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Tailoring flexibility of nanofluidic membranes for
efficient separation of gases with similar kinetic
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Conventional nanofluidic membranes often exhibit low selectivities for efficient separation of gases with
similar kinetic diameters. Soft nanofluidic membranes overcome this challenge through a combination of
selective binding sites and tunable pore structures, creating an on-demand separation switch that
enables adaptive pore opening for enhanced gas separation. Herein, three different nanofluidic
membranes of soft covalent organic frameworks (named S-COF1, S-COF2, and S-COF3) with varied
flexibility levels were synthesized for similar-sized gas separation using ethane (C,He) and ethylene
(CoH4) as model gases. The flexibility was precisely tuned by introducing varying numbers of
functionalized —OH linkers to form intramolecular [-O—-H---N=C] hydrogen bonding. Highly flexible S-
COF1 and S-COF2 demonstrated similar pore behavior for C,H4 and C,Hg, resulting in poor separation
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Accepted 13th Sgptember 2025 linkers, exhibited distinct pore switching from “close” in C,H4 to “open” in CoHg. This led to a CoHg/CoHy

selectivity of 18.2, which is superior to that of most of the reported membranes. This work establishes
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1 Introduction

Ethylene is the most crucial feedstock in petrochemical
production systems, extensively used to produce polypropylene,
plastic  materials, and diverse industrial chemical
commodities.”” However, the presence of even a small amount
of ethane in ethylene production can severely disrupt further
ethylene polymerization, highlighting the urgent need to
develop alternative technologies for effective C,Hg separation to
achieve pure-grade C,H,.*° Nanofluidic separation membranes
provide a more cost-effective and energy-efficient gas purifica-
tion method.*®"* Ideal gas separation membranes often use the
size exclusion effect, but still remain challenging for efficient
separation of gases with similar sizes like ethane and ethylene
owing to the intricate task of precisely controlling pore size.?
Recently, our group developed carboxylic acid-based HOF
membranes with adjustable pore sizes (6.2-24 A) that achieved
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exceptional H,/CO, separation (up to 164) through synergistic
size exclusion and electrostatic interactions.> However, even
precisely tuned pore apertures show limited efficacy for C,
hydrocarbon separation due to their minimal size differentia-
tion. To address this challenge, researchers drew inspiration
from natural membrane systems and found that stimuli such as
light and pressure can elicit the transition between “open” and
“closed” conformations, enabling the regulation of ion
transport.”*® Similarly, gas separation membranes can
leverage this property by combining guest-specific adsorption
with a flexible internal structure design, creating unique func-
tionality.™ This strategy provides an “on-off” separation
method that eliminates the need to precisely control the aper-
ture size and instead relies on highly sensitive object-dependent
threshold pressures.'* However, porous materials with this
property are limited, and most of them are focused on flexible
metal-organic frameworks (MOFs) and hydrogen-bonded
organic frameworks (HOFs) that face stability issues during
multiple cycles.'”*® Therefore, the development of new robust
porous membrane materials with gate-opening functions is
critical.

Covalent organic frameworks (COFs) are crystalline porous
materials constructed from organic precursors via covalent
bonds and have recently attracted extensive research attention
for precise gas separation owing to their periodic architectures
and tunable pore environments.** Compared with MOFs based

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on coordination bonds and HOFs relying on hydrogen bonds,
the superior covalent bond strength of COFs ensures their
enhanced framework stability.*>**>* This stability enables COFs
to maintain the integrity of their pore structure during host-
guest interactions and under operational pressure. Conse-
quently, COFs are considered more suitable for gas separation
as flexible porous materials. Current research primarily focuses
on synthesizing flexible COFs,***® neglecting the precise control
of flexibility to enhance separation performance.”””®* Mean-
while, there is a lack of effective strategies for tuning framework
flexibility, and the impact of flexibility on membrane perfor-
mance remains largely unexplored.”*® Notably, numerous
flexible porous materials have been reported, which are able to
recognize highly polar molecules, such as C,H, and C,H,.*®
However, for feed gases containing less C,Hq and more C,Hy,
C,Hg¢-selective membranes used for purifying C,H, products
can achieve separation with higher efficiency. Despite this,
achieving the preferential recognition separation of inert C,Hg
from C,H, mixtures through a flexible adsorption mechanism
remains a challenge.

Herein, three soft covalent organic framework (S-COF)
membranes were in situ grown on anodized aluminum oxide
(AAO) for gas separation (Scheme 1). By incorporating func-
tionalized 4,4’-biphenyl-dicarboxaldehyde derivatives with
different numbers of -OH groups, three S-COF nanofluidic
membranes (termed highly soft S-COF1, moderately soft S-
COF2, and low-soft S-COF3 membranes) with varying degrees of
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flexibility have been utilized for the challenging C,Hq/C,H,
separation. Specifically, the incorporation of -OH groups adja-
cent to the [-C=N] centers in S-COF2 and S-COF3 facilitated the
formation of intramolecular [-O-H:--N=C] hydrogen bonds,
which effectively reduced the flexibility of the membrane and
optimized its separation performance.*® Moreover, the pore
environment of the flexible S-COF membrane is rich in low-
polarity aromatic rings and uncoordinated N and O atoms,
which enable strong interaction with ethane molecules, thus
endowing the nanofluidic membrane with excellent affinity for
ethane.** Therefore, the flexible S-COF3 membrane trans-
itioned from closed-pore state to opened-pore state structures
as the guest molecules changed from C,H, to C,Hg, achieving
a C,He/CyH, selectivity of 18.2, significantly higher than that of
the S-COF1 membrane (4.7) and the S-COF2 membrane (8.5).
This is because the flexibility of the S-COF3 membrane is
regulated by hydrogen bond interactions, resulting in the
largest gated-pressure gap between ethane and ethylene. In
contrast, S-COF1 and S-COF2, with higher flexibility, show
similar pore behavior for C,H, and C,Hs, leading to poor
separation efficiency. To the best of our knowledge, this is the
first report on the preferential permeation of ethane over
ethylene through flexible S-COF membranes. This work repre-
sents the first instance of gradually tuning flexibility of nano-
fluidic membranes for gas separation, offering a novel approach
to advancing industrial gas purification technology.
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(A) The "open” and “closed” conformational transitions in natural membrane systems. (B) Three S-COF membranes (S-COF1, S-COF2,

and S-COF3) with different amounts of functionalized —OH linkers synthesized for gas separation. (C) Schematic illustration of the gas separation

principle using flexible S-COF membranes.
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2 Results and discussion
2.1 Synthesis and characterization of S-COF

The design of highly soft COF (S-COF1), moderately soft COF (S-
COF2), and low-soft COF (S-COF3) enabled stepwise regulation
of COF membrane flexibility through functional group modu-
lation strategies. To optimize the functionalized S-COF, the
flexibility of these three S-COFs was precisely tuned by intro-
ducing varying numbers of functionalized -OH linkers (Fig.1A).
The incorporation of -OH functionalities adjacent to the [-C=
N] centers in S-COF2 and S-COF3 led to the formation of
intramolecular [-O-H---N=C] hydrogen bonding and reduced
the degree of flexibility.**** S-COF1 was synthesized according
to the literature reported previously, while S-COF2 and S-COF3
were synthesized using 4,4’-biphenyl-dicarboxaldehyde deriva-
tives with single and dual hydroxyl groups as building blocks,
respectively.'® The crystalline structures were proved by powder
X-ray diffraction (PXRD, Fig. 1B-D and S1) and Fourier trans-
form infrared (FT-IR) spectroscopy (Fig.1E-G). The XRD
patterns matched well with those of the simulated data,
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demonstrating the successful formation of the expected crystal
structure. In the FT-IR results, the disappearance of the repre-
sentative stretching vibration of C=0 (1680 cm ') and N-H
stretching vibration of amines (3100-3400 cm ™) in the S-COF
alongside the generation of a C=N stretching vibration peak
at around 1620 cm™" revealed the successful formation of
imine-based S-COF, which was consistent with the previous
reports.® In addition, thermogravimetric analysis (TGA) shows
that the three S-COFs are thermally stable up to 300 °C (Fig. S2).
This ensures the vacuum degassing of the S-COF at high
temperatures to obtain the guest free S-COF membrane struc-
ture and stability under high temperature separation condi-
tions.>* The above characterization studies confirm the
successful preparation of a series of flexible S-COFs with similar
framework structures but different degrees of flexibility,
providing the necessary conditions for subsequent gas
separation.

The preparation of continuous, defect-free membranes is
crucial for achieving highly selective gas separation.”* Fig.2A
illustrates the fabrication process of the S-COF membrane.

OH

5 + oHC{D—C)cHO or oHC{)C)-CHO or OHgHO
]

NH,
S-COF1 S-COF2 S-COF3
S-COF1 ——— As-synthesized S-COF2 —— As-synthesized S-COF3 —— As-synthesized
- —— Simulated - —— Simulated - — Simulated
3 3 3
& & L)
2 2 2
A A AA | A A A A R
10 20 30 10 20 30 10 20 30
2 Theta 2 Theta 2 Theta
3 C=0 .~ 3 r 5 7o
L 1690 cm'! © OH C=0 -~ « -OH -
- St 4 ~ 1665 cm
[ @ 1680 cm @
e 2 e
—= <
£ -NH, E —NH, ' { £ TN
£ £ £ ™
2 g <. -OH g ~_OH
§ |[—CcHo =N § |[—cHooH § [—cHo©oH), &
= [—NH, 1620 om’! = =8 1620 om"! = [=N 1620 om’!
——S-COF1 ——S-COF2 . . w— SCOES
3520 2640 1760 880 3520 2640 1760 880 3520 2640 1760 880

Wavenumber (cm™)

Wavenumber (cm™)

Wavenumber (cm™)

Fig. 1 Synthesis and characterization of S-COFs. (A) Scheme for the preparation of S-COF1, S-COF2 and S-COF3. (B-D) Powder X-ray
diffraction patterns of (B) S-COF1, (C) S-COF2, and (D) S-COF3. (E-G) FT-IR spectra of (E) S-COF1, (F) S-COF2, and (G) S-COF3.
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Fig. 2 Fabrication and characterization of flexible S-COF membranes with the gate-opening mechanism.

) Schematic illustration of the

fabrication process of the S-COF membrane. (B and C) SEM images for (B) the top and (C) cross-sectional view of AAO. (D-F) SEM images of the
(D) S-COFY, (E) S-COF2, and (F) S-COF3 membranes (left: cross-section; right: top). (G—I) SEM image of the (G) S-COF1, (H) S-COF2, and (I) S-
COF3 and corresponding energy-dispersive X-ray (EDX) elemental mapping of C, N and O.

First, anodic aluminum oxide (AAO) was fabricated using the
anodization oxidation technique (Fig. S3)."*** As shown in
Fig.2B and C, the fabricated AAO substrate exhibited regular
nanochannels with a diameter of around 50 nm. After immer-
sion in (3-aminopropyl) triethoxysilane (APTES) solution for 12
hours, the AAO surface achieved successful amine functionali-
zation. XPS characterization confirmed this modification
through the emergence of a distinct (-Si-O-) signal at 101.5 eV
(Fig. S4), which is absent in pristine AAO substrates.”® The
amino-functionalized AAO substrate was then reacted with the
aldehyde groups in 4,4’-biphenyldicarboxaldehyde to form
a functional layer via amide bond formation, as confirmed by
Attenuated Total Reflectance (ATR)-Fourier Transform Infrared
(FTIR) spectroscopy (Fig. S5). Subsequently, the complete S-COF
membrane was formed on the AAO surface by adding tetrakis(4-
aminophenyl)methane and heating it at 65 °C for seven days.
ATR-FTIR spectroscopy spectra in Fig. S6 revealed characteristic
peaks of C=N stretching vibrations, verifying the successful
formation of imine bonds in the S-COF membrane. The zeta
potential measurements reflect the surface charge of the
material. As shown in Fig. S7, the introduction of hydroxyl

© 2025 The Author(s). Published by the Royal Society of Chemistry

groups reduced the positive charge of the S-COF, attributed to
the negative charge of hydroxyl groups. Additionally, Fig. S8
shows that the addition of hydroxyl groups reduces the water
contact angle, indicating enhanced hydrophilicity. These char-
acterization studies provide clear evidence for the successful
synthesis and functionalization of the three S-COF
membranes.?***?

Scanning electron microscopy (SEM) was used to charac-
terize the morphology of membranes. Fig.2D-F demonstrate
the successful fabrication of the S-COF membrane, with S-COF
covering the top surface of AAO. Additionally, the cross-section
image of the S-COF1 membrane demonstrated successful
preparation of S-COF layers =200 nm thick, which were densely
attached to the top of the AAO layer (Fig. 2D). With the same
procedure, S-COF2 and S-COF3 membranes were readily
synthesized (Fig. 2E and F). Notably, the thickness of the
prepared S-COF layer can be facilely and precisely controlled via
the duration of growth. During the first four days, monomers
reacted at the solid-liquid interface of the AAO surface, but the
initial material deposition did not fully cover the substrate (Fig.
S9-S12). When the growth time was extended to 7 days,

Chem. Sci., 2025, 16, 19456-19467 | 19459
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a continuous S-COF membrane without obvious defects
formed, with thicknesses ranging from 100 nm to 280 nm (Fig.
S13-518). Therefore, considering factors such as membrane
thickness and gas separation performance, the S-COF
membrane prepared for 6 days, with a thickness of approxi-
mately 200 nm, was selected for subsequent characterization
and tests. Being more visually intuitive, the digital photos of the
S-COF membrane showed its structural integrity (Fig. S19).
Energy dispersive X-ray spectroscopy (EDS) confirmed the
presence of functional groups, and Fig.2G-I show the uniform
distribution of C, N, and O elements in the S-COF membrane
structure (note that S-COF1 lacked O), indicating successful
formation of the S-COF layer on the AAO surface. Atomic-force-
microscopy (AFM) analysis further confirmed the smooth and
homogeneous surface morphology of the S-COF membrane
(Fig. S20). To evaluate the mechanical robustness and interfa-
cial adhesion, the S-COF membrane was subjected to
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ultrasonication. Post-sonication characterization via SEM
confirmed that the membrane layer remained completely intact
without any cracks, delamination, or detachment, indicating
strong interfacial interaction and robust mechanical integrity
(Fig. S21 and S22). Furthermore, FT-IR analysis confirmed the
preservation of the C=N covalent bonding within the S-COF
structure across the coated area after this treatment,
providing direct evidence of the chemical and mechanical
stability at the membrane-substrate interface (Fig. S23). In
summary, three S-COF membranes with different degrees of
flexibility were successfully fabricated.

2.2 Gas adsorption of S-COF

Flexible S-COF membranes provide a switching method strategy
to achieve molecular sieving without the need for precise
control of pore size, but instead rely on highly sensitive guest
dependent threshold pressure (Fig.3A)."** To evaluate the

Tunable sieving
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Fig. 3 Investigation of flexible S-COF gas adsorption and separation with the gate-opening mechanism. (A) Schematic diagram of different

degrees of flexibility and the gas adsorption separation in flexible S-COF. (B—D) Adsorption isotherms of CO, (195 K) for (B) S-COFL1, (C) S-COF2
and (D) S-COF3. (E-G) C,Hg and C,H,4 adsorption isotherms of (E) S-COF1, (F) S-COF2 and (G) S-COF3 at 298 K.
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porous structure of S-COF, the N, sorption isotherm was ob-
tained at 77 K (Fig. S24-526). Notably, the isotherms of S-COF
showed typical closed-pore to opened-pore transitions. In the
case of S-COF-1, negligible N, uptake occurred below 0.5 bar
while the uptake reached 687 cm® g™ at 1 bar. The flexible
nature of the material enables its pores to dynamically adjust
during the adsorption process, expanding to accommodate
more gas molecules. Similar dynamic adsorption behaviors
were also observed in S-COF2 and S-COF3 (Fig. S25 and S26). S-
COF2 exhibited negligible N, adsorption below 0.55 bar (Fig.
S25), but underwent a pressure-activated adsorption transition
at 0.55 bar. The N, uptake subsequently increased gradually
with pressure, attaining an adsorption capacity of 517 cm?® g™*
at 1 bar (Fig. S25). Similarly, S-COF3 remained in a closed-pore
state toward N, adsorption at 77 K when pressure was below
0.65 bar. Nonetheless, phase transformation to the open pore
structure occurred at 0.65 bar (Fig. S26). The N, adsorption
capacity at 77 K was determined to be 395 cm® g™ " at 1 bar. In
summary, the gradual increase in pore-opening pressure from
S-COF1 to S-COF3 can be attributed to the progressive incor-
poration of ~OH groups. The introduction of more —~OH linkers
in S-COF3 enhances the rigidity of the framework, resulting in
higher pressure thresholds required to activate the porous
structure. This trend highlights the significant role of -OH
linkers in modulating the flexibility and pore accessibility of S-
COF membranes. To better characterize the micropores,
adsorption isotherms of S-COF were tested using the smaller
gas molecule CO, as the probe (Fig.3B-D and S27). Adsorption
at 195 K reached P/P, = 1, enabling more accurate detection of
micropores. BET specific surface area analysis indicates that the
specific surface areas of S-COF1, S-COF2, and S-COF3 are 322
m> g ', 218 m* ¢ ', and 155 m* g, respectively.
Subsequently, the single-component isotherms of flexible S-
COF for C,H¢ and C,H, adsorption were measured, as shown in
Fig. 3E-G. Before the adsorption measurements, a vacuum was
pumped under a dynamic vacuum to obtain the state of S-COF
pore closure.** S-COF1 exhibited a closed-pore state structure
for C,He adsorption under low pressures (<0.39 bar), which
transitioned to an open-gated state at a critical pressure of 0.39
bar at 298 K (Fig.3E). This structural transition triggered an
abrupt surge in C,Hg uptake with increasing pressure, ulti-
mately reaching adsorption saturation at approximately 0.8 bar.
Similarly, the gate-opening pressures for C,Hg were 0.42 bar in
S-COF2 and 0.75 bar in S-COF3, highlighting a substantial
increase compared to S-COF1 (Fig. 3F and G). These findings
indicate that the threshold pressures can be adjusted by varying
the number of -OH functional groups to gradually control the
number of intramolecular [-O-H---N=C] hydrogen bonds.
Superior C,H, affinity of S-COF originates from a pore envi-
ronment enriched by hydroxyl groups whose oxygen centers act
as strong hydrogen bond acceptors for ethane, enhancing C-
H---O interaction with ethane over ethylene and enabling
selective recognition.”®** These results demonstrate that the
gating pressure can be effectively controlled by varying the
number of -OH functional groups introduced, providing
conditions for ethane and ethylene membrane separation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3 Gas separation performance and mechanism

The selective adsorption properties of flexible S-COF and the
operational advantages of membrane technology have driven us
to further investigate C,Hqs/C,H, separation in flexible S-COF-
based membranes. Before the gas permeation test, the as-
prepared S-COF membranes were activated in a vacuum oven
at 100 °C for 12 h. The C,H4/C,H, separation performance of
flexible S-COF membranes was evaluated through measure-
ments of both single (C,Hg or C,H,) and binary gas permeation
at 25 °C using our homemade Wicke-Kallenbach setup (Fig.4A
and $28).* The bare AAO disk demonstrated extremely high gas
permeance for all gases under study, and its low gas separation
selectivity was calculated, thus eliminating the influence of the
AAO support on gas separation (Fig. S29). First, single-
component tests were conducted to determine how the thick-
ness of the flexible S-COF membrane influences permeance and
selectivity, with the goal of achieving an optimal balance
between these two parameters. As the growth time of the
membrane was increased from 3 to 7 days, the permeability of
C,H¢ and C,H, decreased, while the C,Hs/C,H, selectivity
initially increased and then remained constant. (Fig. S30-S32).
Therefore, considering the tradeoff between permeability and
selectivity, flexible S-COF membranes prepared for 6 days were
selected for subsequent tests. A single-component gas separa-
tion experiment was carried out to evaluate the ideal separation
performance of S-COF membranes. The permeation of gas
molecules with different kinetic diameters (H,, CO,, N,, C,H,,
and C,Hg) through flexible S-COF membranes was evaluated
(Fig.4B), demonstrating that C,Hg permeation rates were higher
than those of C,H, due to effective recognition. Moreover, the
flexible S-COF3 membrane exhibited H,/CO,, CO,/N,, H,/N,,
and C,H,/C,H, selectivity, all of which significantly exceeded
the corresponding Knudsen selectivity (Fig.4C and S33). This
confirms the presence of few grain boundary defects in the
membrane. Notably, S-COF3 membranes with specific recog-
nition of C,Hg presented high C,H¢/C,H, selectivity compared
to S-COF1 and S-COF2 membranes due to the best gating
against ethylene and ethane.

The influence of the sweep gas flow rate on membrane
performance was systematically evaluated to ensure measure-
ment accuracy (Fig. S34). A flow rate of 25 mL min~"' was
identified as optimal, effectively eliminating concentration
polarization on the permeate side while avoiding excessive
dilution that would compromise detection sensitivity. All
permeation tests were therefore conducted at this standardized
flow rate to ensure reliable measurement of intrinsic membrane
properties. Subsequently, binary gas permeation tests further
demonstrated that the S-COF3 membrane also has advantages
in the separation of C,Hy and C,H, gas mixtures (Fig.4D, S35
and S36). The pressure responsive gas separation performance
of flexible S-COF was further evaluated using mixed gas feed
with various C,Hg partial pressures. The flexible S-COF1
membrane showed a low dependence of selectivity on C,Hg
partial pressure. In contrast, the flexible S-COF2 membrane
underwent a sudden jump in C,He/C,H, selectivity when the
C,Hg partial pressure was increased above 0.4 bar and an abrupt

Chem. Sci., 2025, 16, 19456-19467 | 19461
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jump at 0.6 bar for the flexible S-COF3 membrane (Fig.4E). By
controlling the pressure-responsive phase transition of S-COF3,
C,H¢-induced gate opening behaviors are observed in the
resultant membranes, which are accompanied by the sharp
increase of C,Hg permeance (from 30 to 90 gas permeation
units) and C,He/C,H, selectivity (from 2 to 18.2). S-COF1 and S-
COF2 membranes exhibit low selectivity due to their high flex-
ibility and small gated pressure differences between ethane and
ethylene. In contrast, the regulated S-COF3 membrane
enhances framework rigidity through intramolecular [-O-H:--
N=C] interactions. More importantly, the hydroxyl-
functionalized pores preferentially strengthen [C-H---O] inter-
actions with ethane over ethylene, as the oxygen atom in the
hydroxyl group acts as a strong hydrogen bond acceptor toward
ethane molecules, thereby facilitating selective ethane
recognition.**-*** To conclusively determine the gate-opening
behavior, gas permeation measurements for C,Hs were con-
ducted using helium as a balance gas. The results unequivocally
demonstrate that the S-COF3 membrane exhibits a distinct

19462 | Chem. Sci,, 2025, 16, 19456-19467

gate-opening transition at approximately 0.6-0.7 bar for C,Hg
(Fig. S37). This confirms that the enhanced permeance is due to
specific ethane-induced structural transitions rather than non-
selective effects. As a result, different degrees of S-COF
membrane flexibility led to different dynamic behaviors,
whereas the S-COF3 membrane increases selectivity due to the
most suitable gated pressure between ethane and ethylene,
respectively. In addition, a schematic diagram was obtained to
elucidate the flexible behaviors and separation mechanisms
(Fig.4F). During the ethane/ethylene separation process, the
membrane preferentially adsorbs ethane. As more ethane
molecules are adsorbed, the host-guest interaction energy
increases. When this energy exceeds the deformation energy of
the host framework, the gate opens to ethane molecules (cor-
responding to the jump pressure in the gas adsorption
isotherm), rendering the membrane permeable to ethane and
allowing it to pass through smoothly."**” The adjusted S-COF3
membrane, with its broad range of ethane and ethylene gated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pressures, effectively addresses the complex
requirements of such mixtures.

To clarify the diffusion pathway within the S-COF
membranes, permeation data were split into sorption and
diffusion terms, and the results are summarized in Table S1. As
expected, the S-COF3 membrane shows higher diffusion and
absorption coefficients for C,Hg than for C,H,. Moreover, it
exhibits the highest diffusion selectivity and solubility selec-
tivity for C,He/C,H,, at 4.87 and 3.83 respectively. This indicates
that the membrane's superior separation performance for C,Hg
and C,H, can be attributed to its preferential diffusion and
adsorption of C,Hg over C,H,. Subsequently, to investigate

separation

differences in mass-transfer kinetics of adsorbed species on S-
COF3, time-dependent sorption rate measurements for C,Hg
and C,H, were conducted at 298 K and 1 bar. As shown in
Figure S38, equilibrium sorption on S-COF3 was attained within
31 min for C,He, markedly faster than the approximately 60 min
required for C,H,. Consequently, the diffusion time constant
(D/7*) on S-COF3 was determined to be 9.81 x 10~* s™" for C,Hg
and 4.65 x 10~ * s~ for C,H,. These results demonstrate that S-
COF3 exhibits rapid sorption kinetics and excellent mass-
transfer performance, making it a promising candidate for
efficient C,Hs/C,H, separation.

Membrane stability is regarded as one of the decisive criteria
for industrial application.*® Extensive testing of performance
stability was carried out to explore the practicality of the S-COF
membrane (Fig.5A). After continuous operation for 60 h, both
C,H¢ permeance and C,Hy/C,H, selectivity remained
unchanged, which was indicative of excellent operation stability
(Fig.5B, S39 and S40). PXRD analysis of the S-COF3 membrane

View Article Online
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after cyclic testing confirmed the intact structure of S-COF
(Fig.5C), while FT-IR spectra further demonstrated its structural
stability (Fig.5D). SEM images after performance testing (Fig.
S41 and S42) revealed that the membrane remained intact and
stable. Significantly, the operational stability of the S-COF3
membrane was further evaluated under demanding conditions
to assess its practical relevance. We employed the S-COF3
membrane for C,Hs/C,H, separation under conditions of 100 ©
C and 1 bar pressure over 30 hours. During the entire test
period, gas permeability increased moderately with rising
temperature, while selectivity exhibited only slight fluctuations
(Fig. S43). In addition, the S-COF3 membrane remained intact
in morphology and crystallinity after seven days in water at 25 ©
C and exhibited only minor, fully reversible loss of C,Hs/C,H,
selectivity at high humidity, confirming excellent hydrolytic
stability (Fig. S44-S48). The image presented in Fig. S19 indi-
cates that the S-COF3 membrane is suitable for scalable fabri-
cation, with the ultimate dimensions principally constrained by
the size of the substrate employed. The prepared S-COF3
membrane has an area of approximately 6 cm” and demon-
strates consistent performance stability, as shown in Fig. S49.
As shown in Fig.5E, the SF of C,Hs/C,H, reached 18.2, which
was superior to that of the majority of other membranes (Fig.5E,
Tables S2 and S3). Gas permeation data are reported as
thickness-normalized permeability (Barrer), determined from
independently measured membrane thicknesses. To facilitate
direct and industrially relevant comparison with the literature,
separation performance was assessed using an equimolar (50/
50) C,H,4/C,H¢ feed mixture.* The resulting data, along with
a categorized comparison of ethane-selective and ethylene-
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term separation stability of the S-COF3 membrane. (C) PXRD patterns of the S-COF3 membrane before and after experiments. (D) FT-IR spectra
of the S-COF3 membrane after experiments. (E) The comparison of the separation performance between the prepared membranes in this work

and other reported membranes in the literature.
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selective membranes from the literature, are summarized in
Table S3. Thus, the S-COF3 membrane was used as a potential
separation membrane with high stability and reusability.

3 Conclusion

In summary, a stepwise structural transformation strategy has
been proposed to gradually tune flexibility of nanofluidic S-COF
membranes. Three S-COF membranes with similar framework
structures but different flexibilities were fabricated through
introducing varied amounts of functional -OH groups. Among
the three types of flexible S-COF membranes, the S-COF3
membrane achieved the highest C,H¢/C,H, selectivity (18.2)
due to its optimal flexibility, specific binding sites and wide
range of ethylene ethane gated-pressures, significantly
exceeding the 4.7 of the S-COF1 membrane and the 8.5 of the S-
COF2 membrane. This separation capability significantly
outperforms that of the majority of reported membrane-based
separation systems. In addition, the obtained membranes
have excellent long-term stability, and these results reveal the
great application potential of flexible membrane materials
based on S-COF in achieving important gas separation. This
expands the application of soft S-COF in membrane separation
and proposes regulating gated-pressure for the development of
flexible membranes that specifically identify gases, encouraging
further research into the design of novel soft COF membranes
for industrial gas separation applications.

4 Experimental section

4.1 Materials and reagents

Tetrakis(4-aminophenyl) ~ methane  (99.99%),  4,4’-bi-
phenyldicarboxaldehyde (99.99%), 5-(4-formylphenyl)-2-for-
mylphenol (99.99%), 4,4’-biphenyldicarboxaldehyde, and 3,3’-
dihydroxy-4,4’-biphenyldicarboxaldehyde were purchased from
Bide Pharmatech Co., Ltd. Analytical-reagent grade potassium
hydroxide (KOH) and (3-aminopropyl) triethoxysilane (APTES)
were bought from Sigma-Aldrich (Shanghai, China). The
aluminum foil has a thickness of 0.1 mm and a purity of
99.999%, obtained from the General Research Institute of
Nonferrous Metals (Beijing, China).

4.2 Instrumentation

The morphology of the top and cross-section of membranes was
characterized using scanning electron microscopy (SEM, S-
4800, Hitachi, Japan). X-ray diffraction (XRD, SmartLab,
Japan) patterns were obtained in the 26 range of 5° to 30° at
room temperature. The water static contact angle was measured
using a contact angle system (Kruss-DSA25B, Germany). XPS
spectra were recorded using a Kratos AXIS SUPRA (Shimadzu,

Japan).

4.3 Synthesis of AAO

The AAO membrane was fabricated via a two-step anodization
process. Initially, the aluminum foil was ultrasonically cleaned
with acetone and 1 M KOH for 10 min each, followed by rinsing

19464 | Chem. Sci, 2025, 16, 19456-19467
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with water. The first anodization was performed at 50 V for 0.5
hours using 0.3 M oxalic acid as the electrolyte. To remove the
irregular oxide layer, the anodized foil was treated with
a mixture of 6 wt% H;PO, and 1.8 wt% H,CrO, at 60 °C for
40 min. The second anodization was then conducted for 4 hours
under the same conditions as those of the first. The aluminum
substrate was etched away using a saturated SnCl, solution. The
barrier layer was removed by treating the AAO membrane with
1.8 wt% H;PO, for 40 minutes. The membrane was subse-
quently immersed in boiling 30% H,O, for 30 minutes to
introduce -OH groups on the channel surface. Finally, the AAO
membrane was soaked in water overnight and dried.

4.4 Fabrication of S-COF membranes

The AAO surface was modified by immersion in a (3-amino-
propyl) triethoxysilane (APTES) solution for 12 hours. The
amine-functionalized AAO was then placed at the bottom of
a reaction bottle. S-COF membranes were synthesized on the
AAO support via an in situ growth method. Specifically, 4,4’
biphenyl-dicarboxaldehyde (20 mg) was dissolved in 1,4-
dioxane (0.5 mL), followed by the addition of acetic acid (95 pL)
in deionized water (0.46 mL). Subsequently, tetrakis(4-
aminophenyl) methane (20 mg, 0.053 mmol) in 1,4-dioxane
(1.0 mL) was added to the mixture. The mixture was heated at 65
°C for seven days in a vial under ambient conditions. The
resulting S-COF1 membrane was washed with tetrahydrofuran
and dried under vacuum. Similarly, S-COF2 and S-COF3
membranes were prepared using analogs of 4,4’-biphenyl-
dicarboxaldehyde: 5-(4-formylphenyl)-2-formylphenol (21.5
mg) and 3,3'-dihydroxy-4,4’-biphenyldicarboxaldehyde (23 mg),
respectively.

4.5 Gas permeation tests

The gas permeation performance of the membranes was
assessed using the Wicke-Kallenbach method. To exclude areas
that did not undergo the IP process (due to sealing issues), the
membranes were sandwiched between two pieces of aluminum
foil tape, with the margins further sealed using a sealant. For
the mixed gas separation performance test, the flow rates of
equimolar mixed feedstocks were controlled by mass flow
controllers, maintaining a total volumetric flow rate of 100 mL
min~' (50 mL min~" for each gas). Argon (25 mL min ') was
used as the sweep gas on the permeate side to transport the
permeate gas to an on-line gas chromatograph (Panna). The
mixed gas separation test was conducted at increasing
temperatures with a heating rate of 1 °C min . For single gas
permeation tests, each gas had a flow rate of 100 mL min
while the sweep gas flow rate was kept at 25 mL min~ . The gas
permeance of the membrane was calculated using the equation:

Ni
P = 1
T AAP, ()
where P; represents the permeance of component i
(mol m™> s™! Pa™'), Ni is the permeate rate of component i

(mol s7'), A is the effective membrane area (m?), and AP; is the
transmembrane pressure difference for component i (Pa).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The mixed gas separation factor (SF, «;;) was calculated using
the following equation:

Q;

where y;, ;, X;, and x; are the molar ratios of component i and
component j on the permeate and feed side, respectively.

4.6 Calculation of adsorption coefficients and diffusion
coefficients of different gases

The permeation of gases through membranes is governed by
a coupled sorption-diffusion mechanism. Thus, the gas
permeability coefficient, P, is expressed as the product of the
diffusivity coefficient D and the solubility coefficient S:

P=DxS 3)

The value of P is obtained by multiplying the gas permeance
by the effective thickness of the MOF membrane and is reported
in Barrer. The solubility coefficient S can be derived from the
adsorption isotherm measured at 298 K and 1 bar, in
conjunction with the crystalline density of S-COF, using the
relation S = A x p/P,, where A represents the adsorption capacity
(cm® g7"), p denotes the crystalline density of S-COF3, and P; is
the adsorption pressure in cmHg.
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