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Abstract

Mixed matrix composite membranes (MMCMs) hold great potential to realize efficient CO2 removal from natural gas. However,

the reduction of separation performance arising from the interfacial defects, significant plasticization and aging effect in the

thin films severely limit their application. Herein, we fabricated a series of polyimide MMCMs with MOF-protruding structure

wherein amino-functionalized ZIF-8 nanocrystals nearly penetrate the thin selective layer. Through engineering the interfacial

interactions, e.g., covalent or hydrogen bondings, we successfully fabricated defect-free MMCMs with the thickness ranging

from 140 to 280 nm. The stronger interfacial interactions eliminate the interfacial defects and restrict the mobility of polymer

chains under high pressure. Accordingly, the MMCM displays a high CO2 permeance of 778 GPU and a CO2/CH4 selectivity

of 34 with significantly improved resistance to plasticization and aging. Considering the superior performance, we anticipate

our work could provide guidelines on designing advanced MMMs to tackle critical separations.
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Abstract

Mixed matrix composite membranes (MMCMs) hold great potential to realize efficient CO2 removal from
natural gas. However, the reduction of separation performance arising from the interfacial defects, significant
plasticization and aging effect in the thin films severely limit their application. Herein, we fabricated a series
of polyimide MMCMs with MOF-protruding structure wherein amino-functionalized ZIF-8 nanocrystals
nearly penetrate the thin selective layer. Through engineering the interfacial interactions, e.g., covalent or
hydrogen bondings, we successfully fabricated defect-free MMCMs with the thickness ranging from 140 to
280 nm. The stronger interfacial interactions eliminate the interfacial defects and restrict the mobility of
polymer chains under high pressure. Accordingly, the MMCM displays a high CO2permeance of 778 GPU and
a CO2/CH4selectivity of 34 with significantly improved resistance to plasticization and aging. Considering
the superior performance, we anticipate our work could provide guidelines on designing advanced MMMs to
tackle critical separations.

Keywords: Natural gas purifications, mixed matrix membranes, thin-film composite membranes, interfacial
interactions.

Introduction

Efficient CO2 removal from natural gas has been regarded as one of the most important processes in modern
chemical industries because the presence of CO2 can reduce the calorific value and make the natural gas
streams acidic and corrosive.1-3 Among CO2 separation processes, membrane technologies hold great poten-
tial to siginificantly increase the energy efficiencies and reduce the environmental impacts compared with
traditional separation technologies such as adsorption and absorption.3-8 To date, polymeric membranes is
dominating the membrane separation market because of the ease of processing polymers into thin selective
membranes.2,9-11 Nevertheless, the separation performance of polymeric membranes suffers from the trade-
off effect, as depicted by the Robeson plot for typical gas pairs including CO2/CH4.12-14 In this context, it
is essential to develop membranes that can outperform conventional polymeric membranes.

Metal-organic framework (MOF) based mixed matrix membrane (MMM), which combines the advan-
tages of molecular-sieving capability of microporous fillers and solution processibility of polymers, has
been widely researched as an effective approach to surpass the performance upper-bound of polymeric
membranes.14-21Recently, MMMs with MOFs penetrating matrix have attracted extensive attention be-
cause the fillers are expected to dominate the membrane separation performance which approaches to that
from pure MOF crystals.22-25For example, Huang and co-workers fabricated highly H2permeable MMMs with
ZIF-7 microplates penetrating the polymer matrix and yielded a 14-fold higher H2 permeance and 9-fold
higher H2/CO2 selectivity, respectively.22 Our group has proposed a MMM with ZIF-8 microcrystals nearly
penetrate the polyimide matrix and form a “Direct-through Channel” structure which achieves nearly 70%
of C3H6/C3H8separation performance from pure ZIF-8 crystals according to the calculation results of the
Maxwell model.24 Overall, MMMs with MOF-penetrated structure are still in its infancy stage and usually
a self-standing membrane with large thickness is fabricated in most studies. For practical application, mixed
matrix composite membranes (MMCMs) with thin selective layers are much more attractive attributing to the
fact that the thin selective layer is expected to minimize the trans-membrane resistance and thus maximize
the gas permeance.26-28 Till now, fabricating ultrathin selective films with nano-sized MOF penetrated the
selective layer has been rarely reported. Wang’s group developed MMMs with penetrated oligomer-grafted
MIL-101 nanoparticles serving as gas transport channels in rubbery poly-vinylamine (PVAm) matrix, with
a CO2permeance of 823 GPU and a CO2/N2selectivity of 242 under humidified conditions.23

Glassy polymeric membranes have excellent mechanical/chemical stabilities which benefit the operation un-
der extreme conditions such as high pressure.10,11,29-32 However, the fabrication of high-performance MMCMs
using glassy polymer as matrix remains elusive. In theory, there are two critical issues remaining unresolved.
Firstly, non-selective defects or pinholes can be easily generated at the interfaces when the membrane thick-
ness reduces to sub-micrometer or nanometer scale due to the weak interfacial interactions between the fillers
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. and rigid chains of glassy polymers which are detrimental to the separation performance.26,27 Secondly, the
plasticization and aging effect would become more serious for thin-selective layer, owing to the enhanced
chain mobility of polymers, leading to drastic decrease of the overall separation performance.29,33,34

To overcome the above-mentioned issues, we develop a series of MMCMs, containing MOF-protruding struc-
ture wherein the MOF crystals nearly penetrate the thin selective layer. The thickness of the selective layer
can be reduced to 140-280 nm through engineering the interfacial hydrogen or covalent bonds, as illustrated
in Fig. 1. Attributing to the affinity of amine groups to CO2 and low permeation resistance of the selective
layer with protruding MOFs, the MMCM yields a CO2 permeance of 778 GPU which is three-fold higher
than that of polyimide membrane with a CO2/CH4 selectivity of 34, and demonstrated improved resistance
to plasticization (up to 40 bar) and aging performance (for 28 days). Considering the superior CO2 separa-
tion performance as well as the good resistance to plasiticization and aging, we anticipate that the MMCMs
hold great potential for real applications in natural gas purification processes.

Fig. 1 Schematic diagram of this work

Experimental section

Materials

2-aminobenzimidazole (C7H7N3, 99%, Heowns) and 2-methylimidazole (C4H6N2, 98%, Heowns) were em-
ployed as organic linker sources of NH2-ZIF-8 nanocrystals. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O,
97%, Meryer) was employed as the zinc source. Sodium formate (CHO2Na, 98%, TCl) was employed for the
deprotonation of imidazoles. Ethanol (C2H5OH, 99.5%, Jiangtian Chemical Technology), n-heptane (GC,
Aladdin), dimethylacetamide (CH3CON(CH3)2, 99.5%, Meryer, hereafter DMAc), tetrahydrofuran (C4H8O,
GC, Meryer, hereafter THF), N, N-Dimethylformamide (C3H7NO, 99%, Aladdin, hereafter DMF) and deio-
nized (DI) water were employed as solvents. Polydimethylsiloxane (PDMS, part A and B, SILGARDTM184)
was employed for surface modification of porous substrates. N-bromosuccinimide (NBS, 99%, Aladdin) and
azodiisobutyronitrile (AIBN, 99%, Aladdin) were utilized as bromo-functionalized reagents. Triethylamine
((C2H5)3N, 99.5%, TCl) and acetic anhydride (C4H6O3, 99.5%, TCl) were employed as the catalyst and
dehydrating reagent in the synthesis process of polyimide, respectively. Polyacrylonitrile (here-after PAN,
mean pore diameter of ˜20 nm) was used as the porous substrates. All the above reagents and materials
were used without further purification. Before polymerization, the monomers 6FDA (C19H6F6O6, 99.5%,
Sigma-Aldrich) DAM (C9H14N2, 99.5%, Sigma-Aldrich) were purified by vacuum sublimation at 215°C and
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. 75°C, respectively.

Preparation of PDMS modified substrates (mPANs)

Firstly, we prepared 0.3 wt% PDMS solution: 0.5 g PDMS part A and 0.05 g part B were added to 109.45
g n-heptane, and the solution was stirred for 4 h. Secondly, the PAN substrates were fixed on the surface of
the glass sheet by Kapton tapes, and we spread the PDMS solution to cover the surface of the substrates
and started spin-coating at the spinning speed of 500, 1000, 2000 and 3000 rpm for 1min, respectively. After
spin-coating process, the substrates were placed in a fume hood and dried for 12 h. We denote the modified
substrates as mPANs.

Synthesis of polymers

The illustration of the synthesis of bromo-functionalized polyimide (PI-Br) are shown in Fig. S1.35,36 Firstly,
we synthesis the pristine 6FDA-DAM via step growth polymerization.35 Before the reaction, purified 6FDA
and DAM were dried under vacuum at 120 °C and 40 °C for 8 h. The monomer solution was prepared
by adding 10 mmol 6FDA and 10 mmol DAM in a 100 mL bottle with 25.5 mL DMAc. The ratio of the
monomers in the solution is 20 wt%. The solution was kept in 0°C, stirring by the mechanical stirrer at 800
rpm under Ar atmosphere for 24 h. Then the yellow colloidal solution was stirring at 25°C under Ar purge
for another 24 h by adding acetic anhydride and triethylamine. After reaction, we precipitated and washed
the dark yellow solution in methanol and placed the white polymer powder in a vacuum oven at 180 °C
overnight to remove the absorbed water and solvent residues.

Secondly, we dissolved 6mmol self-made 6FDA-DAM powder in 50 ml CH2Cl2, stirring under N2 purge. Then
we added 6mmol NBS and 0.04 mmol AIBN to the mixture, and performed the reaction at 80°C for 4 h
under reflux condensation. Following this, we precipitated and washed the product mixture in cold methanol
and placed the light-yellow polymer powder under vacuum at 180 °C overnight to remove the absorbed water
and solvent residues. The 1HNMR results are shown in Fig. S2 and indicate the successful synthesis of PI-Br.

Synthesis of MOF nanocrystals

In this work, we synthesized amino-functionalized ZIF-8 nanocrystals (NH2-ZIF-8) via an improved
mixed-linker strategy by modulating the reaction temperature.15,37-39 First, we dissolved 34 mmol 2-
methylimidazole, 6 mmol 2-aminobenzimidazole and 10 mmol sodium formate in 100 ml deionized water,
under 70°C and stirred for 2 h. Second, we dissolved 10 mmol Zn(NO3)2·6H2O in 100 ml DMF and stirring
for 5 min. Then we mixed the above solutions and stirred for 1 h. After reaction, the MOF crystals were
collected by centrifugation, washed several times in methanol and placed under vacuum at 85 °C overnight.

Preparation of MMCMs

We employed spin-coating method for the preparation of MMCMs.40,41 In this study, we utilize nano-sized
NH2-ZIF-8 crystals as MOF fillers, distributed in 6FDA-DAM or PI-Br, wherein the corresponding MMMs
are denoted as MMCM-A and MMCM-B, respectively. To further reduce the thickness of the thin films, we
increased the spin-coating speed and employed NH2-ZIF-8 with smaller size. Firstly, for MMCM-A, we placed
the 6FDA-DAM powder under vacuum at 180 °C overnight. Moreover, we employed MOF/THF suspension
rather than MOF powder to facilitate dispersing the MOF nanocrystals in the polymer solution. To prepare
MMCMs with a certain filler composition, we dropped the MOF/THF suspension into a certain volume of
6FDA-DAM/THF solution (4 wt% of 6FDA-DAM) wherein MOF crystals accounts for 10-40 wt% to the
total amount of MOF and 6FDA-DAM. Then we stirred the resulting solutions overnight and sonicated them
for 3 h to eliminate the bubbles.

Secondly, we fixed the mPANs on the glass plates by Kapton tapes and placed the plates on the spin-coating
machine. Then we spread the solution onto the whole area of mPANs and started spin-coating for 50 s at
the speed of 1000 rpm. We employed NH2-ZIF-8 nanocrystals (mean diameter of ˜133 nm), with increasing
the spinning speed to 2000 rpm to obtain MMCM-A with a thinner selective layer. Following this, we placed
the membranes under vacuum at 40°C overnight.
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. Fabrication of MMCM-B was conducted by a similar protocol. The prepared NH2-ZIF-8/THF suspension
was distributed into a dilute PI-Br/THF solution (4 wt% of PI-Br). In spin-coating process, we coated the
solution onto the whole area of mPANs and started spin-coating for 50 s at the speed of 2000 rpm. Similar
with MMCM-A, we employed NH2-ZIF-8 with mean size of ˜82 nm and increased the spinning speed to
3000 rpm to obtain MMCM-B with thinner selective layers. After the spin-coating process, we placed the
membranes under vacuum at 40°C overnight.

Characterization

The surface area and pore structure of the synthesized NH2-ZIF-8 samples was measured by Micromeritics
instrument (ASAP 2460) under N2 sorption at 77 K. The morphologies of the NH2-ZIF-8 nanocrystals and
the membranes were characterized by Scanning electron microscopy (SEM) (Regulus R-8100). The X-ray
diffraction (XRD) spectrum of NH2-ZIF-8 were characterized on Rigaku D/max 2500v/pc using Cu Kα
radiation. Before analyzing the surface area, we degassed NH2-ZIF-8 nanocrystals at 120°C overnight. The
interfacial interactions in MMCMs were characterized by Fourier Transform Infrared (FT-IR, Bruker Vertex
70). The cross-sections of the MMCMs were prepared under freezing conditions wherein the membranes were
fractured after being immersed in liquid N2 for 120 s. Before characterization, we coated the SEM samples
with Platinum to increase the conductivity.

Results and Discussion

Characterization of NH2-ZIF-8 nanocrystals

In this study, we synthesized three types of NH2-ZIF-8 nanocrystals with different sizes.37-39 As shown
in Fig.2a, the XRD patterns of synthesized NH2-ZIF-8 nanoparticles are all consistent with the simulated
pattern, confirming the successful synthesis. The SEM images of NH2-ZIF-8 nanocrystals show that the
three types of synthesized NH2-ZIF-8 crystals have size of 82±18 nm (Fig. 2b), 133±15 nm (Fig. 2c) and
245±70 nm (Fig. 2d), respectively. We employed N2 adsorption measurement to examine the pore structures
of the NH2-ZIF-8 samples. According to the results in Fig. 2e, we calculate the BET surface areas of the
NH2-ZIF-8 nanocrystals are 985.4 cm2 g-1, 625.2 cm2g-1 and 460.7 cm2g-1, respectively, indicating a high
gas adsorption capacity which facilitates the low-resistance molecular diffusion. As shown in Fig. 2f, it can
be found that new infrared absorption peaks exist at 3183 and 3381cm-1, corresponding to the stretching
vibration of -N-H, confirming the successful incorporation of amino groups in ZIF-8 crystals.

Fig.2 Characterization of the synthesized NH2-ZIF-8 samples. (a) XRD patterns. (b-d) SEM images of
NH2-ZIF-8 crystals with mean size of (b) 82 nm, (c) 133 nm and (d) 245 nm, scale bar=500 nm, (e) N2

adsorption isotherms at 77 K, (f) FTIR spectrum of ZIF-8 and NH2-ZIF-8.
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. Fabrication and characterization of MMCMs

Highly permeable porous substrates are critical to fabricating MMCMs, and the gutter layer on the substrates
has been regarded to provide a smooth surface and avoid the penetration of the dilute solution into the pores
of substrates.4,42 In this work, we employed crosslinked polydimethylsiloxane (PDMS) as the gutter layer
and precoated it onto the PAN substrates via spin-coating. As shown in Fig. S3, we successfully fabricated
modified substrates with a gutter layer of ˜100 nm thick and the CO2 permeance is ˜10000 GPU, wherein
the trans-membrane resistance is negligible.

We fabricated the MMCMs through spin-coating, and the thickness of top selective layer could be controlled
by adjusting the spinning speed. Herein, we employed NH2-ZIF-8 nanoparticles as MOF fillers, distributed
in 6FDA-DAM or bromo-functionalized polyimide (PI-Br), wherein the MMMs are denoted as MMCM-A
and MMCM-B, respectively. To further reduce the thickness of the top layer, we increase the spin-coating
speed and employed NH2-ZIF-8 with smaller size.

We employed SEM to observe the cross-sectional and surface morphologies of MMCMs. As shown in Fig.3a-c,
the MOF-protruding structure was formed in MMCM-A. The cross-sectional images show that the selective
layer is ˜280 nm thick (Fig. 3a-b), and MOF crystals could protrude the polyimide matrix. The surface
SEM image (Fig. 3c) shows the clear rhombic facets of NH2-ZIF-8 crystals appearing on the thin film
and no defects or pinholes were generated during the membrane fabrication. The cross-sectional images
of the MMCM-A with a thinner selective layer is shown in Fig 3d-e. With a MOF loading of 20 wt%, the
selective layer of MMCM-A is ˜150 nm thick, while NH2-ZIF-8 crystals could also nearly penetrate the whole
thickness. However, it is noteworthy that lots of pinholes appearing on the surface of the film, resulting in
non-selective defects which could cause a significant decrease in gas selectivity (Fig. 3f).

Fig. 3 Characterization of MMCM-A (20 wt% MOF loading). Morphologies of MMCM-A at spinning speed
of 1000 rpm: (a, b) cross-sectional images, (c) surface image. Morphologies of MMCM-A at spinning speed
of 2000 rpm: (d, e) cross-sectional images, (f) surface image. (Scale bar=500 nm)

With regard to MMCM-B, the MOF-protruding structure could also be observed. The cross-sectional images
(Fig. 4a-b) show that the selective layer is only ˜140 nm thick, and NH2-ZIF-8 crystals could nearly penetrate
the polymer matrix. Moreover, we notice that facets of NH2-ZIF-8 crystals appearing on the thin film and
no defects or pinholes were generated (Fig.4c). The cross-sectional images of the MMCM-B with a thinner
selective layer is shown in Fig 4d-e. The selective layer is ˜80 nm thick, and NH2-ZIF-8 crystals could nearly
penetrate the selective layer, while defects and pinholes appear on the membrane surface (Fig. 4f), which
are detrimental to the separation performance.

The FT-IR spectra clearly demonstrate the interfacial interactions in MMCMs. As shown in Fig. S4,
aromatic imide structure exists in polyimide at 1780 and 1720 cm-1, indicating the asymmetric and symmetric
stretching vibration of C=O, respectively. The peak corresponding to the stretching vibration of C-N in

6
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. imide rings appears at 1357 cm-1, and the peak corresponding to the bending vibration of C=O appears at
720 cm-1. Compared with pure 6FDA-DAM, the imide characteristic peak of the MMCM-A remains after
the incorporation of NH2-ZIF-8 crystals, confirming the existence of the chemical structure of polyimide.
Moreover, the C=O characteristic peak of the MMCM-A exhibits a slight blue shift, confirming the hydrogen-
bonding interaction between the amine groups of MOF particles and polyimide chains.

Fig. S5 shows the infrared spectra of PI-Br and MMCM-B with different MOF loading. The characteristic
peak of imide ring retains in the membranes, indicating the existence of polyimide structure. Meanwhile,
the peak corresponding to the stretching vibration of C-Br appears at 650 cm-1, confirming the successful
functionalization of bromine on 6FDA-DAM chains. In contrast with the infrared absorption peak of MOF
crystals, the peaks of the amine weaken after crosslinking, while the band strength of the aryl-N increases,
confirming the covalent-bonding exist between PI-Br and NH2-ZIF-8.

Overall, through optimizing the fabrication parameters, we prepared pinhole-free MMCM-A and MMCM-B
wherein the membrane thickness is ˜280 and ˜140 nm, respectively. Because the interfacial covalent bonds
in MMCM-B are much stronger than the hydrogen bonds in MMCM-A, wherein the stronger interfacial
bonds benefit the formation of compatible interface structure, MMCM-B membrane materials could be
manufactured into much thinner film.

Fig. 4 Characterization of MMCM-B (20 wt% MOF loading). Morphologies of MMCM-B at spinning speed
of 2000 rpm: (a, b) cross-sectional images, (c) surface image. Morphologies of MMCM-B at spinning speed
of 3000 rpm: (d, e) cross-sectional images, (f) surface image. (Scale bar=500 nm)

2.4 Gas separation performance

The transport properties of 30/70 (v/v) CO2/CH4 mixture of the MMCMs were evaluated. The separation
performance of MMCMs has a strong dependence on the MOF loading as clearly shown in Fig. 5a and b. The
CO2 permeance of 6FDA-DAM membranes with a 300-nm thickness is 242 GPU, with a CO2/CH4selectivity
of 26. When the MOF loading increases to 20 wt%, the CO2 permeance of MMCM-A increases to 642 GPU,
with the CO2/CH4 selectivity slightly increasing to 33 (Fig. 5a). Fig. 5b shows the separation performance
of MMCM-B with different NH2-ZIF-8 loading (0 to 40 wt%). With increasing the NH2-ZIF-8 loading from
0-20 wt%, the MMCM-B exhibits a drastically enhanced CO2 permeance (from 304 to 778 GPU) and an
increased CO2/CH4 selectivity (from 22 to 34). This is possibly due to the protruding amino-functionalized
MOF crystals with high specific surface area fortified the CO2 adsorption and solution processes and facilitate
the low-resistance diffusion of gas molecules. Moreover, the selectivity of all the MMCMs declines drastically
with the NH2-ZIF-8 loading increasing to over 30 wt%, owing to the crystal aggregation and the generation
of interfacial voids, wherein non-selective diffusion reduces the selectivity.

Plasticization effect of polymer-based membranes is also a challenging problem in industrial
applications.24,33,34,43,44 In general, under high pressure, polar gas molecules with high critical temperatures
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. such as CO2, C2H4 and C3H6 can swell and promote the mobility of the polymer chains, resulting in a signif-
icant drop of the selectivity and a slight increase of the permeance. To evaluate the plasticization-resistant
properties, we utilized the plasticization point which refers to the pressure wherein the CO2permeance
upturns.44 In this regard, we tested the separation performance of MMCMs under equimolar mixed gas with
CO2 partial pressure increasing to 20 bar. For 6FDA-DAM membrane, the plasticization point appears at
CO2partial pressure of 15 bar, wherein the CO2 permeance reaches its minimum value of 66 GPU (Fig. 5c).
With regard to the MMCMs, both the CO2 permeance of MMCM-A and MMCM-B decreases monotonically
and we did not observe a plasticization point. It is noteworthy that when the CO2 partial pressure increasing
to 20 bar, the CO2/CH4 selectivity of polyimide, MMCM-A and MMCM-B decreases by 71.2%, 54.9% and
28.5% (Fig. 5d), respectively. Overall, the above results show that MMCMs yield a significant plasticization
resistant performance. Moreover, because the interfacial covalent bonds in MMCM-B are much more robust
than the hydrogen bonds in MMCM-A membranes, wherein the stronger interfacial bonds potentially restrict
the swelling of polyimide chains at high feed gas pressure, MMCM-B exhibits a superior pressure stability.

Aging effect in polymeric membranes is another challenging problem for practical applications,29,43,44 which is
typically prominent in thin-film glassy polymers.18,33,45-47 We tested the long-term stabilities of the MMCMs
for nearly one month. As shown in Fig. 5e-f, the pure polyimide membranes exhibit a typical aging
performance, and the CO2 permeance decreases 64.5% after 28 days, from 242 to 86 GPU. In contrast, the
MMCMs exhibited an improved aging-resistance performance. For MMCM-A, the CO2 permeance reduces
from 652 to 417 GPU, with 36% of declination after 28 days. With regard to MMCM-B, the CO2 permeance
decreases from 778 to 583 GPU, retaining 75% of the initial separation performance. The above results
indicate that the MMCM-B with robust covalent-bonding exhibit a better long-term stability for nearly one
month than the MMCM-A with hydrogen-bonding and pure polyimide membranes.

As shown in Fig. 6, compared with the state-of-the-art composite membranes, the MMCMs exhibit an
outstanding CO2/CH4 separation performance. The yellow dashed lines in Fig 6 depict the target perfor-
mance zone of CO2/CH4 separation membranes, indicating that a membrane should yield a CO2 permeance
higher than 100 GPU and a CO2/CH4selectivity higher than 30 to achieve economical demands for natural
gas purification.48 The separation performances of both MMCM-A and MMCM-B surpass all the polyimide-
based composite membranes and the MMCMs reported in the literature and are comparable to the facilitated
transport membranes.

Fig. 5 Gas separation performance of MMCMs. Effect of MOF loading on CO2 permeance and CO2/CH4

selectivity (feed gas: CO2/CH4 = 3/7 vol% mixed gas, 1 bar) of (a) MMCM-A, (b)MMCM-B. Effect of
CO2 partial pressure on separation performance of pristine polyimide, MMCM-A and MMCM-B (equimolar
mixed gas, 30°C): (c) CO2 permeance, (d) CO2/CH4 selectivity. Long-term stability of pristine polyimide,
MMCM-A and MMCM-B (feed gas: CO2/CH4 = 3/7 vol% mixed gas, 1 bar, 30°C): (e) CO2 permeance, (f)
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. CO2/CH4 selectivity.

Fig. 6 Comparison of the CO2/CH4 separation performance of the MMCMs with the state-of-the-art com-
posite membranes (Table S1). The yellow dashed line shows the target zone for membrane-based purification
of natural gas (CO2 permeance > 100 GPU, CO2/CH4 selectivity > 30)48.

4. Conclusion

In conclusion, an ultrathin mixed matrix composite membrane (MMCM) with NH2-ZIF-8 nanocrystals pro-
truding structure was successfully fabricated. Through engineering the polyimide/MOF interfacial hydrogen
or covalent bonds, the thickness of the selective layer can be reduced to 280 or 140 nm. The protruding MOF
filler can considerably reduce the transport resistance and promote the CO2 permeation. As a result, the
MMCMs exhibit a high CO2 permeance of 778 GPU and a CO2/CH4 selectivity of 34, surpassing most of
the reported MOF-based MMMs and polyimide composite membranes towards CO2/CH4 separation. More-
over, due to the robustness of the interfacial interactions between MOFs and the polymer chains in the thin
films, the MMCMs show a significantly enhanced plasticization-resistant and aging-resistant performance at
a high CO2 partial pressure up to 20 bar and exhibit a long-term stability for nearly one month. Overall, this
work demonstrates an efficient and general strategy to fabricate advanced ultrathin mixed matrix composite
membranes with both high separation performance and excellent stabilities under high pressure, which hold
great potential to address many critical separation issues in chemical industry.
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