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1. Introduction

Assembling ionic liquids in MOF “Monomer” based
membranes to trigger CO,/CH, separationt
Xiaolei Cui,#? Zixi Kang,#*°¢ Weidong Fan,

Caiyan Zhang,” Liting Yu,® Shuo Liu,® Xiuxian Tang,” Lili Fan,
Rongming Wang 2 ° and Daofeng Sun () *°

© Jia Pang,” Yang Feng,®
b

The advantages of ionic liquids (ILs) in the selective adsorption of CO, can improve the CO,-selective
separation performance of IL-modified membranes. Herein, a facile post-modification strategy using ILs
has been developed for filling the interspace of MOF “monomer” based membranes to enhance the
CO,/CH, sieving performance. The membranes constructed via the interfacial polymerization of MOF
"porous monomers” and trimesoyl chloride (TMC) have nanoscale interspaces, which limit the
performance of these membranes in the field of precise CO,/CH, sieving. The addition of ILs with high
CO, affinity filled these interspaces between the MOF and TMC monomers, resulting in a CO,/CHy
selectivity of 35 for the modified membranes compared with the non-selectivity of the pristine
membrane. Furthermore, the hydrogen-bond interaction between ILs and the membrane improves the
separation stability and avoids the loss of ILs during gas permeation. After long-term continuous gas
separation tests, the membrane can maintain stable CO,/CH,4 selectivity. Therefore, a post-modification
membrane using ILs is highly desirable for enhancing the gas separation performance of MOF “porous
monomer” based membranes for natural gas purification applications.

selectivity, permeability, and stability are the keys to achieving
efficient gas separation.

Natural gas is considered a primary fuel source with a high H/C
ratio and low emission of pollutants in comparison to oil and
coal. In addition to the main component methane (CH,), natural
gas also contains a large amount of acid gases, such as carbon
dioxide (CO,), which need to be removed before it enters the
pipeline. Therefore, efficient separation of CO, from CH, is
necessary and has gained significant attention."™ Traditional
CO, purification technologies are amine scrubbing and pressure
swing adsorption, which are complex and energy-intensive
processes.” Membrane-based separation technology requires less
cost and energy consumption and is more environmentally
friendly.°® In principle, membrane materials with excellent
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Metal-organic framework (MOF) membranes, as emerging
membrane materials, have been extensively studied because
of their adjustable pore size, designable structure, and high
porosity, which can ensure precise and efficient separation of
C0,.”'° Nevertheless, the brittleness and synthesis conditions of
stable MOFs make it difficult to fabricate scalable and defect-free
polycrystalline membranes for efficient separation. To overcome
the issues of polycrystalline membranes, MOFs have been com-
bined with polymers to construct mixed matrix membranes
(MMMs)."*** However, the good compatibility of the two spe-
cies, low membrane thickness, and homogeneous dispersion of
high proportions of fillers should be realized to trigger the ideal
separation performance.

To address these points, in the previous work, we applied
ultra-small amino-functionalized MOFs as ‘“‘porous monomers”
to interfacially polymerize with trimesoyl chloride (TMC), forming
flexible composite membranes within 10 minutes." Due to the
low membrane thickness (150 nm) and high MOF loading
(>55%), the membranes possess a high water permeance of
55.9 L m >h ' bar ' and a dye rejection of 99.8% for nanofiltra-
tion application and can maintain the performance after
being scaled up. This strategy for preparing flexible, high filler
proportion, ultra-thin and scalable MOF membranes can also be
expanded to other crystalline porous materials. Although the
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membranes prepared using this strategy have effective retention
of dyes, the pore size of 1.15 nm between monomers is not
suitable for the separation of smaller gas molecules such as CO,
(dynamic diameter of 0.33 nm)."*> To expand the application of
these flexible membranes for gas separation, tailoring the inter-
space between monomers and enhancing adsorption selectivity
may be beneficial to improve the gas permeation selectivity.

Inspired by the method of repairing defects in polycrystal-
line membranes, other substances have been covered on the
membrane to eliminate or minimize boundary defects."® In the
pioneering works, Pan et al prepared a ZIF-8 crystalline
membrane on tubular ceramic support and deposited PDMS on
the membrane surface."” The coating of PDMS can effectively
repair the inter-crystalline defects of the ZIF-8 membrane and
significantly improve the quality and reproducibility of the synthe-
sized membranes. Zhou et al. repaired defective zeolite membranes
using a siloxane polymer coating with the imidazole group via
chemical liquid deposition.'® The modified membrane showed an
increased CO,/CH, selectivity by one order of magnitude and a
slightly decreased CO, permeance by less than 25%. In this regard,
the post-modification of membranes is an effective strategy to seal
the defects and improve the molecular sieving effect.

Ionic liquids (ILs) are salts that are liquids at room tem-
perature and have advantages over traditional solvents such as
high chemical and thermal stability, high polarity, and low
volatility."®' The charge of some ILs can physically interact
with the quadrupole moment of CO, molecules, thus, ILs have
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Scheme 1 Preparation of the IL@UiO-66-NH,-TMC membrane.
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become promising CO, capture solvents.”>** In previous MOF-
based membranes, ILs have also been proved to be potentially
guest molecules for CO, capture. Yang et al. assembled ILs into
the cavities of ZIF-8 resulting in a reduced pore size.>* ZIF-8@IL
was used as the filler for MMMs, which effectively improved the
CO, screening performance. From this perspective, ILs can not
only reduce the pore size of the membranes but also acts as a
CO, affinity agent to improve their CO, capture capacity.
Although IL-modified membranes exhibit superior properties,
there is still a great challenge to resolve the problem of losing
ILs easily from the membrane, which may cause degraded
performance during long-time separation.

In this work, a facile post-modification strategy for optimizing
the gas separation performance of MOF-based composite mem-
branes by introducing ILs was proposed (Scheme 1). First, the
ultra-small particles of the MOF (UiO-66-NH,) were used as
“porous monomers” to covalently bond with an acid chloride
monomer (TMC) through the classic and scalable interfacial
polymerization process without other amine monomers, forming
UiO-66-NH,-TMC membranes. Then ILs (1-butyl-3-methyl-
imidazole bis(trifluoromethanesulfonyl)imide, [BMIM]TF,N) with
high CO, affinity were filled in the UiO-66-NH,-TMC membranes
to seal the voids and narrow the pore size. Furthermore, the F
atoms in ILs can form hydrogen bonds with H atoms from -NH,
and -COOH in the membranes, which solves the problem of IL
loss and improves the separation stability. These MOF-based
composite membranes after IL modification exhibited a CO,/
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CH, selectivity of 35 compared with the non-selective pristine
membrane. The high selectivity remains unchanged even after
1440-minutes of continuous gas separation testing. The combi-
nation of a scalable “porous monomer” interfacial assembly
strategy and IL post-modification provides a new opportunity to
construct composite membranes for efficient gas separation.

2. Experimental
2.1 Materials

Zirconium(v) chloride (ZrCl,, Strem Chemicals, 99.95%),
2-aminoterephthalic acid (H,BDC-NH,, Energy Chemical, 98%),
N,N-dimethylformamide (DMF, Sinopharm Chemical Reagent,
>99.5%), 1,3,5-benzenetricarbonyl trichloride (TMC, Sigma-
Aldrich, 98%), cyclohexane (C¢Hj,, FHUYU Chemical, >98%),
methanol (CH;O0H, Sinopharm Chemical Reagent, >99.5%), and
1-butyl-3-methylimidazole bis(trifluoromethanesulfonyl)imide salt
([BMIM] TF,N, Energy Chemical, 98%) were employed in this study.

2.2 Preparation of UiO-66-NH, ‘“porous monomers”

UiO-66-NH, was synthesized according to the reported literature.>
Typically, 0.65 g of ZrCl,, 0.48 g of 2-aminoterephthalic acid,
and 7.56 g of deionized water were added to 160 mL of DMF.
The mixture was ultrasonically dissolved and then heated at 120 °C
for 24 h. After the solution was cooled to room temperature, the
product was collected by centrifugation and washed with DMF
(15 mL x 5) and deionized water (15 mL x 8). The UiO-66-NH,
solid (yield = 79%) was collected for later use.

2.3 Interfacial polymerization of the UiO-66-NH,-
TMC membrane

PES ultrafiltration membranes (pore size: 100 nm) were used as
the substrates of composite membranes. The UiO-66-NH, was
diluted with deionized water to prepare 0.05 wt% aqueous
dispersions of the Ui0O-66-NH, monomer. In our previous work,
the optimal concentration of UiO-66-NH, aqueous dispersions
and the interfacial polymerization time have been systematically
explored.”> When the MOF monomer concentration was
0.05 wt% and the interfacial polymerization time was 5 min,
the obtained membrane material was continuous, dense, and
has good performance. Therefore, in this study, 0.05 wt%
aqueous dispersions of the UiO-66-NH, were selected for the
preparation of UiO-66-NH,-TMC membranes. For the interfacial
polymerization, first, the PES substrate was soaked in the aqu-
eous dispersion of UiO-66-NH, monomers for 10 s, then taken
out and fixed on a self-made mold. The wet PES substrate was
dried with a 50 °C hot lamp to ensure that enough MOF
monomers remained on the substrate. Then 0.5 wt% TMC
cyclohexane solution was gently poured into the mold. After
10 min of interfacial polymerization at room temperature, the
TMC cyclohexane solution was discarded, and the UiO-66-NH,-
TMC membrane was washed with pure cyclohexane three times
to remove excess TMC. Here, in order to further increase the
crosslinking degree of the membrane, the time of interfacial
polymerization was extended to 10 min. Finally, the UiO-66-NH,-
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TMC membranes were heated under a hot lamp at 50 °C for
5 min to ensure that the polymerization reaction was complete.

2.4 IL@UiO-66-NH,-TMC membrane after post-modification

After the UiO-66-NH,-TMC membranes were prepared, [BMIM]-
TF,N ILs were assembled in the membranes to seal the voids and
narrow the pore size. The ionic liquid of [BMIM|TF,N was selected
due to its excellent CO, affinity and solubility, and its hydrogen
bonding interaction with the UiO-66-NH,-TMC membranes. The
UiO-66-NH,-TMC membranes were fixed in the vacuum filtration
device, and the methanol solution of IL (10 mL) with varying
concentrations (10 wt%, 15 wt%, and 20 wt%) was poured onto
the composite membranes, and the vacuum filtration time was
10 min. Then the membranes were heated at 50 °C for 30 min to
evaporate the methanol solvent. The obtained UiO-66-NH,-TMC
membranes and IL@UiO-66-NH,-TMC membranes prepared with
IL concentrations of 10 wt%, 15 wt%, and 20 wt% were named
MO, M1, M2, and M3, respectively (Table 1). After the filtration,
the IL methanol solution in the vacuum filter bottle was collected.
After the evaporation of methanol, the unmodified IL content was
measured to calculate the amount of IL in membranes (Table 1).

2.5 Characterization

The chemical structures of the resultant membranes were
characterized using a Fourier transform infrared spectrophot-
ometer (FTIR, IRTracer-100, SHIMADZU). X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB 250, SHIMADZU) was used
to further investigate the chemical composition of the resultant
membranes. The structures of the resultant membranes and UiO-
66-NH,, powder were examined with X-ray diffraction (XRD, XRD-
6000, SHIMADZU) at a scanning rate of 10° min~' and 5-50°
angular range. The surface and cross-sectional morphologies of
the resultant membranes were collected using a scanning electron
microscope (SEM, JSM-7900F, JEOL). The Brunauer-Emmett-
Teller (BET) surface area and the pore size distributions of UiO-
66-NH, were calculated based on the N, adsorption-desorption
isotherms at 77 K collected with a Micromeritics ASAP 2020.
The CO, and CH, adsorption isotherms for the UiO-66-NH,-TMC
membrane and IL@UiO-66-NH,-TMC membranes were measured
with the Micromeritics ASAP-2020 surface area analyzer at a tem-
perature of 298 K. Thermogravimetric analysis (TGA) was performed
using a TGA STAR® system under a nitrogen atmosphere.

2.6 Gas separation experiment

The single and mixed gas permeation tests were performed
with Wicke-Kallenbach apparatus. The membranes were fed

Table 1 Synthesis conditions of different membranes

Membrane UiO-66-NH, TMC solution IL solution IL content

ID dispersions (Wt%) (wt%) (Wt%) (2)
MO 0.05 0.5 0 0
M1 0.05 0.5 10 0.2
M2 0.05 0.5 15 0.36
M3 0.05 0.5 20 0.47
Mopgsa, 0 0 15 0.12
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with single (CO, and CH,, purities of 99.99%) and mixed (CO,/ For mixed gas separation, the separation factor (S.F.) is
CH, = 1:1, v/v) gas in the pressure range of 1.2-2.0 bar, while obtained according to eqn (3):
the permeate side was kept at atmospheric pressure. Single gas
with a flow rate of 100 mL min %, or a CO,/CH, mixture gas S.F.
with a total flow rate of 100 mL min~" was used as the feed

gas, and argon with a flow rate of 40 mL min™" was used as  where ;, J represent the two components in the mixture and X, Y
the sweep gas. The permeance (P, GPU, 1 GPU = 3.3928 X gre the mole fractions in the permeate and feed gas, respectively.

_X/X
Yi/Y;

(3)

107" mol m™ s™" Pa™') of the membranes was calculated The solution-diffusion model was applied to study the gas
. 24,25 .
using eqn (1): permeance through the IL@UiO-66-NH,-TMC membranes. The
N calculation formula is shown in eqn (4):*>*’
p= M )
! Apl x A ( ) Pil =8; X D; (4)

where the permeability (P{) is equal to the product of the
solubility (S; mol m™> Pa~") and the diffusivity (D;, m* s~ '), and
L is the thickness of membranes. The ideal selectivity (ideal o;;) of
the pure gas was calculated using eqn (5):*

where N; (mol s7') is the permeate flow rate of component i,
interval, Ap; (Pa) is the transmembrane pressure drop of 7, and
A (m?) is the membrane area.

For single gas separation, the ideal gas selectivity (x;;) is

obtained according to eqn (2): = <§> % (&) )
RN D;
P
%ij = Fj (2) The S; can be calculated by eqn (6):
5 =G ©)
where P; and P; represent the permeance of components i and j. P
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Fig.1 (a) The FT-IR spectra of IL, TMC, UiO-66-NH,, PES substrate, UiO-66-NH,-TMC membrane (M0), and ILQUIO-66-NH,-TMC membranes
prepared with IL concentration of 10 wt%, 15 wt%, and 20 wt% (M1-M3); (b—d) the magnified parts of (b—d) in (a).
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where C; (mmol cm™?) and P are the adsorption amount of the
membrane for component i and pressure, respectively. D; was
calculated according to eqn (4).

3. Results and discussion

3.1 Membrane characterization

The chemical groups of IL, TMC, UiO-66-NH,, PES substrate,
and synthesized membranes were detected using FTIR spectro-
scopy. Fig. 1(b-d) show the magnified parts of (b-d) in Fig. 1(a).
In the IR spectrum of the MO membrane (Fig. 1b), the peak that
appears at 1640 cm ™ is associated with the stretching vibration
of C=N,* indicating that UiO-66-NH, and TMC are covalently
linked to the amino group. The characteristic peaks of M1-M3
membranes at 1350, 1230, 1190, and 1057 cm ™ * were ascribed
to the S=—O0O asymmetric stretching, C-F asymmetric stretching,
S=O0 symmetric stretching, and S-N asymmetric stretching of
[TF,N] (—) in ionic liquids, respectively (Fig. 1b).* The bands at
2880 cm ! and 2970 cm ! in Fig. 1c can be assigned to the
symmetric and asymmetric extension of the -CH,- group in
the [BMIM] (+) alkyl chain.***> These results confirmed the
successful loading of ILs into M1-M3. Compared with MO, the
-COOH characteristic peak of M1-M3 membranes shifted from
1700 em™ " to 1670 cm ™" (Fig. 1d), which indicates the hydrogen
bonding between the H atom from -NH, and -COOH in the
membrane and F atom in [BMIM] TF,N.

The newly formed chemical composition within the synthesized
membrane before and after IL assembly can be characterized
by XPS technology (Fig. 2). The peaks of C 1s (285 eV), O 1s
(532 eV), N 1s (399.6 eV), and Zr 3d (182 eV) were observed in the
wide scanning spectra of both UiO-66-NH,-TMC and IL@UiO-66-
NH,"TMC membranes.*>** Compared with the UiO-66-NH,-TMC
membrane, a new peak (169 eV) appeared in the spectrum of the
IL@UiO-66-NH,-TMC membrane, which belongs to the S element
in [BMIM]TF,N.* To analyze the chemical state clearly, the XPS C
1s and N 1s spectra of membranes before and after ILs assembly
were recorded (Fig. 2b and c). In Fig. 2b, the peaks of the UiO-66-
NH,-TMC membrane at 285 eV (Peak 1) are associated with C-C,
C-H, and C-N functional groups.*® The peaks of the IL@UiO-66-
NH,-TMC membrane at 285 eV (Peak 1) can be attributed to C-C,
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C-H bonds, 286.5 eV (Peak 2) correspond to the C-N bond, and
293 eV (Peak 3) correspond to ~CF; groups respectively.”” > The
presence of -CF; groups in the IL@UiO-66-NH,-TMC membrane
mainly comes from [TF,N] (—). Besides, the area corresponding to
the C-N bond for the IL@UiO-66-NH,-TMC membrane increases
compared to the UiO-66-NH,-TMC membrane, which was due to
the immobilization of [BMIM] (+) between UiO-66-NH, and
TMC.*>*! The N 1s spectrum of the UiO-66-NH,-TMC membrane
shows a broad peak at 399.6 eV (Peak 1) (Fig. 2), corresponding to
the N-C and N-H bonds within the membrane. Two characteristic
peaks appeared in the N 1s spectrum of the IL@UiIO-66-NH,-TMC
membrane at 399.6 eV (peak 1) and 402.5 eV (peak 2). Peak 1
corresponds to the N-C bond and N-H bonds in the membrane
and the N element in [TF,N] (—), and peak 2 corresponds to the two
N atoms in the imidazole ring of [BMIM] (+). The results provide
further evidence for the successful confinement of ILs into the
membrane.

The XRD patterns of the UiO-66-NH, powder and prepared
membranes are shown in Fig. 3a. The XRD patterns of synthesized
UiO-66-NH, fitted well with the simulated patterns, demonstrating
that the targeted structure was constructed. The characteristic
peaks of UiO-66-NH, at 7.3° and 8.4° are relatively broad, which
is caused by the ultra-small particle size for UiO-66-NH,. To further
clarify the pore structure of the MOF, the N, adsorption isotherm
(BET data) of the synthesized ultra-small UiO-66-NH, was tested
(Fig. S1, ESIt). The N, adsorption results demonstrate that UiO-66-
NH,, possesses a BET surface area of 373 m”> g~ " and follows a class
IV adsorption curve (Fig. S1a, ESIt). There is a hysteresis loop in
the middle part of the adsorption curve.*? The reason for this
phenomenon is that the particle size of UiO-66-NH, is too small,
and it is easy to agglomerate together and generate intercrystalline
mesopores. This phenomenon can also explain the inhomogeneity
of the pore size distribution of UiO-66-NH,, as shown in Fig. S1b
(ESIt). The pore size distribution at 7 A and 11 A belong to the
pore window and pore cavity of UiO-66-NH,, respectively, while
the pores larger than 11 A are intercrystalline pores generated by
the agglomeration of MOFs. These results combined with the XRD
patterns demonstrate the successful formation of the porous
MOF structures. Moreover, the available amine groups inside the
synthesized UiO-66-NH, were quantified using XPS analysis, as
shown in Fig. S2 (ESIT). The peaks of UiO-66-NH, were observed

Binding Energy/eV

(a) guio-se-NH, MG | [ () ] UI0-66-NH,-TMC (c) oo IL@UIO-66-NH,-TMC
—— Ui0-66-NH,-TMC (7] IL@UIO-66-NH,-TMC S22 [Z]uio-66-NH,TMC
O1s Peak 1
ci1s Peak 1 C-C,C-H o]
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2r3d
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Fig. 2 XPS spectrum of (a) UiO-66-NH,-TMC and ILQUIO-66-NH,-TMC membranes, (b) C 1s for UiO-66-NH,-TMC and ILQUIO-66-NH,-TMC
membranes, (c) N 1s UiO-66-NH,-TMC and IL@UiO-66-NH,-TMC membranes.
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Fig. 3

for C 1s (285 eV), O 1s (532 eV), N 1s (400 eV), and Zr 3d (182 eV) in
the wide-scan spectra. Among them, the proportion of N element
is 6.4%, suggesting that the amine content in UiO-66-NH, is high.
UiO-66-NH,, is formed by the coordination of the ZrsO,(OH),
cluster with 2-aminoterephthalic acid. Each ligand contains an
amino group, so each structural unit of the formed UiO-66-NH,
contains amino functional groups, and the surface ones can link
with TMC during the interfacial polymerization process. The TEM
image (Fig. 3b) reveals that the particle size of UiO-66-NH, “mono-
mers” is 16 nm. Furthermore, M0-M3 all showed diffraction peaks
in the range of 7.3-8.4°, proving that the crystal structure of UiO-66-
NH, in the composite membranes was retained (Fig. 3a).

After confirming the material structures, the morphologies
of the PES substrate, M0-M3, were observed in the SEM images.
As shown in Fig. 4, the PES substrate has many voids with a size
of ~100 nm. By contrast, after the synthesis of membranes by
interfacial polymerization (Fig. 5a), the substrate is completely

Fig. 4 The top-view SEM images of the PES substrate.

50

(a) XRD patterns of UiO-66-NH, simulated, UiO-66-NH,, PES substrate, and MO-M3. (b) TEM of the L-UiO-66-NH,.

covered with a continuous selective layer. The larger pore size
and hydrophilicity of the PES substrate can effectively retain
the UiO-66-NH, monomer, which lays a foundation for the
interfacial polymerization of membranes. M1-M3 membranes
exhibit continuous surfaces without obvious defects (Fig. 5b-d).
When the IL concentration was up to 20 wt%, excess IL could be
observed on the membrane surface. It can be seen from the
cross-sectional image of the membrane that the thickness of the
IL@Ui0-66-NH,-TMC membrane is about 150 nm (Fig. 5f-h),
and the addition of IL does not significantly increase the
thickness of the original membrane (Fig. 5e), indicating that IL
is mainly assembled into the membrane rather than being
deposited on the surface.

To clarify the distribution of UiO-66-NH, on the PES sub-
strate, we have collected a cross-sectional SEM image of the
UiO-66-NH,-TMC membrane and an EDS mapping image of the
IL@UiO-66-NH,-TMC membrane. (Fig. S3, ESIt). The size of
the UiO-66-NH, particles (~20 nm) is smaller than that of the
PES substrate (100 nm), so after the PES soaks the MOF
aqueous phase, some UiO-66-NH, particles will enter the inside
of the PES pores, and these particles will aggregate inside the
PES pores (Fig. S3a, ESIt), but these MOF particles are few and
discontinuous, which have no influence on the separation
performance. Beyond the MOF particles inside the PES pores,
a uniform UiO-66-NH, layer is spread on the surface of the PES,
and the membrane formed in this part can be visually observed
by SEM. Compared with the membrane layer formed on the PES
surface, the scattered MOF particles in the PES pores can be
ignored, which can also be confirmed from the EDS mapping
images of the IL@Ui0O-66-NH,-TMC membrane (Fig. S3b and c,
ESIT). The distribution of the Zr element in the IL@UiO-66-
NH,-TMC membrane also proves that most of the MOF is
located on the surface of PES, and a small amount of MOF
enters the interior of the PES pore. Therefore, based on the
above results, the effect of the MOF membrane inside the PES
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Fig. 5 The top-view SEM images of MO—M3 (a—d), and the cross-sectional SEM image of MO—-M3 (e—h).

pores on the CO,/CH, separation performance of the IL@UiO-
66-NH,-TMC membrane can be neglected.

TGA analysis was performed to further investigate the thermal
performance of the IL-modified membrane (Fig. 6). M1-M3
membranes exhibited the first weight loss (43%, 54%, and 67%)
at a temperature around 340 °C which could be attributed to the
loss of IL in the membranes.**** The IL loadings in M1-M3
membranes calculated from the TGA results were 0.17, 0.32, and
0.43 g, respectively, consistent with the amount of IL added
during the experiment (Table 1). The second major weight loss
started at a temperature of 500 °C which represented the decom-
position of UiO-66-NH,, which corresponds to the weight loss of
MO at 500-600 °C.*>*® The third segment weight loss of M1-M3
membranes at a temperature of 600 °C can be regarded as the
disintegration of PES. These results confirmed that both the
composite membranes before and after modification exhibit ideal
thermal stability for gas separation.

100

80 -

60 -

Weight loss / %

40 -

20

T T L] T
200 400 600 800
Temperature / 'C
Fig. 6 TGA curves of MO-M3.

To illustrate the improvement of CO, adsorption capacity
with the addition of ILs, the gas adsorption experiments were
performed on the MO membrane and M2 membrane with CO,
and CH, at 298 K (Fig. 7). The adsorption capacities of the
MO membrane for CO, and CH, were 7.56 and 3.01 cm® g~ ' at
298 K, while those of M2 membrane for CO, and CH, were
30.37 and 4.98 cm® g~ ' at 298 K. The CO, adsorption ability of
the M2 membrane is higher than that of the MO membrane,
proving that the addition of IL to the membrane can effectively
improve the CO, adsorption capacity of the membrane.

3.2 Gas separation test

The successful assembly of ILs within the membranes and
affinity between CO, and the IL inspired us to study the CO,/
CH, gas separation performance of the IL@UiO-66-NH,-TMC
membranes. The mixed gas (CO,/CH, = 1/1, v/v) permeation
tests were first performed on the PES, IL@PES, UiO-66-NH,-
TMC, and IL@UiO-66-NH,-TMC membranes at room tempera-
ture under a pressure of 1.2 bar (Fig. 8a and Table S1, ESI{). The
IL@PES exhibited a CO,/CH, selectivity of 2.9, while that of PES
is 0.59, indicating that the modification of the substrate with
the IL could not achieve efficient separation of CO,, and the
selectivity is mainly due to the high CO, affinity of the IL.
The selectivity of the UiO-66-NH,-TMC membrane was only 0.98,
corresponding to its large pore size of 1.15 nm. As expected, the
CO,/CH, selectivity of the IL@UiO-66-NH,-TMC membrane was
significantly improved to 35, compared with that of the IL@PES
and UiO-66-NH,-TMC membranes. The high CO,/CH, selectivity
is not only due to the excellent CO, adsorption ability for the IL
(Fig. 7b) but also because the IL effectively occupies the interspace
between the MOF and TMC monomers. These results indicate that
the IL post-modified UiO-66-NH,-TMC membrane is an effective
strategy to improve the CO,/CH, separation performance.

The assembled amount of IL has a significant effect on the
gas separation performance of the membranes. As the IL
concentration increased (from 10 to 30 wt%), a trend was
observed for IL@UiO-66-NH,-TMC membranes in which the
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CO,/CH, separation selectivity increased and the CO, per-
meance decreased (Fig. 8b). The M1 prepared with 10 wt% IL
concentration has a high CO, permeance of 180 GPU but a low
selectivity of 5.7. The lower IL concentration cannot fully fix the
space between the MOF and TMC so the gas selectivity cannot
be effectively improved. The M2 membrane exhibited a CO,/
CH, selectivity of 35 associated with a CO, permeability of
46 GPU, reflecting a substantial enhancement in CO,/CH,
selectivity as compared to the UiO-66-NH,-TMC membrane
(Fig. 8a). When the IL concentration reached 20 wt%, the
membrane showed up to 75 separation selectivity for CO,/
CH,, but considering its low gas permeance, a membrane with
an IL concentration of 15 wt% was selected for the further gas
separation test.

The mixed gas permeance for the M2 membrane under
different trans-membrane pressure drops (1.2-2.0 bar) was also
evaluated (Fig. 8c). As the pressure increases, the CO, per-
meance slightly increased (from 42 to 47 GPU) and the CO,/CH,
selectivity remained unchanged (35), indicating that the M2
membrane can maintain stable separation performance under
different transmembrane pressure drops. The evaluated membranes
sustained their associated performances, affirming that the
IL@UiO-66-NH,-TMC membrane has a defect-free selective
layer that enables stable gas separation performance at different
pressures. Under a trans-membrane pressure of 2 bar, we
performed the gas separation test at 120 °C. The results (Table
S2, ESIT) confirmed that the IL@UiO-66-NH,-TMC membrane
was stable under this condition and can maintain efficient
separation performance.

The solution-diffusion model was applied to investigate the
separation mechanism of the IL@UiO-66-NH,-TMC membrane.
To obtain the permeability of different gases, the single gas
permeation tests for pure CO, (99.995%) and CH, (99.995%)
under a pressure of 1.2 bar were performed on the IL@UiO-66-
NH,-TMC membrane (Fig. 8d). The composite membrane
(M1-M3) possessed the higher CO,/CH, selectivity (5.7, 35, and 75)
of mixed gases than the ideal selectivity (2, 13.6, and 54), attributed
to the competitive adsorption of CO, and CH, by the membranes.*’
The solubility (S) and diffusivity (D) for the M2 membranes are
summarized in Table 2. The result shows that the selectivity of the
membrane is more dependent on solubility (SCOZ/SCH4:5.9 >
DCOZ/DCH4:2.2)' It is much easier to adsorb CO, than CH, by the
IL-modified composite membranes, declining the adsorption
and diffusion of CH,, thereby enhancing the separation
selectivity.

To further investigate the stability of the IL@UiO-66-NH,-
TMC membrane, the gas separation performance of the
membrane was continuously tested at a trans-membrane pres-
sure of 1.2 bar (Fig. 9). The CO,/CH, selectivity of 36 remained
unchanged after continuous 1440-min gas separation tests,
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Fig. 9 The plot of CO,/CH,4 permeance and selectivity for the IL@UIO-
66-NH,-TMC membrane versus test time.

demonstrating the excellent stability of the membrane. The
firm assembly of the IL within the membrane is influenced
by several factors: (i) the F atoms in the IL generate hydrogen
bonding interactions with the UiO-66-NH,-TMC membrane;
(ii) the very small interspace (1.15 nm) between the MOF and
TMC monomers can effectively bind the imidazolium cations in
the ionic liquid and prevent their detachment from the interior
of the membrane.”

3.3 Comparison of the reported UiO-66 based membranes

Fig. 10 shows the comparison of separation performances for the
IL@UiO-66-NH,-TMC membrane and reported other state-of-the-
art UiO-66 based polycrystalline and composite membranes
together with 2008 Robeson upper bounds. The synthesized IL@
UiO-66-NH,-TMC membranes exhibit significantly enhanced CO,
selectivity over the UiO-66-NH,-TMC membrane, proving that the
IL post-modification strategy is an effective means to obtain high-
performance CO, separation membranes. In addition, compared
with the state-of-the-art UiO-66 based polycrystalline and compo-
site membranes reported in the literature, the membranes synthe-
sized in this work exhibit higher CO, separation performance and
are close to Robson’s upper bound. Hence, this comparison study
revealed that the IL@UiO-66-NH,-TMC membranes fabricated in
the present work are potential for CO, separation processes.

4. Conclusions

In summary, we demonstrate that ILs acting as cavity occupants is
a facile and efficient method to trigger the CO,/CH, separation
performance of MOF-based composite membranes. The addition
of ILs with high CO, affinity filled the interspace between the

Table 2 The value of solubility (S) and diffusivity (D) for the M2 membrane at 298 K

Membrane Sco, (mol m~? Pa™") Scw, (mol m ™ Pa™)

SCOZ/SCH1 Dco, (mz 571) Dcn, (mz 571) DCOZ/DCH4

M2 49 x 107 8.3 x 107*

5.9 7.3 x 1074 33 x 10" 2.2
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Fig. 10 Comparison of the CO,/CH, separation performances between
the ILQUIO-66-NH,-TMC membranes prepared in this study and other
UiO-66 polycrystalline and composite membranes reported in the litera-

ture. Upper bound front drawn assuming a membrane thickness of 1 um.
Detailed information in this figure is listed in Table S3 (ESIT).

MOF and TMC monomers, resulting in a significant increase in
the CO,/CH, selectivity (35) compared to that of the pristine
membrane (0.98). The hydrogen bond interaction between the
IL and MOF composite membranes solved the problem of IL
loss and improved the separation stability of the membrane. The
preparation of MOF composite membranes by the interfacial
assembly method and the functional modification of ILs provide
new opportunities to design flexible, high filler proportions, ultra-
thin, and scalable MOF-based membranes for gas separation.
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