a prin-
ciple must achieve specific, strong binding of the tetrahedral
CH, molecule instead of the linear N,, even in the presence of
water.

Herein, we propose a “tetrahedral-configuration-matching”
strategy inspired by the tetrahedral geometry of the methane
molecule. As exhibited in Scheme 1, conventional adsorption
sites—whether single, dual, or multiple—often suffer from
insufficient binding strength or suboptimal spatial arrange-
ment for effective CH, capture. Our design focuses on engi-
neering adsorption sites that mimic and synergistically interact
with the CH, tetrahedron. We focused on the methyl group (-
CH3) as an ideal functional moiety. Its intrinsic tetrahedral
symmetry offers natural geometric complementarity to the CH,
molecule, while the three outwardly directed hydrogen atoms
increase the probability of optimal van der Waals contact.
Furthermore, the well-established hydrophobicity of methyl
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groups ensures that performance is unaffected under moisture-
rich conditions.””** Therefore, we conducted an accurate
molecule-level experiment to rigorously verify the effectiveness
of this strategy and clarify the relationship between the struc-
ture and performance. We selected two pharmaceutical
ligands (norfloxacin and ciprofloxacin), which are structurally
identical except for a single variation: norfloxacin bears an
ethyl group (-CH,CHj;), while ciprofloxacin features a cyclo-
propyl group (-CH,CH,-). By incorporating these ligands
into MOFs constructed from 4-tert-butylsulfonylcalix[4]arene
(H4SC4A-SO,) and Ni(u) nodes, we synthesized two
isostructural MOFs, denoted as TUTJ-2Ni (ethyl) and TUTJ-3Ni
(cyclopropyl).

Our investigation reveals that TUTJ-3Ni (TUT = Taiyuan
University of Technology; J] = methane) exhibits exceptional
CH, adsorption heat (30.3 k] mol '), CH4/N, selectivity (11.1),
and water resistance, and it substantially outperforms TUT]J-
2Ni. Through a combination of experimental characterization
and theoretical calculations, we demonstrate that the cyclo-
propyl group is not merely a hydrophobic unit but a key struc-
tural element that enforces a pre-organized, rigid pore
geometry. This geometry facilitates “tetrahedral configuration
matching”, enabling multi-point, synergistic dispersive inter-
actions with the CH, molecule. Thus, in this study, a new
paradigm is established for designing hydrophobic porous
materials through geometry-guided molecular engineering for
challenging energy- and environment-related separations,
offering a new pathway to mitigate the trade-off between
selectivity and hydrothermal stability.
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Scheme 1 The evolution of methane adsorption design from single/dual sites to configuration-mismatched multiple sites is presented,
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2 Results and discussion

2.1 Structure and characterization

The MOFs TUTJ-2Ni and TUTJ-3Ni were synthesized under
solvothermal conditions by using Ni(u) salts, H;SC4A-SO,, and
norfloxacin or ciprofloxacin ligands, respectively. Experimental
details are provided in the SI. The powder X-ray diffraction
(PXRD) patterns of both MOFs showed excellent agreement with
that of TUTJ-3Co, confirming their isostructural relationship
(Fig. S2-54). Accordingly, the crystal structures of TUTJ-2Ni and
TUT]J-3Ni (Fig. S5-S8 and Table S2) were determined via Rietveld
refinement using TUTJ-3Co as the initial structural model.**

As detailed in Fig. 1 and Table S2, structural analysis reveals
that TUTJ-3Ni crystallizes in the monoclinic space group P2,/n.
Its fundamental secondary building unit consists of three Ni(u)
ions, one H,SC4A-SO, ligand, four ciprofloxacin molecules, and
one nickel chloride hydrate unit. Two crystallographically
equivalent Ni(u) centers exhibit identical coordination envi-
ronments. Each Ni(u) ion forms coordinate bonds with sulfonyl
and phenolic oxygen atoms from the H,SC4A-SO, ligand,
forming Ni-O bonds. In addition, they establish Ni-N and Ni-O
bonds with nitrogen atoms and carboxylate oxygen atoms from
two separate ciprofloxacin molecules. The third Ni(u) ion forms
coordinate bonds with oxygen atoms of the calixarene skeleton
and bridges two ciprofloxacin ligands via carboxylate oxygen
atoms. The fourth Ni(u) center forms coordinate bonds with
carboxylate oxygen atoms and carbonyl groups from two
ciprofloxacin ligands, as well as with chloride ions and water
molecules present in the starting materials.

These Secondary Building Units (SBUs) assemble into one-
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to four ciprofloxacin molecules. In the crystal lattice, these one-
dimensional chains are not isolated. They undergo highly
ordered parallel alignment along the other two crystallographic
directions through interchain secondary m-m interactions,
thereby assembling into a three-dimensional crystalline archi-
tecture.”” The resulting structure features well-defined micro-
pores with channel dimensions of approximately 12 x 6.5 A
(Fig. S9 and S10). The structure of TUTJ-2Ni is similar to that of
TUTJ-3Ni, differing only in the substitution of an ethyl moiety
for the terminal cyclopropyl group in TUTJ-2Ni. This substitu-
tion results in a reduction of the channel dimensions from 12 x
7 A% in TUTJ-2Ni to 12 x 6.5 A% in TUTJ-3Ni. The narrowed pore
size is expected to enhance host-guest compatibility. More
importantly, the pre-organized cyclopropyl groups in TUTJ-3Ni
create a geometrically optimized binding pocket that exhibits
potential structural matching with the tetrahedral CH, mole-
cule, whereas the ethyl groups in TUTJ-2Ni lead to a less defined
pore architecture. Consequently, such precise geometric
matching is expected to contribute to superior gas separation
performance in the cyclopropyl-functionalized framework.

The phase purity of the as-synthesized TUTJ-2Ni and TUT]J-
3Ni was confirmed by performing PXRD and SEM analyses. As
shown in Fig. S11-513, the experimental diffraction patterns of
both materials exhibit excellent agreement with their respective
simulated patterns, confirming successful synthesis with high
crystallinity and phase purity. Thermogravimetric analysis
(TGA) results reveal outstanding thermal stability for both
frameworks (Fig. S14). TUTJ-2Ni maintained its structural
integrity up to 573 K, while TUTJ-3Ni exhibited even enhanced
stability, remaining stable up to 593 K. The TGA curves of the

dimensional chains, wherein each calix[4]arene unit connects activated samples further corroborated these findings,
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Fig.1 Structure characterization of TUTJ-2Ni and TUTJ-3Ni. (a) Coordin

ation environment of Ni(i) centers with the H4SC4A-SO, ligand. (b and

d) Structure of TUTJ-2Ni showing geometrically mismatched adsorption sites. (c and e) Structure of TUTJ-3Ni demonstrating geometrically

matched tetrahedral binding pockets.
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Fig. 2 Structural characterization and stability evaluation of TUTJ-2Ni and TUTJ-3Ni. (a) N, adsorption isotherms measured at 77 K and cor-
responding NLDFT pore size distributions (inset). (b) FT-IR spectra identifying characteristic functional groups in both frameworks. (c) PXRD
patterns of TUTJ-3Ni after exposure to various extreme conditions (d) N, adsorption isotherms at 77 K of TUTJ-3Ni after treatment under

different conditions.

indicating excellent thermal stability suitable for practical
applications. The permanent porosity of activated TUT]J-2Ni and
TUT]J-3Ni was confirmed by N, sorption measurements at 77 K
(Fig. 2a and S15-S17). Both frameworks exhibit typical Type I
isotherms, characteristic of microporous materials. The Bru-
nauer-Emmett-Teller (BET) theory was used to determine the
specific surface area that was found to be 614.5 m* g~ * for TUTJ-
2Ni and 605.5 m* g~ ' for TUTJ-3Ni, with corresponding total
pore volumes of 0.41 cm® ¢ and 0.40 cm® g™, respectively.
Pore size distributions analyzed by the non-local density func-
tional theory (NLDFT) revealed main peaks at 7.36 A and 6.30 A
for TUTJ-2Ni and TUT]J-3Ni, respectively, demonstrating how
the cyclopropyl substitution effectively reduces the pore
dimensions while maintaining the structural integrity. Fourier-
transform infrared (FT-IR) spectroscopy results enabled addi-
tional structural verification (Fig. 2b). Two sharp peaks
observed at approximately 2965 cm ' and 2867 cm ' were
attributed to C-H stretching vibrations of the -CHj; groups,
confirming the presence of abundant methyl groups in the
framework.** Additional characteristic peaks at 1494 cm™ " were
assigned to »(C-H) vibrations, consistent with the expected
chemical structure.

TUT]J-3Ni demonstrates exceptional stability under various

extreme conditions, particularly maintaining complete

Chem. Sci.

structural integrity in highly humid environments. The frame-
work remains unaffected after prolonged exposure to 100%
relative humidity for a month, along with resistance to strong
acids (pH = 1), bases (pH = 13), organic solvents, and high
temperatures up to 573 K. The corresponding PXRD patterns
and BET results (Fig. 2c, d and S18-520) confirm the perfect
preservation of the crystalline structure with no detectable
degradation. This remarkable stability, especially the excellent
water resistance, originates from the synergistic combination of
several factors: (i) the rigid calix[4]arene scaffold that resists
structural deformation; (ii) the fully coordinated Ni(u) centers
with strong Ni-O and Ni-N bonds, which eliminate open metal
sites prone to hydrolysis; (iii) the interdigitated chain archi-
tecture further stabilized by interchain m-m stacking interac-
tions; and (iv) the hydrophobic pore surfaces decorated with
abundant -CH; and cyclopropyl groups that effectively repel
water molecules.*® The outstanding moisture stability positions
TUTJ-3Ni as an ideal candidate for practical separation appli-
cations under challenging humid conditions.

2.2 Gas adsorption performance

The gas adsorption performance of TUTJ-3Ni and TUTJ-2Ni was

systematically investigated to evaluate their efficacy in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Gas adsorption and separation performance. (a) CH4 and N, sorption isotherms of TUTJ-2Niand TUTJ-3Ni at 298 K. (b) IAST selectivity for
a CH4/N5 (50 : 50) mixture of TUTJ-2Ni and TUTJ-3Ni at 298 K. (c) Qg for CH4 and N, on TUTJ-2Ni and TUTJ-3Ni. (d) Comparison of the CH,4
adsorption heat of TUTJ-3Ni with several representative benchmark adsorbents reported in the literature. (e) Three-dimensional performance
comparison of TUTJ-3Ni with benchmark materials, correlating CH,4 uptake, selectivity, and Q. (f) Kinetic adsorption profiles of CH4 and N, on
TUTJ-3Ni at 298 K; the inset shows the corresponding diffusion time constants. (g) Cycling performance of TUTJ-3Ni over 120 adsorption—

desorption cycles.

performing CH,/N, separation. Single-component adsorption
isotherms measured at 298 K demonstrate that TUTJ-3Ni ach-
ieves a CH, uptake of 18.6 cm® g~' at 1 bar, substantially
exceeding both its N, adsorption capacity (4.9 cm® g~*) and the
CH, uptake of TUTJ-2Ni (10.5 cm® g ), as shown in Fig. 3a and
S$21-S23. The pronounced difference in gas affinities between
the two frameworks highlights the significant impact of ligand
functionalization on the adsorption behavior.

The separation potential of these materials was further
quantified through IAST selectivity calculations (Fig. 3b and
S24). TUTJ-3Ni exhibits a CH,4/N, (50:50) selectivity of 11.1,
markedly superior to the value of 6.19 observed for TUTJ-2Ni.
This value represents the highest CH,/N, selectivity among all
compared hydrophobic MOFs (Table S4), including NKMOF-8-
Me (9.0),”” DMOF-A, (7.2),** TUT-100 (6.3),* and MIL-120Al
(6.0),* positioning TUT]J-3Ni as the most effective material for
CH,4/N, separation. Notably, IAST calculations for low-
concentration CH,4/N, mixtures (20: 80, 15:85 and 5:95) still

give high selectivity, further supporting the practical

© 2026 The Author(s). Published by the Royal Society of Chemistry

applicability of TUTJ-3Ni for treating low-concentration coalbed
methane.

Moreover, the heat of adsorption (Qy), derived from
adsorption isotherms collected at 273 and 298 K via the Clau-
sius-Clapeyron equation, provides direct evidence of the
enhanced CH, affinity of TUTJ-3Ni (Fig. S25-S27 and Table S3).
The CH, adsorption heat of TUTJ-3Ni (30.3 k] mol %) is signif-
icantly higher than that of TUTJ-2Ni (24.0 k] mol™") (Fig. 3c).
The CH, adsorption heat of TUTJ-3Ni was compared with those
of several representative benchmark adsorbents, as summa-
rized in Fig. 3d and Table S5. TUTJ-3Ni demonstrates the
highest Qg value among all the materials, such as Ni(ina),
(28.0 k] mol™"),** NKMOF-8-Me (28.0 k] mol "), CoNi-TED
(27.7 kJ mol™"),>* and ATC-Cu (26.8 k] mol™").*” This compar-
ison directly confirms the effectiveness of the “tetrahedral-
geometry-matching” strategy, where the pre-organized cyclo-
propyl groups create a pore structure that maximizes van der
Waals interactions with the tetrahedral CH, molecules.

A comprehensive three-dimensional performance assess-
ment shows that TUTJ-3Ni is a promising CH,/N, separation
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material (Fig. 3e), as it demonstrates an optimal balance among
adsorption capacity, selectivity, and binding strength. The
exceptional performance of TUTJ-3Ni is attributed to the
introduction of cyclopropyl groups, which generate geometri-
cally matched adsorption sites exhibiting optimal complemen-
tarity to the tetrahedral CH, molecule—a feature absents in the
ethyl-functionalized framework. The results of kinetic studies
further demonstrate the separation capability of TUTJ-3Ni,
which exhibits a kinetic selectivity of 1.59 for CH, over N,
surpassing the value of 1.36 observed for TUTJ-2Ni (Fig. 3f and
S28). Remarkably, complete desorption could be achieved
within approximately 15 min under high vacuum conditions,
indicating both favorable diffusion kinetics and excellent
degree or regeneration of the material. From a practical
perspective, TUTJ-3Ni demonstrates long-term stability, retain-
ing over 97.5% of its initial CH, adsorption capacity at 1 bar and
298 K after 120 consecutive adsorption-desorption cycles under
vacuum-assisted regeneration (Fig. 3g). This remarkable reten-
tion of performance, achieved through a simple and energy-
efficient regeneration process, highlights the structural
robustness of the framework and its strong potential for

(a) TUTJ-3Ni CH, 0 min
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industrial separation applications requiring durable adsorbent
materials. Therefore, TUTJ-3Ni is an advanced adsorbent
material that combines configuration matching for selective
CH, capture with rapid regeneration kinetics and long-term
cycling stability, establishing a new standard for practical
methane separation techniques.

2.3 Tetrahedral binding site identification

To elucidate the molecular-level mechanism underlying the
superior CH,/N, separation performance of TUTJ-3Ni, we
employed a combination of in situ spectroscopic techniques and
computational modeling. In situ infrared spectroscopy
measurements were conducted to probe the host-guest inter-
actions in both TUTJ-3Ni and TUTJ-2Ni frameworks (Fig. 4a-c,
S29 and S30). As shown in Fig. 4a-c, upon CH, loading, two
distinct vibrational bands emerge at 1303 and 3014 cm ™', cor-
responding to ¢(C-H) bending and »(C-H) stretching modes,
respectively.®>** The progressive intensification of these bands
with increasing CH, exposure demonstrates the strong physical
adsorption of methane within the framework, attributed to
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Fig.4 Host—guestinteractions and binding geometry in TUTJ-3Ni. (a) In situ FTIR spectra of CH4-loaded TUTJ-3Ni. (b and c) Magnified views of
characteristic regions from the in situ FTIR spectra. (d and e) DFT-optimized adsorption configurations of (d) CH4 and (e) N, molecules within the
pore structure. (f and g) Independent gradient model analysis based on Hirshfeld (IGMH) isosurfaces (isovalue = 0.002 a.u.) for (f) CH4 and (g) N>

on TUTJ-3Ni, where the green regions denote vdW-type interactions.
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multiple van der Waals interactions between CH, molecules
and the pore walls. In contrast, parallel measurements with N,
revealed no discernible spectral features for either material
(Fig. $30), confirming their weak affinity toward nitrogen. These
spectroscopic results provide direct experimental evidence of
the enhanced CH, adsorption capacity and selectivity in TUTJ-
3Ni.

Theoretical modeling results provided molecular-level
insight into the origin of the pronounced CH,/N, separation
performance of TUTJ-3Ni. Grand canonical Monte Carlo
(GCMC) simulations at 298 K and 1 bar revealed that the
adsorption density of CH, is significantly higher than that of N,
within the framework, consistent with the experimental obser-
vations (Fig. S31). GCMC simulations initially identified three
potential methane adsorption sites in TUTJ-3Ni. Analysis of site
occupancy under reduced pressures showed that only two
primary binding sites remain significantly populated at 0.1 bar.
This finding allowed us to focus on the dominant adsorption
site, which exhibits exceptional geometric complementarity to
the tetrahedral CH, molecule (Fig. S32). The results of density
functional theory (DFT) calculations on the optimized geometry
provided atomic-level details of the host-guest interactions
(Fig. 4d, e and S33-S35). The results demonstrated that all four
hydrogen atoms of a single CH, molecule engage concurrently
with various binding sites on the organic ligand. At this site, the
CH, molecule establishes multiple specific contacts: C-H---F
(2.865 A) and C-H---O (2.999 A) interactions exist, and notably,
two C-H---H-C contacts are formed with the cyclopropyl group
at distances of 2.725 A and 2.915 A (Fig. 4d). This achievement is
in sharp contrast to other reported materials. AI-CDC provides
only two binding sites, while TUT]-201Ni offers three, both
insufficient for optimal CH, engagement.>*** Although Ni(ina),
possesses four potential sites, their spatial arrangement
permits interaction with merely three of the four hydrogen
atoms of CH, owing to geometric mismatch.*® In comparison,
TUT]J-3Ni achieves complete tetrahedral coordination through
its precisely aligned cyclopropyl functionalization. In stark
contrast, the corresponding interactions in TUTJ-2Ni are
substantially longer (C-H---F: 3.139 A; C-H---O: 3.449 A) and
lack the defined geometric arrangement (Fig. S33). Further-
more, the calculated N, binding distances (3.205-3.706 A) are
substantially longer than the CH, binding distances (Fig. 4e),
explaining the framework's pronounced selectivity toward
methane capture through optimal geometric matching. As
shown in Fig. S35, the binding energy calculated for the
adsorption site I in TUTJ-3Ni reaches —32.07 k] mol™" for CH,,
which is substantially higher than that for N, (—18.29 k] mol ')
and significantly exceeds the CH, binding energy in the case of
TUTJ-2Ni (—23.62 k] mol ). These results align remarkably well
with the experimentally derived values of the heat of adsorption,
confirming the reliability of our theoretical models.

We performed an independent gradient model (IGM) anal-
ysis based on the DFT-optimized structures. The results visually
demonstrate multiple van der Waals interactions between the
hydrogen atoms of the CH, molecule and specific sites within
the pore environment of TUTJ-3Ni. These interactions collec-
tively establish a well-defined, tetrahedral-configuration-
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matching binding geometry that effectively encapsulates the
CH, molecule (Fig. 4f). In contrast, such synergistic multi-point
interaction patterns are notably absent in the case of N,
adsorption on TUTJ-3Ni, and in both CH, and N, adsorption on
TUTJ-2Ni (Fig. 4g and S36). TUTJ-2Ni cannot form a structurally
complementary binding environment, and both frameworks
exhibit inherently weak affinity toward the linear N, molecule.
Collectively, the results of these multiscale investigations
establish a direct correlation between the exceptional separa-
tion performance of TUTJ-3Ni and its structurally complemen-
tary adsorption geometry. The cyclopropyl-functionalized
framework creates pre-organized binding pockets that enable
optimized van der Waals interactions with tetrahedral CH,
molecules, thus presenting a critical design principle for the
development of advanced gas separation materials.

2.4 Dynamic breakthrough studies

We evaluated the industrial application potential of the devel-
oped materials for coalbed methane upgrading by performing
dynamic breakthrough experiments using a custom-built
apparatus (Fig. S37 and S38). When an equimolar CH,/N,
mixture at 5 mL min~' was used, TUTJ-3Ni demonstrates
exceptional separation efficacy, with N, eluting at 2.2 min g™,
while CH, breaks through significantly later at 5.8 min g ",
resulting in a substantial breakthrough time difference of
3.6 min g ' (Fig. 5a). This pronounced retention contrast
markedly surpasses the performance of TUTJ-2Ni, where both
components break through at approximately 1.3 min g,
indicating inadequate separation capability. The practical
versatility of TUTJ-3Ni was further validated through systematic
evaluation across varying operational parameters. TUTJ-3Ni
retains a robust separation performance under different flow
conditions and CH,/N, compositions (50:50, 20:80, 15: 85,
and 5:95), demonstrating its adaptability to fluctuating feed
conditions commonly encountered in industrial settings
(Fig. S39-S41). Notably, during He-purge desorption, high-
purity CH, (>99.9%) can be efficiently recovered with negli-
gible N, contamination (Fig. 5b), highlighting the material's
renewability and potential for realizing pure-product collection.
The framework exhibits outstanding cycling stability, main-
taining identical breakthrough profiles over ten consecutive
adsorption-desorption cycles (Fig. S42).

Because of the high-humidity environment that is charac-
teristic of coalbed methane streams, we critically assessed the
hydrophobicity and moisture stability of both materials. TUT]J-
3Ni displays superior hydrophobicity with a water contact
angle of 134° and minimal moisture uptake (Fig. S43). Most
remarkably, the breakthrough performance of TUTJ-3Ni
remains virtually unaffected under 100% relative humidity
conditions (Fig. 5c), whereas TUTJ-2Ni suffers noticeable
performance degradation (Fig. S44). This exceptional moisture
tolerance is maintained over multiple cycles in saturated
humidity environments, confirming the practical viability of
TUTJ-3Ni for real-world methane purification applications
(Fig. 5d). The comprehensive breakthrough studies establish
TUTJ-3Ni as a technologically advanced adsorbent that
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Fig.5 Dynamic separation performance and stability evaluation. (a) Breakthrough curves for TUTJ-2Niand TUTJ-3Ni with an equimolar CH,4/N,

(50 : 50) mixture at 5 mL min~*

. (b) Adsorption—desorption breakthrough curves of TUTJ-3Ni for CH4/N, (50 : 50) separation at 5 mL min™. (c)

Comparison of breakthrough curves under dry (RH = 0%) and humid (RH = 100%) conditions for CH4/N, (50 : 50) at 5 mL min~?; the inset shows
the water contact angle of TUTJ-3Ni. (d) Cycling breakthrough performance of TUTJ-3Ni over five consecutive adsorption—desorption cycles
under humid (RH = 100%) CH,/N> (50 : 50) flow at 5 mL min~ . For comparison, the x axis is normalized to “time per gram of adsorbents".

combines CH, affinity with exceptional hydrolytic stability,
enabling efficient methane recovery from nitrogen-diluted
streams under relevant practical-operation conditions. The
material demonstrates robust performance with varying feed
compositions, excellent regeneration, and sustained efficiency
in humid environments. These qualities position it as a prom-
ising candidate for industrial coalbed methane upgrading.

2.5 Hydrolytic stability and practical performance validation

The practical applicability of TUTJ-3Ni under humid conditions
was assessed through comparative studies with three bench-
mark CH,4/N, separation materials: ATC-Cu,*” Ni(ina),,* and
CoNi-TED.** Contact angle measurements revealed that TUT]J-
3Ni exhibits exceptional hydrophobicity (134°), while water
droplets were instantly absorbed by the benchmark materials
(Fig. S45 and S46). After one week of aging at 100% relative
humidity, TUTJ-3Ni retained its crystalline structure, whereas
ATC-Cu and CoNi-TED showed significant peak attenuation,
and Ni(ina), underwent complete structural collapse (Fig. S47).
Correspondingly, TUTJ-3Ni retained over 93% of its original
CH, and N, uptake capacity, while the reference materials
suffered substantial capacity loss (Fig. S48-S52). Under dry feed
conditions, all four materials demonstrated effective CH,/N,
separation (Fig. S53). However, upon exposure to 100% relative
humidity, the benchmark materials exhibited progressive
performance degradation with each cycle, while TUTJ-3Ni
retained consistent separation efficiency over five consecutive
cycles (Fig. S54-S58). Quantitative analysis showed that TUTJ-
3Ni achieved the highest CH, working capacity under dry
conditions (18.27 cm® g™") and retained 98% of this capacity

Chem. Sci.

after five humid cycles, compared to only 5-42% retention for
the reference materials (Fig. S59-S61). Radar chart analysis
(Fig. S62) integrating breakthrough time, adsorption capacity,
and dynamic performance metrics confirmed that TUTJ-3Ni
retained >93% of all evaluated parameters under harsh humid
conditions, significantly outperforming the benchmark mate-
rials (5-80%) and establishing it as a leading candidate for
practical coalbed methane upgrading.

The transition from laboratory-scale synthesis to industrial
implementation represents a critical step in MOF development.
To identify the scalability challenges, we successfully synthe-
sized a TUTJ-3Ni sample with a 100-fold increase in scale while
maintaining excellent phase purity (Fig. S63), as confirmed by
PXRD analysis results (Fig. S64a). The scaled-up and laboratory-
scale specimens exhibit nearly identical gas adsorption capacity
and selectivity (Fig. S64b), demonstrating the viability of large-
scale production without compromising performance. This
successful scale-up, combined with the exceptional hydrolytic
stability and separation performance, positions TUTJ-3Ni as
a technologically advanced adsorbent ready for industrial
applications in coalbed methane purification.

3 Conclusions

In summary, we have successfully demonstrated a geometry-
guided molecular engineering strategy for overcoming the
ubiquitous trade-off between selectivity and hydrothermal
stability in CH,/N, separation. By incorporating rigid cyclo-
propyl groups into the framework of TUTJ-3Ni, we constructed
a pre-organized pore environment with exceptional geometric

© 2026 The Author(s). Published by the Royal Society of Chemistry
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complementarity to the tetrahedral CH, molecule, which
enables synergistic multi-point van der Waals interactions for
highly selective methane capture. This “tetrahedral-configura-
tion-matching” strategy endows TUT]J-3Ni with remarkable CH,/
N, selectivity, and, most importantly, excellent hydrolytic
stability, maintaining its structural integrity and separation
performance even under 100% relative humidity. The material's
practical viability is unequivocally confirmed by its excellent
dynamic separation efficiency, robust cyclability, and successful
scale-up. Therefore, this work establishes a new paradigm for
designing hydrophobic adsorbents via geometric matching. It
offers a promising path for advanced energy-related separations
under challenging practical conditions.
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