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ARTICLE INFO ABSTRACT

Keywords: Great developments in the field of metal-organic framework (MOF) membranes have been
Metal-organic frameworks achieved recently, especially in production with a large membrane area, modification for better
Membrane separation performance, and application with additional functions. However, their significance has not been

Formation mechanisms
Modification strategies
Applications

fully recognized and understood. This review summarizes production methodologies, including
direct crystallization, interfacial/contra-diffusion synthesis, layer-by-layer assembly, confine-
ment conversion, microfluidic processing, and vapor deposition. The mechanisms and merits of
these synthesis methods are analyzed. Modification strategies for the combination of MOFs and
introduced components are discussed, and classified into coating, heteroepitaxial growth, em-
bedding, occupation, grafting, and substitution. Modification improves the performance dis-
tinctly by changing the construction, microstructure, affinity, and pore size of MOF membranes.
The application of MOF membranes in gas separation, nanofiltration, ionic sieving, stimuli re-
sponsiveness, and catalysis are reviewed, and the separation mechanisms are analyzed.
Moreover, some possible opportunities and challenges for further development of MOF mem-
branes are pointed out.

1. Introduction

Separation processes performed by distillation, extraction, condensation, evaporation, crystallization, and filtration consume
about half the total energy used in the chemical industry. Membrane processes, including, but not limited to, micro/ultra/nanofil-
tration, reverse osmosis, electro-osmosis, pervaporation, distillation, and gas separation, have been attracting much attention because
of their energy-saving and environment-friendly features [1-4]. Membrane properties impact the separation efficiency immensely.
The development of membrane materials draws much attention [5]. Polymers such as cellulose acetate, polyamide, polyimide,
polysulfone (PSF), polyvinylidene fluoride (PVDF), and polydimethylsiloxane (PDMS) are the dominant materials in practical
membrane fabrication. These membranes show some irreplaceable merits, especially a low production cost and high processability
[6]. However, polymeric membranes generally suffer from a trade-off limitation between selectivity and permeability [7]. To im-
prove the separation performance, micro/nanoparticles are introduced and blended into polymeric matrices to change the formation
mechanism, phase composition, and transport channels, thereby yielding high-performance mixed-matrix membranes (MMMs)
[8-10]. The aggregation of particles and the formation of invalid particle-polymer interfaces are the opportunities and challenges in
the progress of MMMs [11-13]. Recently, carbon membranes [14-16], especially graphene-based membranes, fabricated from
graphene or its derivatives [17-21], have been demonstrated, with excellent performance in gas separation, nanofiltration, and
organic solvent nanofiltration. Inorganic materials are employed to fabricate separation membranes as well. Owing to their com-
mendable thermal and chemical properties and uniform microporous structures, zeolite membranes show great developments in
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Fig. 1. Number of publications per year on “metal-organic framework membranes,” from Web of Science.

separation application [22-25]. Benefiting from plentiful catalytic sites, zeolites are very promising for the fabrication of catalytic
membranes [26].

As a type of microporous material such as zeolites, metal-organic frameworks (MOFs), composed of organic linkers and metal
centers, have large surface areas and well-defined pore structures. These materials show great potential in energy storage, molecular
capture, catalysis, separation, and information encryption [27-30]. MOFs have been deposited on dense substrates to produce films
for better application [31-33]. Unlike MOF films with dense substrates, MOF membranes are formed by growing continuous poly-
crystalline MOF layers on porous substrates. MOF layers offer selectivity for different feed components, and substrates provide
mechanical strength for the membrane package and practical application [34-37]. Moreover, MOF membranes require more con-
tinuity than that for MOF films. Continuous MOF membranes for separation were successfully fabricated until 2009 [38-42].
Thereafter, research on MOF membranes showed rapid developments (Fig. 1). Various fabrication methods, including hydro/sol-
vothermal synthesis, interfacial growth, and layer-by-layer assembly, have been reported for producing continuous membranes
[34-36]. As shown in Table 1, substrates for supporting MOF layers are similarly multitudinous. Inorganic (e.g. Al,Os, TiO,, and
SiO,) discs and metal (Cu and Ni) meshes are the most reported substrates for supporting MOF membranes, due to their com-
mendable chemical and thermal stabilities [38-44]. To enhance processability, improve membrane area per volume, and reduce
fabrication cost, polymeric substrates, especially hollow fiber substrates, are advocated to prepare MOF membranes for better in-
dustrial application. However, polymeric substrates have relatively poor thermal stability, solvent resistance, and mechanical
strength [36]. These disadvantages may impede the application of related MOF membranes in harsh conditions, such as high tem-
perature, strongly aggressive solvents, and extreme pressure. Free-standing MOF membranes at the centimeter scale have been
fabricated, but their poor mechanical properties are a vital problem, especially under pressure-based separation [45]. With respect to
application, Table 2 shows the most commonly prepared MOF membranes and the expected permeance and selectivity in gas se-
paration, which are based on the data of reported studies. Owing to ultrahigh porosities, coherent transport channels, uniform
apertures, and unique adsorptions, MOF membranes are widely applied for H, purification, CO, capture, and hydrocarbon separa-
tion, and show superior permeance and selectivity than those of state-of-the-art conventional polymeric membranes [46-49]. Re-
lative to the types of reported MOFs, the types of MOFs for membrane fabrication are very few. Owing to strict requirements, such as,
but not limited to, suitable aperture size, high sorption dissimilarity of feed components in frameworks, high chemical stability, and
good membrane-forming property, the reported MOF membranes mainly comprise ZIF-7, ZIF-8, ZIF-90, MOF-5, CuBTC, NH,-MIL-53,
and UiO-66 [28,34,36,37].

Although the great potential of MOF membranes has been proposed and demonstrated, several bottlenecks that impact separation
applications should be overcome urgently. Firstly, the commonly applied synthesis strategies usually fabricate MOF membranes with
a small area of several square centimeters, which is much smaller than the requirement for industrial separation applications. The
methodology for large-scale production of MOF membranes should be developed imminently. Secondly, the fabrication of defect-free
polycrystalline MOF membranes through heterogeneous crystal growth is seriously hobbled by the formation of grain boundaries,
which may induce void transport channels and thus reduce the selectivity. On the other hand, channel refining and sorption tuning
are very attractive for improving the separation performance. Thirdly, separation membranes with additional functions are inter-
esting and needed, to satisfy the demands of the chemical industry. It is very important to extend the application scope of MOF
membranes. As shown in Fig. 2, great developments in the production, modification, and application of MOF membranes have been
achieved recently, but their significance has not been fully recognized and understood. This review mainly focuses on the progress in

Table 1

Comparison of MOF membranes with different substrates in stability, economy, and processability.
Substrate Substance Stability Economy Processability
Inorganic Al,03, TiO,, SiO,, Cu, Ni High Low Moderate
Polymer Polyimide, Polyvinylidene fluoride, Polysulfone, Nylon, Torlon Moderate Moderate High
Free-standing Non Low High Low
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Table 2
The commonly prepared MOF membranes and the expected permeance and selectivity. X, presents CO,, N5 or CHy.
MOF Gas pair Expected permeance Expected selectivity
ZIF-7 Ho/Xn 1077-10 °mols 'm~?Pa~! 10-20
ZIF-8 Hy/X, 1077-10 " °mols 'm~2Pa~?! 5-25
H,/C3Hg 1077-10 °®mols 'm~?pa! ~2500
C3Hg/CsHg ~10"%mols 'm~?Pa"! 50
CuBTC Ho/Xn ~10"°mols™'m~?Pa~’ 5-15
NH,-MIL-53 Hy/Xnq ~10"°mols 'm~2?pa! 20-30
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Fig. 2. Development tendency of MOF membranes, and main points of this review.

continuous MOF membranes, and is organized into introduction, production of MOF membranes, modification of MOF membranes,
applications of MOF membranes, and conclusions and outlook.

2. Production of MOF membranes

Hydro/solvothermal growth was the first proposed method for synthesizing MOF membranes, and is widely used. This method is
carried out by immersing substrates in precursor solutions with both metal sources and linkers. To accelerate the synthesis process,
hydro/solvothermal growth is performed with microwave treatment [42]. Both heterogeneous crystallization on substrates and
homogeneous crystallization in bulk solutions occur under thermal treatment. Heterogeneous crystallization may lead to the for-
mation of continuous MOF membranes, whereas homogeneous crystallization may increase the risk of cracked membrane formation.
Hence, the modification of substrates to increase heterogeneous nucleation is exploited to promote the formation of defect-free
membranes. Seeding the substrates with nano/micrometer-sized MOF crystals can enhance heterogeneous crystallization [50-57].
Various techniques, such as dip coating and rubbing, are utilized for seeding. The adhesion between MOF layers and substrates relates
to the stability and long-term application of MOF membranes. Chemical modification by grafting the molecules with the —NH, and
—COOH groups on the substrates, which can combine linkers or metal ions, has been proposed to simultaneously strengthen the
compatibility and provide nucleation sites [58-64]. Because the connection between the substrates and MOF layers is chemical
bonding, the membranes usually show good mechanical stability against the abscission of the MOF layers. Considering the hybrid
property and coordination process of MOFs, substrates with congeneric metals have also been developed for synthesizing MOF
membranes [65-69].

For industrial separation applications, the large-scale production of membranes is important. However, because of the compli-
cated procedures of inorganic substrate fabrication, modification/seeding, and high-temperature crystallization, scaling up the
production of MOF membranes by the hydro/solvothermal method is difficult and expensive. Moreover, as mentioned above, the
crystallization in bulk solutions causes a great wastage of raw materials. To improve the potential of MOF membrane production,
polymeric substrates with high processability, low cost, and large membrane area per volume, are employed to support the MOF
membranes. Furthermore, many strategies, including direct crystallization, interfacial synthesis, contra-diffusion growth, layer-by-
layer assembly, microfluidic processing, confinement conversion, and vapor deposition, have been developed to produce MOF
membranes. In this section, we discuss the strategies that are feasible to efficiently produce MOF membranes on a large scale. Table 3
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shows the synthesis conditions, membrane properties, and separation performance of these reported membranes.

2.1. Direct crystallization

Direct crystallization is the synthesis of membranes by the crystallization of MOF layers on substrates in mixed precursor solu-
tions. The substrates are immersed in metal ion/linker solutions directly, and heterogeneous crystallization of MOFs on the substrates
leads to the formation of continuous MOF membranes. To enhance the density of heterogeneous nucleation sites and adhesion
between the MOF layers and substrates, seeds and functional groups are introduced onto the substrates to form defect-free MOF
membranes with high compatibility. This synthesis method is similar to that used for zeolite membranes. As the synthesis conditions
for some MOFs are mild, the related membranes can be fabricated at low temperatures and show good feasibility of production. Pan
et al. fabricated a ZIF-8 membrane on an alumina substrate with coated seeds, by direct crystallization in zinc nitrate hexahydrate
and 2-methylimidazole (MeIM) aqueous solution at a low temperature of 30 °C. A membrane with a thickness of 2.2 pm was prepared
after crystallization for 6 h. As the actual window size of ZIF-8 is 4.0-4.2 A, the prepared membrane displayed a high CsHe (kinetic
diameter, KD: 4.0 A)/C5Hg (KD: 4.3 A) selectivity of 50 and a CsHg permeance of 3.0 x 10 ®mols™'m~2Pa~' at —15°C [70]. Due
to a large membrane area per unit volume, yttria-stabilized zirconia (YSZ) hollow fibers were employed as the substrate to support
the ZIF-8 membrane. At room temperature, the H, permeance and H,/C3Hg selectivity of the prepared ZIF-8 membrane was
1.54 x 10 °mols™'m~2Pa~! and 1100, respectively [71]. To deposit thin MOF membranes on unmodified substrates, He et al.
grew MOF nanocrystals on substrates, by the electrophoretic method, and then crystallized continuous membranes by direct crys-
tallization in precursor solutions at a temperature of 30 °C. The prepared ZIF-8 membrane had a thickness of 500 nm, and showed a
high H, permeance of 8.3 X 10 ®mols 'm~2Pa~! and good ideal selectivities of 7.3 (H2/CO,), 15.5 (H»/N>), 16.2 (Ho/CH,), and
2655 (H,/C3Hg) [72]. However, the types of MOFs that can be fabricated into membranes at low temperatures are limited. Moreover,
the crystallization of the MOFs in bulk solution, and the high linker/metal salt molar ratio of 75 in these studies, led to a high
consumption of the expensive linkers. To accelerate the membrane formation, microwave synthesis was proposed. This method was
performed by thermal treatment of the precursor solutions with immersed substrates using microwave processing. Owing to the rapid
and volumetric heating, the synthesis time can be shortened greatly [42].

Compared with that of inorganic substrates, polymeric hollow fiber substrates display better feasibility for MOF membrane
production, due to their excellent processability and large area per unit volume. Brown et al. fabricated ZIF-90 membranes on poly
(amide-imide) hollow fibers with a nanocrystal seed layer, under relatively mild conditions with a temperature of 65 °C. The prepared
membranes had a thickness of 5 um, and showed moderate ideal selectivities of 1.5 for CO,/CH,4 and 3.5 for CO,/N, [73]. Hou et al.
deposited a ZIF-8 membrane on PVDF hollow fibers using (3-aminopropyltriethoxysilane (APTES)-functionalized titania

APTES-
functionalized
TiO,

Fig. 3. (a) Scheme of ZIF-8 membrane on PVDF hollow fibers with APTES-functionalized TiO, nanoparticles. (b) Photograph of the deposition
process. (c and d) SEM images of the prepared ZIF-8 membrane. Adapted from Ref. [74] with permission from Wiley-VCH.
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' Xee. . 78

Fig. 4. (a) Schematic diagram of preparation of MOF membrane. (b and ¢) SEM images of NH,-MIL-53 hollow fiber membranes. Adapted from Ref.
[79] with permission from Elsevier.

nanoparticles as seeds (Fig. 3a and b). The ZIF-8 membrane, with a thickness of about 1.0 um, was synthesized by the immersion
technique, at room temperature (Fig. 3c and d). The synthesized ZIF-8 membrane showed excellent separation performance, with a
high H, permeance of 201 X 10~ " mols™'m~2Pa~"' and a H,/CO, ideal selectivity of 7.1 [74].

Under high pressures, the contraction of flexible polymeric substrates may lead to crack formation in MOF membranes. To
enhance the stiffness of the MOF hollow fiber membranes, Li et al. fabricated ZIF-8 and CuBTC membranes on polyacrylonitrile (PAN)
hollow fibers. The hollow fibers were firstly hydrolyzed using an alkaline solution to transform the —CN groups into —COO— groups,
thereby improving heterogeneous nucleation by coordinating the metal ions. During crystallization by hydrothermal treatment, the
cross-linking, cyclization, and dehydrogenation reactions of PAN molecules increased the stiffness of the membranes. The prepared
CuBTC membrane showed a high H, permeance of 7.05 x 10 >mols ™' m™?Pa~! and a H,/CO, selectivity of 7.1 [75]. To enhance
the adhesion of the MOF layers onto the substrates, the MOF membranes were deposited on the substrates with ZnO buffer array
layers. As the ZnO layer was synthesized using MeIM as the pH regulator, MOF membranes could be fabricated without the procedure
of ZnO activation. The prepared ZIF membranes were crack-free and exhibited excellent compatibility. After ultrasonic treatment for
60 min, the membranes maintained an intact continuity. The prepared ZIF-8 membrane displayed high H,/CO, and H,/N, ideal
selectivities of 16.3 and 18.4, respectively, with a H, permeance of 20.1 X 10~ mols~ 'm~™2Pa~! [76]. Metal-based gels were
similarly developed as buffer layers for MOF membrane production. As a result of gel impregnation in the substrate, MOF crystals
were formed in polyethersulfone (PES) hollow fibers, and the compatibility and stiffness of the prepared MOF membranes improved
drastically. The prepared ZIF-8 membrane showed a high H,/N, selectivity of 20.4 [77].

MOFs, which can be synthesized on polymeric substrates, usually require relatively mild synthesis conditions. To increase the
topological types of MOFs in membrane fabrication, PVDF hollow fibers were ammoniated using molecules with two amino groups,
such as ethanediamine (EDA), to improve the chemical stability (Fig. 4). After ammoniation, the hollow fibers displayed excellent
solvent resistance and thermal stability due to their cross-linked chemical structure. Moreover, the ammoniated hollow fibers con-
tained nanoparticle structures and amino groups, which represented vast nucleation sites on the surface, for better formation of
continuous MOF layers. In addition to ZIF-8 and CuBTC membranes, ZIF-7 and NH,-MIL-53 membranes were fabricated in N,N-
dimethylformamide (DMF) solutions at high temperatures of 130 and 150 °C, respectively. All the prepared MOF hollow fiber
membranes displayed outstanding H, separation performance, e.g., the H, permeance of the prepared NH,-MIL-53 membrane was
42.1 x 10~ "mols~'m~2Pa~?, whereas the corresponding H,/CO, selectivity was 32.4 [78,79].

2.2. Interfacial and contra-diffusion synthesis

Different from the mixed precursor solutions in direct crystallization, interfacial and contra-diffusion synthesis have two sepa-
rated linker and metal source solutions, through isolation by the substrates (contra-diffusion synthesis) or the interfaces of two
immiscible solvents (interfacial synthesis) [80,81]. Crystallization on the substrates or at the interfaces results in the formation of

continuous MOF membranes. In these methods, MOFs are preferentially crystallized at the defects of the membranes, because the
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Fig. 5. (a) Synthesis cell used for preparing ZIF-8 membrane. (b and c) Digital photograph and SEM image of ZIF-8 membrane. Adapted from Ref.
[86] with permission from Wiley-VCH.

defects provide a pathway for the diffusion of MOF precursors. These methods are very suitable for fabricating defect-free MOF
membranes. Moreover, owing to the two non-interfering solutions, there is no bulk MOF formation, thereby reducing the wastage of
MOF precursors. Yao et al. exploited the contra-diffusion method to synthesize ZIF-8 membranes on flat nylon substrates [82]. To
grow the ZIF-8 membranes, MeIM and zinc nitrate methanol solutions were placed on different sides of the substrate. After synthesis
for 72h, with a MeIM/Zn?* molar ratio of 8, the membrane was formed, and showed a high H, permeance of
1.97 x 10 ®mol s~ ' m~2Pa !, but a moderate H,/N, ideal selectivity of 4.3, possibly due to the inferior microstructures. An NH,*
additive was added into the precursor aqueous solution to improve the continuity of the ZIF-8 membrane [83]. Interfacial synthesis
provides a more confined region for crystallization than that by contra-diffusion. Li et al. prepared ZIF-8 membranes on a polymeric
flat membrane by interfacial synthesis. Zinc nitrate aqueous solution was firstly impregnated into the PES substrate, and MeIM/1-
octanol solution was subsequently poured on the PES substrate for interfacial synthesis. After growth, an ultrathin ZIF-8 membrane
was formed, and showed commendable performance in nanofiltration and organic solvent nanofiltration for dye removal [84].

Similar to direct crystallization, the nucleation density of substrates plays a critical role in the formation of MOF membranes.
Shamsaei et al. combined contra-diffusion synthesis and vapor modification of substrates to prepare ZIF-8 membranes at room
temperature. The vapor modification of bromomethylated poly(2,6-dimethyl-1,4-phenylene oxide) (BPPO) substrates using EDA was
employed to enhance the nucleation density. Compared with that of the membrane fabricated with the original substrate, the ZIF-8
membrane on the modified BPPO substrate showed better continuity. The prepared membrane displayed a C3Hg permeance of
0.75 x 10 " ®mols ' m™2Pa~! and a C3He/C3Hg ideal selectivity of 28.8 after annealing at 150 °C [85]. Using a metal-chelating
poly-thiosemicarbazide (PTSC) substrate, Barankova et al. fabricated a compact and ultrathin ZIF-8 membrane with a thickness of
620 nm. The contra-diffusion synthesis cell and SEM image of the prepared ZIF-8 membrane are shown in Fig. 5. The membrane
displayed distinct H,/C3Hg and C3He/C3Hg ideal selectivities of 8350 and 150, respectively [86].

The tube- and hollow fiber-type constructions of separation membranes are beneficial for industrial applications. Xie et al.
combined contra-diffusion synthesis and substrate modification to prepare ZIF-8 membranes on macroporous Al,O3 tubes. To de-
crease the pore size and improve heterogeneous crystallization, the macroporous substrate was coated with Al,O3 particles having
grafted APTES, before growth. After crystallization by contra-diffusion synthesis, a ZIF-8 membrane with a thickness of 2 um was
formed. The H, permeance and H,/N, ideal selectivity of the membrane were 5.73 X 10 ®>mols™'m~2Pa ' and 17.1, respectively
[87]. Huang et al. used the contra-diffusion method to synthesize a ZIF-71 membrane on an inorganic hollow fiber substrate (Fig. 6).
Owing to the fast reaction, it is difficult to synthesize ZIF-71 membranes in mixed precursor solutions. However, using contra-
diffusion synthesis, the crystallization between the Zn-based solution and imidazole linker solution was easily controlled. The pre-
pared ZIF-71 membrane presented good performance in pervaporation for alcohol-water separation [88].

Using the concept of contra-diffusion synthesis, Kwon and Jeong developed a novel in situ contra-diffusion growth method to
prepare a ZIF-8 membrane. A porous substrate was impregnated with a zinc source solution, and subsequently immersed into MeIM
solution, for crystallization under thermal treatment. The formed ZIF-8 membrane, with a thickness of 1.5 um, was well-intergrown.
Owing to MOF formation in the porous substrate, the membrane showed excellent compatibility. The membrane displayed good
separation performance, with a CsHg permeance of 2.0 X 10 ®mols™'m~2Pa~! and a C3He/CsHg selectivity of 55 [89]. The
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Fig. 6. Schematic illustration for preparation of ZIF-71 membrane by contra-diffusion. Adapted from Ref. [88] with permission from the American
Chemical Society.

method was also employed to repair MOF membranes with cracks, and offer seeds for obtaining MOF membranes by the solvothermal
method [90]. To further enhance the selectivity, they controlled the microstructures of the ZIF-8 membrane by varying the sodium
formate/MelIM ratio and zinc salt type. When the membrane was synthesized with a sodium formate/MeIM ratio of 0.12 and mixed
zinc nitrate-zinc chloride source, an improved C3Hg/C3Hg selectivity of 70 and a C3Hg permeance of 2.7 X 10 ®mols 'm~2Pa~?!
were achieved [91]. Furthermore, the same group employed microwave synthesis instead of thermal treatment to enhance the
crystallization. The synthesis time could even be shortened to about 90s [92].

2.3. Layer-by-layer assembly

For layer-by-layer (LBL) assembly, metal salt solutions and linker solutions are applied successively to coat the substrates [93-96].
During the interval of precursor coating, the substrate is rinsed using a pure solvent to remove the excess precursors. Using the
inconsecutive MOF crystallization process, the membrane thickness can be precisely controlled. Moreover, this method is performed
at mild conditions and is feasible for the production of MOF membranes on a large scale. Shekhah et al. employed this approach to
fabricate continuous ZIF-8 membranes on Al,03 substrates. Zinc nitrate and MeIM solutions were deposited on the substrate con-
secutively. The prepared ZIF-8 membrane showed a controllable thickness from 0.5 to 1.6 um, with an increase in the number of
growth cycles from 150 to 300. However, in CsHe/C3Hg separation, the membrane with a thickness of 1.6 um displayed a relatively
poorer selectivity of 2.2 and a lower gas permeance than those of the membranes in earlier studies. This phenomenon was attributed
to the relatively poor internal microstructure of the prepared ZIF layer [97]. Owing to the mild synthesis conditions, this method is
suitable for assembling MOF membranes on polymeric substrates. A PSF ultrafiltration membrane was employed to support the
CuBTC and ZIF-8 layers. After LBL assembly for 7 cycles at ambient conditions, the prepared CuBTC membrane with a thickness of
25um, and a ZIF-8 membrane with a thickness of 10 um, were formed. The CuBTC membrane exhibited H,/CO, and H,/C3Hg
selectivities of 7.2 and 5.7, but the ZIF-8 membrane displayed a poor separation performance [98].

For a better control of the LBL assembly, spin coating was introduced to fabricate MOF membranes via a high-throughput route.
Compared with that of traditional LBL assembly, this approach made a more significant progress in shortening the preparation time
and reducing precursor consumption [99]. Using this method, CuBTC and ZIF-8 membranes were deposited on various substrates,
including glass, silicon, stainless steel, and aluminum oxide. Heinke et al. combined the spraying technique and LBL assembly to
prepare MOF films and membranes (Fig. 7). By spray-coating different precursor solutions through movable nozzles, MOF films and
membranes were prepared on dense and porous substrates and could be produced on a large scale. The thickness of the CuBTC
membrane on the porous Al,O5 substrate was controllable and low. For example, the membranes prepared with 100 and 150 cycles
had thicknesses of 460 and 500 nm, respectively. The CuBTC membrane exhibited a good H,/CO, separation performance, with a
selectivity of up to 8.5 and a H, permeance of 3.0 x 10 8mols~*m~2Pa~! [100].
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Fig. 7. Synthesis setup of LBL assembly assisted by the spraying technique, and EDX mapping of the prepared CuBTC membrane. Adapted from Ref.
[100] with permission from Wiley-VCH.
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2.4. Microfluidic processing

Microfluidic processing is based on the combination of membrane module construction and the crystallization mechanisms of
direct crystallization, interfacial synthesis, or contra-diffusion synthesis. Profiting from the use of hollow fiber substrates, mixed
precursors or two non-hybrid precursors can flow in the tube side or separately in the tube and shell sides. MOF membranes are
deposited on the substrates by the flowing precursors. Huang et al. successfully grew a ZIF-8 membrane on the inner surface of a
ceramic hollow fiber using a flowing precursor mixture. APTES with amine groups was grafted onto the surface of the substrate to
improve the density of heterogeneous nucleation sites. After crystallization, a continuous ZIF-8 membrane with a thickness of 2.0 um
was deposited on the inner surface of the ceramic hollow fiber. The outer hollow fiber could protect the inner MOF membranes from
mechanical scratches. The membrane showed a high H, permeance of 4.3 x 10” " mols ™~ *m~™2?Pa™!, with a selectivity of 11.1 for
H,/N, and 12.1 for H,/CH,4. The membrane also exhibited excellent long-term stability, with almost no change in H,/CH, separation
over 200 h [101]. As mentioned above, polymeric hollow fibers exhibit good processability. Cacho-Bailo et al. synthesized ZIF-7 and
ZIF-8 membranes on the inner surface of PSF hollow fibers using the microfluidic processing method (Fig. 8a and b). The continuous
ZIF-7 and ZIF-8 membranes with good compatibility had thicknesses of 2.4 and 3.6 um, respectively (Fig. 8c and d). The H, per-
meance through the prepared ZIF-7 and ZIF-8 membranes was 2.2 and 4.7 X 10™?mols™' m~2Pa™ !, respectively. These values
were much smaller than 8.2 X 10 8mols *m~2Pa™! for the original PSF hollow fiber. Compared with the PSF hollow fiber
membrane H,/N,-H,/CH, selectivities of 3.1-3.6, the ZIF membranes exhibited much higher H,/N,-H,/CH, selectivities of
35.1-34.6 (ZIF-7 membrane) and 18.3-17.2 (ZIF-8 membrane). These results demonstrated that the MOF layers played critical roles
in gas separation. The prepared ZIF-7 membrane also showed an excellent performance in CO»/N, and CO,/CH, separation, with
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Fig. 8. (a) Microfluidic setup for membrane synthesis. (b) Stainless-steel module for permeation tests. (c and d) SEM images of ZIF-8 and ZIF-7
hollow fiber membranes. Adapted from Ref. [102] with permission from Elsevier.

selectivities of 13.6 and 13.5, respectively [102]. Using a similar method, the ZIF-93 membrane was synthesized on the inner surface
of a co-polyimide P84 hollow fiber. After annealing, the membrane exhibited much higher selectivities of 97 (H»/CH,4) at 100 °C and
17 (CO4/CH,) at 35°C [103]. However, compared with those of other reported membranes, these membranes exhibited a relatively
lower permeance, due to the high mass transfer resistance from the applied hollow fiber substrates (Table 3). To enhance hetero-
geneous crystallization, Lee et al. firstly prepared seed layers on the inner surface of Matrimid hollow fibers and then fabricated a
defect-free ZIF-8 membrane by microfluidic processing, using a flowing precursor mixture. The prepared ZIF-8 membrane with a
thickness of 800 nm displayed a good permeance of 1.8 X 10 ®mols™'m~2Pa~ ! and a selectivity of 46 in C3Hs/CsHg separation
[104].

Although microfluidic synthesis from direct crystallization has a good potential for the production of MOF membranes, bulk
crystallization still occurs. Using a combination of microfluidic processing and interfacial synthesis, as shown in Fig. 9a, Brown et al.
developed interfacial microfluidic membrane processing (IMMP) to produce ZIF-8 membranes on Torlon hollow fibers. Different from
the microfluidic synthesis with mixed precursor solutions, two non-interfering Zn/octanol and MeIM/water solutions were separately
passed into the tube side and shell side. The ZIF-8 membrane was synthesized on/in polymeric hollow fibers that had been packaged
into membrane modules beforehand (Fig. 9b and c). By changing the solvents for dissolving the reactants, and the positions of the
precursor solutions, the ZIF-8 layers were controllably deposited on the inner surface, on the outer surface, and in the fiber. Bene-
fitting from the two non-hybrid precursor solutions, the reactants could be recycled. The prepared ZIF-8 hollow fiber membrane, with
a thickness of 9 um, exhibited moderate H,/C3Hg (370) and C3He/C3Hg (12) selectivities (Fig. 9d and e) [105]. Employing non-
isothermal processing with linearly increasing temperature from 22 to 42 °C, and using modified polyamide-imide (PAI) hollow fibers
as the substrate, the defects and the thickness of the ZIF-8 membrane were controlled, owing to the enhanced nucleation of the initial
ZIF-8 crystals. The prepared ZIF-8, with a thickness of 5 um, showed higher H,/C3Hg (2018) and C3He/C3Hg (65) selectivities [106].
By further controlling the synthesis conditions of the ZIF-8 membrane, extraordinary selectivities of 3200 for H,/C3Hg and 180 for
C3He/C3Hg were achieved, and maintained at 90 for C3Hg/C3Hg under a high feed pressure of 9.5 bar. This is very important for the
practical application of ZIF-8 membranes in C3He/C3sHg separation [107]. This method was also applied to synthesize ZIF-90
membranes on carbon hollow fibers for separating water/organic mixtures [108]. The volatile CHCl3 and isobutanol were employed
as solvents to fabricate MOF membranes by IMMP. The application of volatile solvents was beneficial to the activation of the MOF
membranes. Through this method, CuBTC and ZIF-8 membranes were deposited on polybenzimidazole (PBI) hollow fiber modules
directly. The prepared CuBTC membrane exhibited He/N, and He/C3Hg selectivities of 12 and 17, respectively [109]. In con-
sideration of environmentally friendly production, Marti et al. employed water as the solvent to perform microfluidic processing
based on contra-diffusion synthesis. By passing zinc nitrate and MeIM aqueous solutions through the shell and tube sides,
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Fig. 9. (a) Scheme of IMMP. (b) IMMP reactor and permeation module. (c and d) SEM images of the prepared ZIF-8 membrane. Adapted from Ref.
[105] with permission from the American Academy of Sciences.

respectively, a continuous ZIF-8 membrane was formed on the outer surface of a Torlon hollow fiber, and exhibited a high CO5/N,
selectivity of 52 and a CO, permeance of 7.3 x 10" °mols 'm~2Pa~! [110].

2.5. Confinement conversion

Unlike the methods mentioned above, which involve MOF crystallization with two dissolved precursors, confinement conversion
refers to the formation of MOF membranes via the transformation of the confined solid metal source in the linker solution. Owing to
the reaction between a liquid and solid, confinement conversion shows excellent controllability. Peng et al. developed this method to
prepare CuBTC membranes [111]. A copper hydroxide nanostrand (CHN) film was prepared by filtration, and subsequently converted
to a free-standing CuBTC membrane by immersion in the linker ethanol/water solution at room temperature. After an only 2h
reaction, the CHN film was completely converted to a CuBTC membrane with a thickness of 5 pm. During the conversion, the crystals
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Fig. 10. (a and b) Schematic illustration of ZIF-8 membrane conversion from zinc hydroxide nanostrand and ZnAl-NO; LDH layer. (c and d) SEM
image and EDX mapping of ZIF-8 membrane for ZnAl-NO3 LDH layer. Blue dots show O distribution. Adapted from Refs. [112,117] with permission
from the Royal Society of Chemistry and Wiley-VCH, respectively.

of the CuBTC membrane changed from cubes to cuboctahedrons with the extension of the reaction time. At room temperature, the
membrane showed a high H, permeance of 1.58 X 10~ ®mol s~ ' m~2Pa™ ! and selectivities of 6.1 for H,/CO,, 5.0 for Hy/N5, and 4.0
for Hy/CH,4. Employing zinc hydroxide nanostrands (ZHNs) as the metal source, ZIF-8 and MOF-5 membranes were also prepared
(Fig. 10a) [112,113]. The ZIF-8 membrane exhibited a high permeance, but a relatively poor molecular sieving property, due to the
small thickness of 800 nm. To enhance the selectivity, the converted ZIF-8 layer was used as the seed to synthesize a denser ZIF-8
membrane with a thickness of 2.5 pm, by direct crystallization at 30 °C [112]. After crystallization, higher Ho/N5 (12.5) and H,/CHy4
(9.8) ideal selectivities were achieved, while the H, permeance was maintained at 47.1 X 10~"mols™'m~2?Pa~". To fabricate a
CuBTC membrane on polymeric hollow fiber substrates, the CHN film was deposited on PVDF hollow fibers by vacuum filtration, and
converted to a CuBTC membrane by immersion in a linker solution [114]. During the MOF membrane synthesis, a vacuum pump was
kept on to prevent the spalling of the CHN film from the hollow fiber. The prepared CuBTC membrane showed a high H, permeance
0f 2.0 X 10" %mol s~ ' m~2Pa~! and selectivities of 8.1 for H,/CO,, 6.5 for H,/N,, and 5.4 for H,/CH,. The exposed crystal facets of
MOF membranes are very important for the separation performance, due to the different pore sizes. The same group fixed Au
nanoparticles with immobilized citrate modulators in a CHN film to fabricate a composite CuBTC membrane [115]. After crystal-
lization at room temperature, an oriented cube CuBTC membrane with exposed (0 0 1) facets was formed. For the CuBTC membrane
without Au nanoparticles, when a water/ethanol linker solution was applied, a cuboctahedron membrane with both, exposed (00 1)
and (11 1), facets was fabricated; when an ethanol linker solution was employed, an octahedron membrane with exposed (11 1)
facets was formed. Among these membranes, the cube CuBTC membrane exhibited the highest permeance, but the lowest selectivity
of 1.5 in the separation of CO, (KD: 3.3 ;\) from SF¢ (KD: 5.8 i\), whereas the octahedron CuBTC membrane with exposed (111)
facets showed the lowest CO, permeance, but the highest selectivity of 13.1.

Some other metal-based materials can also be employed to fabricate MOF membranes. Liu et al. employed the ZnAl-NOj; layered
double hydroxide (LDH) to fabricate ZIF-8 membranes [116,117]. As shown in Fig. 10b, the LDH layer with a thickness of 2.5 uym was
firstly grown on porous Al,O5; substrates at 65 °C for 40 h, using the hydrothermal method. The obtained LDH membrane was
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immersed in MeIM methanol solution to obtain the composite membrane by solvothermal treatment at 80 °C for 36 h [117]. MeIM
reacted with the ZnAl-NO3; LDH and formed the ZIF-8 membrane. The composite membrane consisted of a bottom LDH layer with a
thickness of 1.3um and a top ZIF-8 layer with a thickness of 1.1 um. At 90 °C, the prepared composite membrane exhibited a
moderate H, permeance of 4.1 X 10 ®mols 'm~2Pa~?, with high H,/CH,4, CO5/CH,4, and Hy/N, selectivities of 54.1, 12.9, and
16.8, respectively. Owing to the high porosity and precise molecular property of ZIF-8, the H, permeance and H,/CH, selectivity
were enhanced by about 2 and 5 times, respectively, compared with those of the obtained pure LDH membrane. To further improve
the selectivity, the LDH membrane was calcined into a ZnO layer and then partially converted to the ZIF-8 membrane. As the residual
ZnO layer could effectively suppress the flexibility of the framework, the prepared ZIF-8 composite membrane exhibited higher H,/
N, (23.2) and Hy/CH, (77.2) selectivities than those of the ZIF-8-ZnAl-NO3; composite membrane [118]. Drobek et al. converted a
ZnO layer, which was prepared by atomic layer deposition, into a ZIF-8 membrane. The membrane showed a H, permeance of
1.0 x 10" mols ™ 'm~2Pa~ !, and ideal selectivities of 7.8 for H,/CO, and 12.5 for H,/CH4 [119]. In addition to synthesis by
conversion in a linker solution, some studies employed metallic oxides such as ZnO to fabricate MOF membranes by simultaneous
conversion and direct crystallization in a mixed precursor solution or by partial conversion for seeds and subsequent secondary
hydro/solvothermal treatment for continuous membranes [120-123].

2.6. Vapor deposition

For the MOF membranes synthesized using solutions, the reactant transport and fluid dynamic processes are usually complex and
should be controlled carefully. Chemical vapor deposition refers to the reaction between solid and gas phases [124]. Stassen et al.
demonstrated that a ZIF-8 film with a controlled thickness could be processed by chemical vapor deposition [125]. A zinc oxide film
was firstly coated on a dense substrate and subsequently transformed into the ZIF-8 film by MeIM vapor exposure at ~100-150 °C.
This method was used to deposit ZIF-8 films on challenging substrates, even on high-aspect-ratio array substrates. However, the
atomic layer deposition of a uniform ZnO layer on substrates is complex and hard to scale up. Moreover, synthesis mechanisms for
MOF layers with smooth dense substrates and rough porous substrates are very different, and MOF membranes for separation
applications have more stringent requirements of continuity than those for MOF films. Li et al. developed gel-vapor deposition (GVD),
which combined sol-gel coating of a metal source and vapor deposition of a linker to produce MOF membranes in an environment-

Fig. 11. (a) Schematic illustration of GVD. (b) Digital photograph of ZIF-8 membrane module. (c and d) SEM images of ZIF-8 layer on membrane
module. Adapted from Ref. [126] with permission from the Nature Publishing Group.
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Fig. 12. (a) Schematic illustration of RTD, and SEM image of the prepared CuBTC membrane. (b and c) Schematic illustration of electrospray
deposition, and SEM image of the prepared ZIF-7 membrane. Adapted from Refs. [127,128] with permission from the American Chemical Society
and Elsevier.

friendly and scalable manner (Fig. 11) [126]. In this method, the metal-based gel, composed of zinc—-ethanolamine complexes and
layered basic zinc acetate nanocrystals, was firstly coated on PVDF hollow fibers by heat treatment. Then, the organic groups of the
gel were substituted using MeIM vapor, to form the ZIF-8 layer. By controlling the procedures of sol-gel coating and vapor deposition,
the thickness of the prepared ZIF-8 membrane could be adjusted from tens of nanometers to several micrometers. Unlike the tra-
ditional hydro/solvothermal method for MOF membrane synthesis by GVD, pre-treatment of the substrates and solvents during
crystallization was not needed, the MOF layers and substrates were compatibly interdigitated, the expensive MOF precursors were
reusable, the positions of the MOF layers could be manipulated, and the synthesis process was time-saving. Moreover, GVD was used
to process, in situ, a continuous MOF layer on a membrane module with 30 hollow fibers and a 340 cm? membrane area, without
deterioration in the permselectivity. The prepared membrane showed a high permeance of 1.2 X 10 >mols™'m~2Pa~" and a
selectivity of 3126 for H,/C3Hg separation, as well as 2.8 X 1077 mols 'm~2Pa~! and 73.4 for C3He/CsHg separation.

2.7. Others

Some other methods have also been proposed for the scalable production of MOF membranes. Rapid thermal deposition (RTD)
was exploited by Shah et al. (Fig. 12a). RTD was used to fabricate continuous MOF membranes via a commercializable route. A
porous substrate was coated with a precursor mixture with both the metal salt and linker, and then subjected to heat treatment at
high temperatures of ~180-200 °C, for crystallization. This method greatly reduced the synthesis time and consumption of pre-
cursors [127]. Employing RTD, ZIF-8 and CuBTC membranes that exhibited good separation performance were fabricated. For the
prepared CuBTC membrane, the ideal selectivities for H,/N»,, Ho/CH,, and H,/SFs were 13.7, 8.8, and 600, respectively, with a H,
permeance of 3.0 X 10~7 mol s 'm~2Pa~l. For the ZIF-8 membrane, the CsHg permeance and CsHe/CsHg selectivity were
0.7 x 10"®mols™*m~2Pa~! and 30, respectively. Owing to the growth of MOF crystals in the porous substrates, the membranes
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might possess excellent compatibility. Melgar et al. developed an electrospray deposition method for fabricating uniform and con-
tinuous ZIF-7 membranes on alumina substrates [128]. As shown in Fig. 12b and c, this method was simple, reproducible, and time-/
precursor-saving. By controlling the sprayed solution volume from 0.05 to 0.5 ml, the membrane thickness could be adjusted from 2
to 22um. The prepared ZIF-7 membrane exhibited a H,/CO, selectivity of 18.3, with a H, permeance of
3.1 x 107 7mols™'m~2?Pa~", at 150 °C. Considering the unique features of the synthesis procedures and the good performance of
the prepared membranes, these two methods show great potential for the large-scale production of MOF membranes for industrial
applications. Electrophoretic deposition has been reported for MOF synthesis. However, this method was generally employed to
deposit MOF films or seed layers for membrane fabrication [72,129].

3. Modification of MOF membranes

For MOF membrane synthesis, solvents such as methanol, ethanol, and DMF are always required. After crystallization, the sol-
vents and linkers are usually entrapped in the cavities of the frameworks. These guest molecules affect the gas pathways and affinity
of the MOF membranes tremendously, and even make the membranes impermeable [50]. Activation, for opening up the pore
structures, is critical to the separation performance of MOF membranes. Li et al. found that activation enhanced the H, permeance,
H,/N, selectivity, and H,/CO, selectivity of the NH,-MIL-53 membrane 330, 5.1, and 5.5 times, respectively, compared with those of
the as-synthesized membrane [79]. Several methods such as thermal treatment, on-stream activation, and solvent exchange have
been proposed to remove the guest molecules in MOF membranes. However, the synthesis and activation processes may lead to crack
formation [130]. It is well-known that the mechanical stability of MOFs is relatively weak, especially the low strength against shear
force [131,132]. When the applied force on MOFs exceeds the critical point, the frameworks collapse. For polycrystalline MOF
membranes, the issue of poor mechanical stability may be aggravated. During membrane synthesis and activation, MOF membranes
are immersed into and taken out from organic solvents; the difference in swelling between the substrates and MOF layers produces
the shear force, and leads to the formation of defects both at the grain boundaries and in the grains [67]. These defects provide useless
molecular transport channels and greatly reduce the selectivity of MOF membranes. The guest molecules entering into and escaping
from the frameworks may also lead to the stretching or shrinking of MOF layers, thereby generating cracks.

The molecular separation by MOF membranes is governed by both the sorption property and diffusivity of feed components in the
selective layer [133]. In molecular sieving, the sizes of the permeated molecules and blocked molecules, as well as MOF apertures, are
vital for separation performance. In theory, the ideal case for separation is that the size of the apertures is larger than that of the
permeated molecules, but smaller than that of the blocked molecules. This is the reason for the excellent performance of ultra-
microporous MOFs with apertures of 3-6 A [133-135]. The interaction of MOFs with molecules significantly affects the separation
performance as well. Firstly, a superior interaction improves the sorption of penetrated molecules onto MOFs, thus improving the
selectivity. UiO-66, a type of MOF with an aperture of 6 A, and composed of benzene 1,4-dicarboxylic acid (BDC) linkers and Zr-based
metal centers, was proposed for the fabrication of membranes to separate CO, (KD: 3.3 A) from CH, (KD: 3.8 A), owing to its good
affinity for CO, [136]. Secondly, a strong interaction diminishes the diffusion of molecules in MOF membranes. On one hand, the
strong affinity of the penetrated molecules toward MOFs suppresses the diffusion of the blocked molecules, and thereby increases the
selectivity. Due to the large 1.2 nm aperture size, the MOF-5 membrane showed no selectivity for CO,/CH, at low CO, pressure.
When a higher CO, pressure was applied, the prepared MOF-5 membrane exhibited an outstanding CO,/CH, selectivity of 328
[137,138]. On the other hand, a strong interaction between the blocked molecules and MOFs restrains the diffusion in the mem-
branes, and thereby enhances the selectivity. CuBTC and NH,-MIL-53 membranes have aperture sizes of 9.0 and 7.5 A, respectively
[139-142]. The strong interaction between CO, molecules and the unsaturated metal sites or —NH, functional groups of MOFs leads
to a lower CO, diffusion rate through CuBTC and NH,-MIL-53 membranes. Therefore, the H,/CO, selectivity of these membranes is
typically much higher than the Knudsen diffusion selectivity. However, for the membranes with the molecular sieving property, the
fabrication of MOF membranes with an aperture size between the sizes of two feed components is uncontrollable, due to the flex-
ibility of the frameworks. The ZIF-7 membrane has a sod-structure with 3.0 A pore windows, but shows a H,/CO, selectivity usually
less than 20, due to the framework flexibility [143-145]. For the membranes governed by the interaction of the MOFs with mole-
cules, the selectivities, for example, for separating CO» from N5 and CHy, are usually lower than those of polymeric membranes and
MMMs [146-153]. Although MOF membranes have excellent permeance and have been rapidly developed recently, only few
membranes satisfy the requirements for industrial application, with respect to separation performance [154,155]. Consequently,
further pore size refinement and chemical affinity adjustments are required for preparing better molecular-sieving MOF membranes.

Modification of MOF membranes is advocated to reduce defects, control pore sizes, adjust chemical properties, and integrate
introduced nanoparticles, in order to enhance the separation performance and extend the application scope. The types of modified
components and their integrated forms dictate the procedures and mechanisms of the modification. In the following section, we
discuss modifications ranging from physical coating to epitaxial growth, embedding, occupation, grafting, and substitution. Coating,
epitaxial growth, and embedding possibly involve the formation of a chemical interaction between the modified reagents and MOF
membranes, but usually do not affect the intrinsic features of the MOFs. Occupation, grafting, and substitution modifications involve
both the chemical bond formation between the modified reagents and MOFs, and the changes in the pore structures and affinities, and
may even involve the transformation of the metal nodes and linkers. Table 4 shows the modification strategies, membrane properties,
and separation performance of modified membranes from the literature.
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Fig. 13. (a) Scheme of ZIF-8 membrane with PDMS coating layer. (b) C3He/C3Hg separation performance of the ZIF-8 membranes with and without
PDMS coating. The lines show the upper limits for the C3Hg/C3Hg separation performances of the polymeric membranes. 1
GPU = 3.348 X 10 "°mols™ ' m~2Pa~"'. (c and d) SEM images of the ZIF-8 membranes with and without PDMS coating. Adapted from Ref. [157]
with permission from the Royal Society of Chemistry.

3.1. Coating

To reduce the effect of pinholes on the separation performance, polymers are coated on MOF membranes. The coated polymers
generally have a large free volume to maintain the high permeance as much as possible. As a result of pinhole blocking using
polymers, the selectivity of the resultant membranes can be enhanced. Barankova et al. fabricated ZIF-8 membranes on polyester (PE)
substrates. To better block the potential pinholes and protect the ZIF-8 layer, the prepared ZIF-8 membrane was dipped in methanol
solution (50 wt%), pure methanol, methanol/iso-octane solution, and pure iso-octane sequentially, and then coated with PDMS/iso-
octane solution (2 wt%) [156]. Although the silicone rubber coating improved the selectivity, the enhancement was limited. The Hy/
C3Hg ideal selectivity of the PDMS-coated ZIF-8 membrane was only about 22.4. This was attributed to the large hydrocarbon
molecules that passed through the silicone rubber faster than hydrogen; for example, the C3Hg/H, selectivity of the silicone mem-
brane was 6.7. The silicone rubbers that exhibit a high permeance and reverse selectivity relative to that of MOF membranes may not
effectively enhance the membrane performance. Sheng et al. coated a ZIF-8 membrane with PDMS to improve the C3Hg/C3Hg
separation performance. As PDMS blocked the defects and hindered the framework flexibility, the prepared ZIF-8 composite
membranes showed a high C3He/C3Hg selectivity (Fig. 13). For example, the C3Hg/C3Hg selectivity increased from 3 for the original
ZIF-8 membrane to 55 for the coated membrane; however, the CsHg permeance decreased from 2.8 to 1.7 X 10" mols™'m~2Pa~ ",
Moreover, due to the excellent hydrophobicity of PDMS, the ZIF-8 composite membrane exhibited improved hydrolytic stability
[157].

Graphene oxide (GO) membranes have been verified to exhibit excellent performance in molecular separation. Huang et al.
treated the semi-ZIF-8 membranes with a GO solution to obtain bi-continuous GO/ZIF-8 membranes (Fig. 14) [158]. Owing to the
capillary forces and covalent bonds, after the deposition of the GO suspension with a concentration of 1 wt% for 5 cycles, the gaps in
the semi-ZIF-8 membrane were covered by a GO layer with a thickness of 100 nm; however, the GO covering layer on the ZIF-8
crystals was supposed to be thinner than 2 nm. In gas separation, most of the gas molecules passed through the ZIF-8 crystals and
were subjected to molecular sieving. The prepared GO/ZIF-8 membrane showed much higher H,/CO,, H>/N», H,/CH,4, and H,/C3Hg
selectivities of 14.9, 90.5, 139.1, and 3816.6, respectively, compared with the continuous ZIF-8 membrane H,/CO,, H,/N,, H,/CHy,
and H,/C3Hg selectivities of 8.9, 16.2, 31.5, and 712.6, respectively. However, the composite membrane exhibited a H, permeance of
~1.3-1.4 X 10" "mols~*m~2Pa"!, lower than the pure ZIF-8 membrane H, permeance of ~1.8-2.0 X 10~ " mols™'m~?Pa~*
[60].
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Fig. 14. (a) Scheme of layer-by-layer coating of GO on semi-continuous ZIF-8 layer. (b and ¢) SEM images of the GO/ZIF-8 composite membrane and
GO layer at the gap. Adapted from Ref. [158] with permission from the American Chemical Society.

3.2. Heteroepitaxial growth

Heteroepitaxial growth is an effective strategy to engineer the properties of crystalline materials, and refers to the growth of one
crystalline material on another. The different crystals connect with each other by chemical bonds, in heteroepitaxial growth
[159,160]. This strategy can not only integrate both the features of the different crystals, but also adjust the microstructure of the
interfacial region between the two crystals. As presented in Fig. 15a, Kwon et al. fabricated the heteroepitaxially grown ZIF-8/ZIF-67
membranes by growing ZIF-8 layers on ZIF-67 membranes [161]. A well-intergrown ZIF-67 membrane with a thickness of 700 nm
was firstly heteroepitaxially deposited on a ZIF-8 seeded substrate by the secondary solvothermal method. Then, a ZIF-8 layer with a
thickness of 300 nm was tertiary heteroepitaxially crystallized on the ZIF-67 membrane after linker treatment. The prepared ZIF-67
membrane displayed a high C3He permeance of 4.6 x 10 8mols~'m~2Pa~"! and an outstanding CsHe/C3Hg selectivity of 85. The
obtained ZIF-8/ZIF-67 membrane showed a slightly low C3;Hg permeance of 3.7 x 10 ®mols™!m~2Pa~!, with a much higher
C3Hg/C3Hg selectivity of 209 (Fig. 15b). The greatly enhanced selectivity was explained by an improvement in the grain boundary
structure and an inherently better intercrystalline pathway. Employing the LBL assembly, an ultrathin ZIF-8/ZIF-67 membrane with a
thickness of 180 nm was fabricated. This membrane also exhibited good separation performance in H,/CO5, Hy/CHy4, Hy/Ny, Hy/
C2H4, H2/C2H6, Hz/C3H5, and Hz/CgHg systems [162].

Heteroepitaxial growth can be used to not only adjust the microstructures of MOF membranes, but also to change the gas
adsorption, in order to increase the effect of molecular sieving and reduce that of selectivity-counteractive adsorption. The window
diameter (3.0 A) of ZIF-9 is between the kinetic diameters of H, (KD: 2.9 A) and CO,, (KD: 3.3 A), but the preferential adsorption of
CO,, over H, affects the selectivity of the ZIF-9 membrane (Fig. 15c). ZIF-8 and ZIF-67 possess larger windows, with a diameter of
3.4 A, but exhibit a much lower CO, affinity due to the MeIM linker. Cacho-Bailo et al. combined the positive molecular sieving of
ZIF-9 with the low CO, adsorption of ZIF-8 or ZIF-67 to obtain heteroepitaxially grown membranes by microfluidic processing
(Fig. 15d) [163]. As the gas-contacted ZIF-67 or ZIF-8 layers reduced the preferential adsorption of CO,, the ZIF-67/ZIF-9 and ZIF-8/
ZIF-9 membranes had higher H,/CO, selectivities of 9.0 and 9.6, respectively, compared with those of the ZIF-8 (7.4) and ZIF-9 (8.0)
membranes.

In addition to the heteroepitaxial growth between different MOFs, this method can be further employed to fabricate MOF layers
on covalent organic framework (COF) membranes. ZIF-8/COF-300 and Zn,(bdc),(dabco)/COF-300 membranes were synthesized by
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Fig. 15. (a) Schematic illustration of ZIF-8/ZIF-67 membrane synthesis via heteroepitaxial growth. (b) Comparison of C3He/C3Hg separation
performance between the prepared ZIF-8/ZIF-67 membrane and previously reported membranes. 1 Barrer = 3.348 x 10" **mmols™ 'm~2Pa™"'.
(c) CO,, adsorption of ZIF-8 and ZIF-9. (d) Schematic illustration of ZIF-8/ZIF-9 membrane. Adapted from Refs. [161,163] with permission from the
American Chemical Society and Royal Society of Chemistry.

Fu et al. [164]. The membranes had a dense composite layer between the COF and MOF layers (Fig. 16), which consisted of COF
crystals and amorphous phase MOFs. The amorphous phase MOFs filled up the gaps between the COFs, and the COF crystals were
embedded in the amorphous MOF matrix. The mismatch between the MOF and COF crystal parameters resulted in the formation of
amorphous MOFs. Due to the dramatic improvement in the continuity, ZIF-8/COF-300 and Zn(bdc),(dabco)/COF-300 showed
higher H,/CO, selectivities of 13.5 and 12.6, respectively, compared with those of the COF-300 (6.0), ZIF-8 (9.1), and
Zny(bdc),(dabco) (7.0) membranes. In contrast, Das et al. heteroepitaxially grew a COF-300 layer on a UiO-66 membrane for a better
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Fig. 16. (a) Schematic illustration of MOF/COF membrane synthesis via heteroepitaxial growth. (b) Comparison of H,/CO, separation performance
between the prepared MOF/COF membranes and previously reported membranes. Adapted from Ref. [164] with permission from the American
Chemical Society.

separation of a Hy/CO, mixture [165].
3.3. Embedding

Unlike the deposition of one dense layer on another, some guests can be embedded into MOFs to control the growth of MOF
membranes. Hu et al. employed two-dimensional (2D) hybrid GO@ZIF-8 as the seeding layer to fabricate ultrathin ZIF-8 composite
membranes with a thickness of 100 nm, by contra-diffusion synthesis [166]. The hybrid nanosheets, synthesized by in situ crystal-
lization of MOFs on GO, was deposited on anodic aluminum oxide (AAO) substrates to confine the crystallization region and provide
heterogeneous nucleation sites for continuous membrane growth. The membrane thus prepared showed H,/N, and CO,/N, ideal
selectivities of 11.1 and 7.0, respectively. However, the impermeable GO increased the mass transfer resistance, leading to a low Hy
permeance of 5.5 X 10 ®mols™'m~2Pa~'. To improve the permeance of the prepared membranes, as shown in Fig. 17, the GO@
MOF composite nanosheets were etched to generate mesopores, before membrane synthesis [167]. Due to the presence of the
mesopores in GO, the mass transfer resistance greatly decreased. The prepared membrane with a small thickness of 430 nm showed a
much higher H, permeance of 1.2 x 10" ®mols ™' m~?Pa~! and a high H,/C3Hj ideal selectivity of 2409. Moreover, the embedded
nanosheets greatly strengthened the mechanical stability of the composite membranes. Apart from contra-diffusion, Hou et al.
employed LBL assembly to obtain ultrathin ZIF-8 membranes with g-C3N4 nanosheets [168]. As the strong affinity between g-C3N4
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Fig. 17. Schematic representation of the growth of MGO@ZIF-8 membrane by contra-diffusion method. Adapted from Ref. [167] with permission
from the Royal Society of Chemistry.

and CO, reduced the gas diffusion, and g-C3N4 possibly changed the transport channels, the 240-nm g-C3N,@MOF membrane
displayed a high H,/CO, selectivity of 26.

In addition to 2D nanosheets, nanofibers can be embedded into MOF membranes. Shamsaei et al. reported employing one-
dimensional materials, as pseudo-seeds, and a nano-scaffold layer for the fabrication of MOF membranes [169]. Polydopamine (PDA)
was coated on carbon nanotubes (CNTs) to improve the water dispersibility and heterogeneous nucleation. Then, the modified CNTs
were deposited on AAO substrates to fabricate the composite MOF membranes by contra-diffusion method. The prepared ZIF-8
membrane showed excellent mechanical stability due to presence of CNTs, and could maintain the intact membrane morphology
after ultrasonic treatment for 2 h. Compared with that of the ZIF-8 membrane with GO nanosheets, the ZIF-8 membrane embedded
with CNTs showed a much higher permeance of 2.87 x 10~ >mol s~ Im~2Pa~! for H,, as well as good H,/CO,, Ho/Ny, Hy/CH,4, and
H,/C3Hg ideal selectivities of 14, 18, 35, and 950, respectively. Zhang et al. also fabricated ZIF-8 membranes using single walled
CNTs (SWCNTs) with a PDA coat as the embedded components [170]. After synthesis, a free-standing ZIF-8 membrane with a
thickness of 550nm was formed. The membrane showed an excellent H,/CO, selectivity of 34 and a H, permeance of
5.7 x 107 7mols~ ' m~?Pa~'. The authors found that the separation performance could be adjusted by controlling the SWCNT
amount. The CNT film was also employed as a substrate to fabricate ZIF-8 membranes [171]. After the absorption of Zn™ ions, the
CNT film was suitable for ZIF-8 membrane fabrication by the solvothermal method. The prepared membrane with a thickness of
30 um showed a high N, permeance and N,/CO, selectivity of 6.9. The higher permeance of N, than that of CO, was attributed to the
residual CO, molecules in ZIF-8, due to strongly coordinating interactions. Zero-dimensional (0D) carbonic anhydrase (CA) was
introduced into MOF membrane synthesis by Zhang et al. [172]. The CA was firstly embedded in ZIF-8 crystals to form composite
particles that were used as seeds for the formation of continuous membranes. Since the CA@ZIF-8 crystals promoted the hydration of
CO,, with the nucleophilic imidazole group reacting with CO,, and the Zn-based center attracting CO,, the prepared composite
membrane showed a much higher CO, permeance and CO,/N, selectivity than those of the pure ZIF-8 membrane under humid
conditions. The CO,/N, selectivity of the composite membrane was 165.5.

MOFs can further be crystallized in situ in the interlayer of the nanosheets to form MOF composite membranes. Using the
condensation between amino groups and carboxyl groups under high temperatures, Li et al. fabricated a uniform reduced GO (rGO)
membrane on ammoniated PVDF hollow fibers by hydrothermal treatment [173]. Utilizing the oxygen polar groups, electro-
negativity, and extended interlayer space of the hydrated-state rGO membrane, metal salts were firstly impregnated into the in-
terlayer spaces and subsequently reacted in situ with linkers, to form MOFs (Fig. 18). As the crystalline region is confined in the
interlayer spaces, the prepared MOFs showed a nanosheet structure with a thickness of 10-15 nm. The membranes possessed ex-
cellent compatibility due to the coordination between the metal centers of the MOFs and the polar groups of rGO. The prepared MOF
nanosheets bolstered the rGO layers to form divided layered sheets. The major channels for gas permeation were the pores of the
MOFs and the intrinsic defects of rGO. The formed MOF nanosheets controlled the pore size and reduced the swing of rGO, thereby
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Fig. 18. (a) Schematic illustration of rtGO@ZIF-8 membrane synthesized by in situ crystallization in the interlayer of nanosheets. (b) Comparison of

H,/CO,, separation performance between the prepared rtGO@MOF membranes and previously reported membranes. (¢) AFM images and height
distribution of the ZIF-8 nanosheets. Adapted from Ref. [173] with permission from the Royal Society of Chemistry.

improving the performance further. Various MOF membranes, e.g., rGO@CuBTC, rGO@ZIF-7, rtGO@ZIF-8, and rGO@MIL-100
membranes, were synthesized. Relative to the rGO membrane that was impermeable, the prepared ZIF-7, ZIF-8, CuBTC, and MIL-100
composite membranes showed H, permeances of 0.33, 0.7, 88, and 1.3 X 10 ®mols~ 'm~2Pa*, respectively. As the theoretical
pore sizes of ZIF-7, ZIF-8, and CuBTC are about 3.0, 3.4, and 9.0 10\, respectively, the ZIF-7 and CuBTC membranes had the lowest and
highest permeances, respectively. The moderate performance of the MIL-100 membrane was the result of a relatively poor crystalline
structure. In comparison with that of the reported pure MOF membranes, the H,/CO, selectivities of the composite membranes were
higher, at 23.2 (ZIF-7), 18.8 (ZIF-8), 10.0 (CuBTC), and 12.5 (MIL-100). To reduce the membrane thickness and improve the per-
meance, a nanometer-sized rGO layer on ammoniated PVDF hollow fibers was prepared and used as the interface for fabricating
ultrathin ZIF-8 composite membranes through interfacial synthesis. The prepared 150-nm rGO@ZIF-8 membrane displayed a higher
H, permeance of up to 60 X 10 ®mols™'m~2Pa~?, with high selectivities of 25.3 (H,/CO,), 70.4 (Hy/Ny), and 90.7 (H,/CH,)
[174].

3.4. Occupation

Occupation is the modification performed by impregnating the intercrystalline gaps and intrinsic pores of MOF membranes with
guest reagents. This method can precisely adjust the gas transport channels. The guest reagents are usually ionic liquids (ILs), owing
to their chemical tunability, low volatility, thermal stability, high flowability, suitable molecular size, and appropriate molecular
affinity [175,176]. 1-octyl-3-methylimidazolium tricyanomethanide ([omim][TCM]) with good CO, adsorption ability was first re-
ported to modify the ZIF-69 membrane [177]. The IL/ZIF-69 composite membrane was simply fabricated by immersing the prepared
ZIF-69 membrane in the IL. Compared with those of the nonselective pure ZIF-69 membrane, the composite membrane showed much
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higher CO,/N, selectivity of 44 and 64 for mixtures with 44 and 75vol% CO,, respectively. The permeance of the composite
membrane was higher than that of the pure bulk IL. membrane and was about 5.6 (44%) and 3.7 X 10 " mols™'m~2Pa~ ! (75%),
but it was much lower than that of the pure ZIF-69 membrane. To further enhance the separation performance, occupation and
coating were combined to modify MOF membranes [178]. An IL-modified CNT layer was deposited on the ZIF-9 membrane to form a
CNT@IL/ZIF-9 membrane through layer-by-layer coating. The CNT@IL filled the defects of the prepared ZIF-9 membrane. Owing to
the formation of p-p and cation—p interactions, the coated CNT@IL layer was well-distributed and continuous. The coated CNT@IL
layer with good CO, selectivity and adsorption capacity could reduce the gas diffusion through the ZIF-9 pores. Therefore, it was
more difficult for the CO, molecules to pass through the composite membrane, compared to that for other gases. As a result, the
composite membrane showed a high H,/CO, ideal selectivity of 40.0. Compared with that of the IL/ZIF-9 membrane, the CNT@IL/
ZIF-9 membrane had a higher H, permeance of 5.5 x 10~” mols~'m~2Pa ™. To achieve a more precise sieving behavior, Ban et al.
impregnated 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([bmim][Tf2N]) into ZIF-8 to tailor the effective size,
through ionothermal synthesis of ZIF-8 in the IL [179]. The modified ZIF-8 particles were blended into the polymer to prepare MMMs
with improved separation performance for CO5/N, and CO,/CH,4 mixtures.

The linkers in the cavities of the frameworks are usually removed by activation, but this also provides the opportunity to adjust
the pore structure of the MOF membranes. Kang et al. synthesized [Nis(L-asp)a(bpe)](G) (L-asp: L-aspartic acid, bpe: 1,2-bis(4-
pyridyl)ethylene) membranes with encapsulated guest linker molecules in the pores, by the solvothermal method (Fig. 19). The linker
molecules reduced the pore size and strengthened the affinity of the MOFs toward CO, molecules. The prepared membrane showed
high H,/CO,, H,/N,, and H,/CH, selectivities of 24.3, 12.1, and 7.8, respectively, with a commendable H, permeance of
1.0 x 10" °mols *m~2Pa~!. The performance of the membrane in H,/CO, systems surpassed the upper bound of polymeric
membranes and was better than that of most reported membranes [180].
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3.5. Grafting

Although coating, heteroepitaxial growth, embedding, and occupation possibly involve the chemical interaction between the
modified components and MOFs, they are mainly based on the regulation of composition, construction, affinity, and pore structure. In
grafting, the introduced molecules directly react with the functional groups or metal sites of MOFs [181-184]. The grafted molecules
can exceptionally regulate the continuity, adsorption, and pore structure of the frameworks. Yoo et al. introduced surfactants (Span
80 and P123) during the drying process of the IRMOF-3 membrane to prevent crack formation and enhance moisture stability [185].
The surfactants decreased the interfacial tension, thereby suppressing the emergence of pinholes. The surface-adsorbed surfactants
enhanced the hydrophobicity and thus the moisture stability. Moreover, the reaction between the anhydrides of the surfactants and
the amine groups of the MOFs changed the pore structures of the MOFs.

As shown in Fig. 20a, using the Schiff condensation reaction, ethanolamine with amine groups was grafted onto ZIF-90, with
aldehyde groups as linkers [181]. Huang et al. fabricated a ZIF-90 membrane with a thickness of 20 um by the solvothermal method,
and modified it by soaking in an ethanolamine/methanol solution under refluxing at 60 °C. After grafting for 10 h, the selectivities for
H,/CO,, Hy/N,, and H,/CH,4 were greatly increased from 7.3, 11.7, and 15.3 of the as-synthesized ZIF-90 membrane to 15.3, 15.8,
and 18.9 of the modified ZIF-90 membrane, respectively. With the extension of the grafting time to 24 h, the H,/CO, selectivity
further improved to 62.5 [186]. The enhancement of the selectivity was attributed to the constricted aperture and the reduced non-
selective defects of the membranes after modification. However, since ethanolamine was small enough to permeate the interior of the
ZIF-90 membrane, the permeance of the membrane drastically decreased. After modification for 24 h, the H, permeance of the
grafted ZIF-90 membrane was only 1.4 x 10 ®mols ' m~2Pa~!, which was much smaller than that of the original membrane
(2.4 x 10" 7mols~'m~2Pa~1). Moreover, the membrane structure slightly deteriorated due to the long modification time. To
maintain the permeation property and shorten the modification time, APTES with amine groups was employed as the grafting reagent
[187]. ZIF-90 could react with the large APTES while restraining it on the surface. The modification could be implemented at 110 °C
for only 30 min. The grafted membrane showed excellent H,/CO,, Ho/CH,4, and H,/C3Hg selectivities of 20.1, 71.5, and 458, re-
spectively, with a high H, permeance of 2.9 X 10~"mols~'m~™2Pa~'. By extending the modification time to 1h, an outstanding
H,/CH, selectivity of 146 was achieved, and the H, permeance was maintained at 6.8 x 10" ®mols~*m~2?Pa~'. Moreover, the
membrane also displayed a good CO,/CH, selectivity of 4.7 and CO, permeance of 1.2 x 10 ®mols~'m~2Pa~! [188].

Grafting could even integrate ZIF-94 (known as SIM-1) powders with Zn-based centers and 4-methyl-5-imidazolecarboxaldehyde
linkers to form a free-standing membrane [189]. The submicron and nanosized ZIF-94 particles were synthesized by the solvothermal
method, and then pressed into discs. After modification by vapor EDA, the free-standing membranes were fabricated through cross-
linking by the Schiff base condensation reaction. The obtained membranes showed a high water flux of 205 (submicron crystals) and
460 gm~2h~! (nanosized crystals), but impermeability for ethanol. The topological structure of ZIF-94 can be changed by grafting
modification. Cacho-Bailo et al. fabricated a ZIF-94 membrane on the inner surface of hollow fibers by microfluidic processing, and
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Fig. 21. (a and b) Crystalline structures of ZIF-94 with sod structure and ZIF-93 with rho structure. (¢) CO,/CH, separation performance of the
prepared ZIF-94 membrane and the modified ZIF-94 membrane. The lowercase letters in c are the separation performances of previously reported
membranes. Adapted from Ref. [190] with permission from the Royal Society of Chemistry.

then grafted it with hexylamine and nonylamine [190]. The ZIF-94 membrane exhibited He, H,, and CO, permeances of 0.5, 0.42,
and 0.12 x 10 ®mols 'm~2Pa~!, and outstanding He/CH,4, H,/CHy4, and CO5/CH, selectivities of 160, 136, and 37.7, respec-
tively. After modification by imine condensation, the prepared ZIF-94 with a sod structure was transformed to ZIF-93 with an rho
structure (Fig. 21). As ZIF-93 had a larger window diameter and poorer CO, affinity than that of ZIF-94, the modified membrane
showed higher permeances of 1.5 (He), 1.6 (H,), and 0.53 (CO,) X 10 ®mols~'m~2Pa~?!, but lower selectivities of 79.1 (He/CHy,),
85.6 (H,/CHy), and 27.8 (CO,/CH,) than those of the prepared ZIF-94 membrane.

In addition to the utilization of the reaction between the linkers and grafted reagents, the unsaturated metal centers are employed
as active sites for grafting. For modification, Wang et al. immersed the prepared Mg-MOF-74 membrane in EDA toluene solution at
110°C for 2h [191]. The amine groups of EDA could bind to the open metal sites (Fig. 20b). After modification, the apparent
activation energy of the membrane for H, permeation remained unchanged, from 7.65 to 7.71 kJ mol ™}, while the activation energy
for CO, permeation almost doubled, from 11.4 to 20.9 kJmol ™. This demonstrated that the modification greatly changed the
chemical properties of the framework. The EDA molecules strengthened the affinity for CO5 and subsequently reduced the diffusion of
CO, through the modified membrane. The H,/CO, selectivity greatly increased from 10.5 for the original membrane to 28 for the
modified membrane. Accordingly, the H, permeance decreased from 12 to 8.2 x 10 ®mols~ 'm~2Pa™.

3.6. Substitution
Till date, tens of thousands of MOFs have been synthesized and investigated. Comparatively, the types of MOFs that have been
employed to prepare separation membranes are few, due to the strict requirements of continuity, and the special synthesis conditions.

Substitution to replace the metal centers or linkers is used to obtain new types of MOFs or adjust the pore structures and properties of
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exposed (1 11) facets. (c) Comparison of the prepared membrane with previously reported membranes for H,/CO, separation. Adapted from Ref.
[197] with permission from the Nature Publishing Group.

MOFs [192-196]. To increase the types and improve the separation performance of MOF membranes, Li et al. developed the
transformation method, which was based on cation substitution, to realize the connection of different MOF membranes [197]. This
method could transform, in situ, one synthesized MOF membrane into another that had a different topological structure and had been
difficult to synthesize. Additionally, this method can change the pore structure of MOFs by metal salt immobilization and selective
crystal facet exposure. A CuBTC hollow fiber membrane was synthesized by the solvothermal method and partially transformed to
MIL-100 by Fe®* substitution. The as-synthesized CuBTC membrane showed a high H, permeance of 2.3 X 10 ®mols~'m~2Pa"?,
but moderate H,/CO, (6.4), Hy/O5 (5.6), Hy/N, (6.2), and Hy/CH,4 (6.2) ideal selectivities. After transformation, the modified
CuBTC/MIL-100 composite membrane showed lower a H, permeance of 8.8 x 108 mols 'm~2Pa~?, but much higher H,/CO,
(77.6), Hy/05 (170.6), Hy/N» (217.0), and H,/CH,4 (335.7) ideal selectivities. In binary mixture separation, the selectivities for Hy/
CO,, Hy/N,, and H,/CH,4 were still 78.2, 212.5, and 321.3, respectively. The performance of the prepared composite membrane was
better than those of the polymeric and MOF membranes in earlier studies (Fig. 22). The excellent separation performance was
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attributed to the selectively exposed (11 1) facets with 3.5 A pores of the residual CuBTC, and the shrunken gaps and pores of the
MOFs due to metal salt filling. In addition to cation substitution, linker exchange was developed to improve the permeance. The ZIF-8
membrane with MeIM linkers was exchanged by 2-imidazolecarboxaldehyde (Ica). Due to the larger 5.0 A pore size of the Ica-
exchanged ZIF-8 (ZIF-90) than that of ZIF-8 (4.0 10\), and the greatly reduced ZIF-8 thickness, the modified membrane showed a much
higher CsHg permeance of 7.8 x 10~ 8mols ™' m~2Pa~ !, which was four times that of the pure ZIF-8 membrane. On the other hand,
since the grain boundary of the MOF membrane remained intact, the C3Hg/C3Hg selectivity was relatively stable. Moreover, using the
imine condensation reaction, the externally modified ZIF-8 (ZIF-90) membranes could be decorated with hydrocarbon chains to
improve water resistance [198].

Substitution can be carried out during the process of membrane synthesis. By simultaneously adding zinc and cobalt salts into
MelIM-containing precursors, Wang et al. synthesized ZIF-8-67 composite membranes, and found that the metal-substitution strategy
could be used to adjust the grain boundary and regulate the effective aperture of MOF membranes [199]. With an increase in the Zn/
Co ratio, the C3Hg/C3Hg selectivity increased from 1.4 for the ZIF-67 membrane without zinc to 50.5 for the ZIF-8-67 with 90% zinc
and 83.6 for the ZIF-8 membrane without cobalt. Hillman et al. also reported the fabrication of composite ZIF-8-67 membranes with
both Co-based and Zn-based centers [200]. The authors observed a blue-shift of metal to nitrogen bands in the IR spectrum, which
indicated the enhanced stiffness of the bonds. The degree of blue shift increased with the Co/Zn ratio. The stiff bond suppressed the
flexibility of the frameworks and subsequently reduced the window size. Due to the smaller aperture, the ZIF-8-67 membrane with a
Zn/Co ratio of 1 showed much a higher C3Hg/C3Hg selectivity of 120.2 than that of the ZIF-8 membrane (62.9). The ZIF-8-67
membrane with a thickness of 1.2 um exhibited a high C3He permeance of 2.0 X 10" 8mols~'m~2Pa~'. Apart from metal sub-
stitution, Zhang et al. proposed the use of mixed linkers of MeIM and benzimidazole (BIM) to synthesize composite ZIF-9-67
membranes [201]. Compared with single linker solutions, the mixed linker solution was better for obtaining a continuous membrane.
After solvothermal treatment, a ZIF-9-67 membrane with a thickness of 30 pm was formed. The prepared membrane displayed good
CO, capture performance with a high H, permeance of 1.4 x 10 °>mols 'm~2Pa~! and ideal selectivities of 8.9 (H,/CO,), 2.3
(CO/COy), 3.3 (N2/CO,), and 2.4 (CH4/CO5). Based on contra-diffusion and microwave synthesis, Hillman et al. prepared ZIF-7-8
membranes with mixed linkers of BIM and MeIM. By tuning the linker ratio, the permeance and selectivity of the prepared ZIF-7-8
membranes for H,/CH, and CO,/CH, separations could be changed to some extent [92].

3.7. Others

Thermal annealing is usually employed to improve the selectivity of polymeric membranes. MOF membranes supported by
polymeric substrates can also be annealed to enhance the MOF-polymer adhesion. Cacho-Bailo et al. fabricated ZIF-8 membranes
with a thickness of 1.3 pm on the inner surface of P84 hollow fibers, by microfluidic processing, and then modified the membranes by
thermal annealing at 175 °C for 24 h. After annealing, the compatibility of the membrane was greatly enhanced. Compared with those
of the original membrane, the permeances of the annealed membrane deteriorated from 0.39 and 0.1 X 10 ®>mols 'm~2Pa! to
0.33 and 0.067 x 10~ °mols~*m~2Pa~! for H, and CO,, respectively, but the selectivities greatly improved from 32.4 and 10.5 to
65 and 19.6 for H,/CH,4 and CO»/CHy,, respectively, at 35°C. The ZIF-93 membrane was also annealed, and exhibited a similar
phenomenon [202].

A ripening growth refers to the crystallization of bigger crystals from smaller ones. Kwon et al. fabricated a ZIF-8 seeding layer
and treated it with linker vapor to prepare continuous ZIF-8 membranes. As water promotes linker deprotonation and improves
molecule mobility, the presence of water in the linker vapor enhanced the ripening process. After ripening, the seeding layer showed
substantial changes in morphology and was transformed into a continuous ZIF-8 membrane. The prepared ZIF-8 membrane with a
thickness of approximately 300 nm exhibited a C3Hg permeance of 1.25 X 10 8 mols 'm~2Pa~! and C3He/CsHg selectivity of 120.
However, this method had poor reproducibility. The performance of the different membranes displayed a high variation [203].

4. Application of MOF membranes

Due to the intrinsic microporous structures, MOF membranes show excellent performance in the separation of small molecules. As
mentioned above and in previous reviews, MOF membranes are usually applied in gas separation for H, purification, CO, capture,
and hydrocarbon separation, as well as in pervaporation for the separation of organic/water and organic mixtures [34-37]. The
modification for eliminating cracks, refining channels, and tuning sorption properties is normally devoted to the improvement of the
selectivity. In some special situations, separation membranes are required to possess stimuli responsiveness, i.e., the membranes
should be able to alter their separation features under different external environmental conditions, including temperature, light, pH,
and magnetic fields [204,205]. In addition, to integrate the catalysis and separation features in order to simplify the operation
process, catalysts are embedded in or deposited on the membranes to obtain catalysis functions [206]. In addition to improving the
molecular sieving property, modification can be employed to endow the MOF membranes with new functions and extend their
application scope.

Recently, MOF membranes with excellent water stability have been employed for nanofiltration. Moreover, because MOFs have a
great potential to load functional components, some modified MOF membranes with new functions have been reported. In this
section, we discuss the applications of MOF membranes, including nanofiltration, ionic sieving, stimuli responsiveness, and catalysis.
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Fig. 23. Nanofiltration performance of the prepared UiO-66 membrane. Adapted from Ref. [220] with permission from the American Chemical
Society.

4.1. Nanofiltration

Nanofiltration membranes can block multivalent ions and small organic molecules. Owing to its efficiency and environment-
friendly properties, the nanofiltration process is widely employed for water treatment and organic separation [207,208]. Polymers
such as cellulose acetates and polyamides are the dominant materials for the production of nanofiltration membranes. Various
materials, including diamond-like carbon, graphene and its derivatives, and porous polymers, are also employed for nanofiltration
membrane fabrication [209-214]. Owing to the sub-nanometer-sized pore structures, MOF membranes are employed for nanofil-
tration as well. Initially, MOF particles are usually dispersed in polymeric membranes as fillers to improve permeability [215-219].
Recently, Li et al. demonstrated the feasibility of nanofiltration using continuous MOF membranes directly [220]. Due to the high
valence of its Zr center, UiO-66 showed excellent water stability and could maintain the topological structure after water exposure for
several months, at the least. Employing the solvothermal method, a continuous UiO-66 membrane with a thickness of about 2.0 um
was synthesized on ceramic hollow fibers. As a result of the small aperture size of ~6.0 A, the membrane displayed high Ca®*
(hydrated diameter, HD: 8.2 10\), Mg2+ (HD: 8.6 10\), and AI** (HD: 9.5A) rejections of 86.3%, 98.0%, and 99.3%, respectively.
However, due to the linker dynamics, K* (HD: 6.6 10\) and Na* (HD: 7.2 /o\) rejections were 45.7% and 47.0%, respectively (Fig. 23).
Furthermore, the permeance of the membrane was only 0.14 Lh~*m™~2bar ! due to the relatively thicker selective layer compared
with that of polyamide membranes, and the permeability achieved was 0.28 Lh ™' m~2bar . The UiO-66 membrane was also used
for pervaporation [221,222], and showed a high flux of 4.1-6.0 kgh_1 m~2 and an excellent separation factor of over 45,000 in the
separation of water from i-butanol, furfural, and tetrahydrofuran [221].

Nanofiltration has also been proposed for the removal of dyes from water. The ZIF-8 membrane synthesized by interfacial
synthesis was employed for dye removal. The interfacial synthesis was performed with zinc nitrate aqueous solution, MeIM octanol
solution, and a PES substrate. The prepared membrane showed a high water permeance of 27.7 kgh ™' m~2bar ! and Rose bengal
rejection of 98.9%. Since the methyl groups of the linker obstruct the contact between the metal centers and guest molecules and lead
to a hydrophobic pore structure, the ZIF-8 membrane also showed high ethanol and isopropanol permeances of 21.4 and
10.4kgh~'m~2bar !, respectively, along with corresponding Rose bengal rejections of 83.9% and 93.5% [84]. By controlling the
substrate structure, MeIM/Zn?* ratio, and reaction time, the performance of the prepared ZIF-8 membrane could be enhanced
greatly. For example, the water permeance showed a high variation from 5.6 to 37.5Lh~'m~2bar ™' with a change in the molar
MeIM/Zn?* ratio from 1.9 to 15.9 [223]. Yang et al. reported chelation-assisted interfacial synthesis for preparing MOF membranes.
This method was carried out by electrostatic deposition of polyethyleneimine with chelated Zn*>* ions on hydrolyzed PAN substrates
and subsequent interfacial reaction with MeIM in hexane solution. The formed ZIF-8 crystals showed 3D-ordered architectures. The
water permeance of the prepared membrane was ~75-97 Lh™' m~?bar ™!, whereas the Methyl blue, Congo red, and Acid fuchsin
rejections were 98.9%, 99.2%, and 87.2%, respectively. However, the membrane showed a poor salt rejection of < 10% [224]. The
CuBTC membrane was also employed for organic solvent nanofiltration, but it showed relatively poor rejection due to the possible
existence of pinholes in the membrane [225].

4.2. Ionic sieving

Lithium is widely applied in batteries, ceramics, and metal composite materials. The purification of lithium ions is very important.
Various techniques, including solvent extraction, ion-exchange, adsorption, and membrane separation, have been successfully ap-
plied for lithium purification [226-228]. MOF membranes are employed to separate the molecules with different sizes or affinities
[229]. Recently, MOF composite membranes were utilized to sieve ionic mixtures. Based on the size-selectivity of MOFs and the
affinity between sulfonate groups and alkaline metal ions, Guo et al. fabricated a CuBTC composite membrane with embedded
polymer polystyrene sulfonate (PSS) to realize lithium-ion purification. Compared with those of the pristine CuBTC membrane, the
PSS@CuBTC-6.7 membrane with PSS proportion of 6.7 wt% showed about five orders higher Li* ion conductivity of 1.89 x 103
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and 5.53 x 10"*Sem ™! at 70 and 25 °C, respectively. In the binary separation of Li* ions from K*, Na*, and Mg?* ions, the
membrane displayed an Li* ion flux of 6.75molh ™! m? and outstanding Li* /K", Li*/Na*, and Li*/Mg?" selectivities of 67, 35,
and 1815, respectively (Fig. 24). The authors explained that size-sieving and binding affinity simultaneously governed the ion
permselectivity. In comparison with the pore size of CuBTC, K*, Na*, and Li* ions have smaller HDs of 7.6, 6.6, and 7.2 A, re-
spectively. Hence, the Li* /K" and Li*/Na™ selectivities were mainly attributed to the difference in affinities between the sulfonate
groups and ions. For the much higher Li*/Mg?™" selectivity, in addition to the disparity in the binding affinity, the size-sieving played
as important a role as that of the large Mg®>* HD of 8.6 A. Zhang et al. employed the GO@ZIF-8 membrane fabricated by contra-
diffusion to separate LiCl from other chlorine salts. The membrane showed Li*/Na™, Li* /K*, and Li* /Rb™ selectivity ratios of 1.4,
2.2, and 4.6, respectively [230].

Lithium-sulfur batteries show a great potential for energy storage [231]. However, the decomposition of discharge/charge
polysulfide intermediates in organic electrolytes decreases the capacity and cycle life [232]. To solve this issue, Bai et al. designed
MOF-based ionic sieve membranes as battery separators, which suppressed polysulfide migration but allowed Li* ion permeation
[233]. The composite MOF membrane synergistically contained MOF nanoparticles and GO laminates. As the window size of CuBTC
is between the hydrated diameters of Li* ions and polysulfides, CuBTC was employed to fabricate the MOF@GO composite mem-
branes. As expected, the membranes showed an excellent efficiency for polysulfide blocking and outstanding stability (Fig. 25). Peng
et al. also fabricated interpenetrated MOF/CNT composite membranes by confinement conversion for application in lithium-sulfur
batteries [234,235]. The CNTs interpenetrated the MOF crystals and provided both structural integrity and conductivity, whereas the
MOFs with strong sulfur confinement greatly improved the cyclability.

4.3. Stimuli responsiveness

Stimuli-responsive membranes can switch their separation behaviors based on environmental stimuli. Traditional membranes can
be modified to obtain stimuli responsiveness [236,237]. MOFs can also be functionalized with stimuli-responsive reagents to achieve
the responsiveness [238,239]. Based on the switching of azobenzene moieties between the cis- and trans-configuration under visible
and ultraviolet lights (Fig. 26a), Wang et al. synthesized Cu,(AzoBPDC),(AzoBiPyB) membranes with 2-phenyldiazenyl-4,40-bi-
phenyldicarboxylic acid (AzoBPDC) linkers [240]. The permeance and selectivity of the obtained membrane could be smartly
regulated. The trans-to-cis and cis-to-trans isomerizations of the linkers were adjusted by irradiation with lights of 365 and 455 nm
wavelength. In H,/CO, separation, after switching the azobenzene in the membrane from trans to cis or vice versa, the H, permeance
varied slightly but the CO, permeance increased or decreased significantly between 4 and 10 x 10 ®mols™ ' m~2Pa~ . Conse-
quently, the H,/CO, selectivity also varied between 8.0 and 3.0 at the cis and trans states (Fig. 26b). The membrane showed similar
properties in N»/CO» separation, with the selectivity between 8.5 and 5.5. Moreover, the responsive function had excellent long-term
stability, and could maintain the performance after operation for five cycles, at the least. Knebel et al. synthesized an ultrathin UiO-67
membrane with a thickness of 200 nm and loaded it with intelligent light-responsive azobenzene guest molecules [241]. The
membrane also showed excellent stimuli responsiveness, with the H,/CO,, selectivity between 10 and 14 under irradiation with light
of 365 and 455nm wavelength. Furthermore, the Cu,(F;AzoBDC),(dabco) membrane with fluorinated azobenzene linkers was
synthesized and investigated [242]. The linker of the framework could reversibly switch between the trans and cis states under visible
light with wavelengths of 400 and 530 nm. Based on this switching, the H,/C,H, and H,/C3Hg selectivities could be changed from 8.2
and 13.0 to 6.7 and 8.7, respectively. More recently, Knebel et al. found that electric fields could be employed to control the gas
transport across MOF membranes [243]. The ZIF-8 membrane prepared by contra-diffusion synthesis was employed for gas se-
paration, by applying an external electric field. The results revealed that the E-field polarization could cause the transformation of the
ZIF-8 structure to polymorphs. As this state possessed more rigid lattices, the gas permeance decreased. Therefore, the separation
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Fig. 25. (a) Schematic presentation of GO@CuBTC membrane in lithium-sulfur battery. (b) Li™ ion and polysulfide permeation properties through
the GO@CuBTC membrane. The GO@CuBTC membrane retained the polysulfides over 48 h. (c) Cycling performance of lithium-sulfur batteries
with GO@CuBTC membrane and with GO membrane. Adapted from Ref. [233] with permission from the Nature Publishing Group.

performance could be switched smartly.

Apart from the light-responsive features, MOF membranes showed thermo-responsive features as well. Wang et al. fabricated
MOF membranes using nanosheets with a thickness of 1.9 nm as building blocks, which were exfoliated from layered MAMS-1 (Nig(5-
bbdc)e(m-OH),) particles [244]. Due to the layered structure, the prepared membranes with a thickness of 40 nm had two transport
channels, a pore structure with a size of 2.9 A in the monolayer and an interlayered pathway with a size of 5 A between the sheets.
Owing to the thermal vibration of the tert-butyl groups (Fig. 27a and b), the membranes showed thermo-responsive separation
properties. When the temperature increased from 20 to 120°C, the H, permeance significantly varied between 0.5 and
14.4 x 10 8mols~'m~2Pa~?, but the CO, permeance hardly changed, thus leading to the variation of the H,/CO, selectivity
between 5 and 245 (Fig. 27c¢). The variation tendency was not linear with the increase in temperature. The H, permeance initially
increased from 13.1 to 14.4 x 10~ ®mol s~ m~2Pa~! with an increase in the temperature from 20 to 40 °C and then decreased to
0.5 x 10 ®mols~'m~2Pa~ ! at a temperature of 120 °C. However, because H,/CO, separation in industrial applications is usually
performed at a high temperature, it is better to obtain membranes with excellent thermal stability [245,246].
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Fig. 26. (a) Chemical structure of Cuy(AzoBPDC),(AzoBiPyB) with azobenzene groups in trans and cis states. (b) Gas permeances and H,/CO,
selectivity of the prepared membrane under irradiation with light of 365 and 455 nm wavelength for 5 min each. Adapted from Ref. [240] with
permission from the Nature Publishing Group.

4.4. Catalysis

Catalysis membranes realize the conversion and separation of mixed molecules simultaneously. Unlike the MOF particles with
impregnated catalysts, which can be synthesized by solution impregnation, gas-phase deposition, and in situ MOF growth [247-251],
MOF catalysis membranes are usually synthesized by growing the MOF layer with intrinsic catalysis properties or with catalysts. Mao
et al. used confinement conversion to uniformly encapsulate various heterogeneous functional components into CuBTC membranes
[252]. The functional components, including ions, CNTs, proteins, polymeric spheres, and nanoparticles were firstly embedded into
the deposited CHN film, and then the film was transformed into the CuBTC membrane through linker solution immersion. By
embedding the different components, the synthesized CuBTC composite membranes exhibited some unique properties, including
electric conductivity, bioactive electrochemical sensing, and catalysis. By encapsulating Au nanoparticles (NPs) with a diameter of
5nm, the obtained Au NP/CuBTC membrane could be applied for size-selective hydrogenation of olefins. When pure Au NPs were
used as catalysts, both n-hexene and cis-stilbene were converted completely. However, when the composite membrane was em-
ployed, only n-hexene passed through the membrane and was catalyzed (Fig. 28).

As a result of the composition, including metal centers and organic linkers, the MOFs had catalytic activity inherently. Yu et al.
employed an AAO substrate as the template and metal source for preparing NH»-MIL-53/AA0 composite membranes [253]. After in
situ growth, the MOF plates with a diameter of 198 nm were formed both on the surface and in the channels of the AAO substrate.
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Fig. 27. (a) Illustration of the expansion and shrinkage of MAMS-1. (b) Illustration of the shrinkage and expansion of the interlayer distance of
MAMS-1 membrane. (c) Gas permeance and H,/CO, selectivity of the prepared membrane under seven heating/cooling cycles. Different colors
represent various temperatures; blue: 20°C; magenta: 40°C; olive: 60°C; orange: 80°C; red: 100°C; and black: 120°C. 1
GPU = 3.348 X 10" mols™ ' m~2?Pa~"'. Adapted from Ref. [244] with permission from the Nature Publishing Group.

Moreover, by adjusting the reaction time, the MOF loading could be controlled easily. The prepared MIL-53-NH,/AAO membrane
was employed for the application of Knoevenagel condensation, and displayed excellent performance and stability for the con-
densation of benzaldehyde and malononitrile. Zhang fabricated ZIF-8/NaA composite membranes on a stainless-steel plate to fab-
ricate a microreactor [254]. The membrane showed outstanding performance with about 100% product yield in the condensation of

ethyl cyanoacetate and benzaldehyde.
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Fig. 28. (a) Membrane reactor with MOF catalysis membrane for size-selective hydrogenation. (b) Hydrocarbon composition of the permeate
solution. Adapted from Ref. [252] with permission from the Nature Publishing Group.

5. Conclusions and outlook

This review summarizes the production, modification, and application of MOF membranes. The production methodologies are
classified as direct crystallization, interfacial/contra-diffusion synthesis, layer-by-layer assembly, confinement conversion, micro-
fluidic processing, and vapor deposition. The synthesis mechanisms and merits of these methods are discussed. The modification
improves the performance distinctly, by changing the construction, microstructure, affinity, and pore size of the MOF membranes.
The mechanisms and strategies for the modification of MOF membranes are analyzed and categorized into coating, heteroepitaxial
growth, embedding, occupation, grafting, and substitution, with respect to the combination form. The application of MOF mem-
branes, including gas separation, nanofiltration, ionic sieving, stimuli responsiveness, and catalysis, are reviewed, and the separation
mechanisms are analyzed. Although tremendous advances in the production, modification, and application of MOF membranes have
been achieved recently, some opportunities and challenges still exist for further development.

The production of MOF membranes with a large membrane area is very important for industrial application. However, the
membrane area of reported MOF membranes is typically only several square centimeters. Li et al. fabricated an MOF membrane
module with a membrane area of 340 square centimeters by gel-vapor deposition [126], but the large-scale production of MOF
membranes is still a significant challenge. Various methods are proposed for membrane production. Direct crystallization is the most
investigated method and can prepare MOF membranes under mild conditions. However, the modification of substrates through
seeding and grafting increases the complexity of the synthesis procedures. Mixed precursor solutions for the direct crystallization and
related microfluidic processing lead to the formation of crystals in bulk, which results in the wastage of the expensive linker reagents.
Interfacial synthesis and related microfluidic processing greatly reduce the consumption of MOF precursors due to the use of non-
interfering metal salt and linker solutions; however, the requirement of two immiscible solutions limits the types of MOFs for
membrane synthesis. Contra-diffusion synthesis does not require synthesis solutions, but the crystallization region should be con-
trolled carefully to prepare continuous membranes, due to the uncertain interface. Confinement conversion simplifies the crystal-
lization process, but the complicated synthesis procedures of the metal sources hinder the large-scale production of MOF membranes;
furthermore, the incomplete conversion of the metal source may decrease the permeance. Layer-by-layer assembly requires only mild
synthesis conditions and exhibit great controllability; however, the poor microstructures of the prepared membranes lead to a de-
terioration in the separation performance. Vapor deposition has been demonstrated for the production of MOF membranes; however,
a high synthesis temperature is required to generate the linker vapors. To solve the above issues and use the opportunities, further
investigation should focus on how to produce MOF membranes with both a large membrane area and good continuity. Synthesis
under mild conditions should be developed, and the procedures should be simplified further. In addition to the commonly used MOFs,
including ZIFs, MOF-5, CuBTC, NH,-MIL-53, and UiO-66, other types of MOFs should be employed for membrane fabrication to
improve the application scope and performance. Moreover, to reduce the costs of MOF membrane production, the utilization of the
expensive MOF precursors, especially the linkers, should be significantly improved.

Modification of the MOF membranes is proposed for improving their performance. The microstructures of the MOF membranes
should be controlled more precisely. For MOF membranes, only the sub-nanometer-sized defects are unexpected. As modification
usually changes the construction of the whole membrane, selectivity is strengthened, but permeance is suppressed. Further study is
needed to selectively modify the cracks other than both the invalid defects and effective pores of MOF membranes, in order to achieve
a higher permeance. Moreover, the types of materials and molecules involved in modification are relativity few. Due to the properties
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of the separation system, it is better to introduce more modification reagents for synthesizing composite membranes with targeted
adsorption affinities and pore structures. Furthermore, the modification processes of MOF membranes are complicated, and are
regarded as a hindrance for practical application. Along with effective performance improvement, the processes of modification
should be simplified as far as possible. In addition, the modification should be designed with precise targets. For example, in H,/CO»
separation, the pore size of the MOFs should be controlled or the difference in affinities of the MOFs for two feed gas components
should be increased, by modification. This should be the design with respect to the molecular dynamics.

The application of MOF membranes with high efficiency is the main goal of studies. The first reported MOF-5 membrane showed
permeation properties in accordance with the Knudsen diffusion [36]. After development, many MOF membranes, including ZIF-8,
ZIF-95, ZIF-100, and NH,-MIL-53, show a great potential for practical application. More MOF membranes with different topological
structures should be synthesized and investigated. ZIF-8 membranes have been proposed to separate H, from N,, CH,, and hydro-
carbons, initially. Thereafter, ZIF-8 membranes have been demonstrated with a sharp cut-off between C3Hg and C3Hg. Therefore, in
addition to the synthesis of new MOF membranes, we should develop new applications based on the pore structure and adsorption
properties of the MOFs. Similar to the reports of stimuli responsiveness, new functions should be explored in addition to separation,
through the synthesis of MOF membranes using MOFs with special properties or the hybridization of MOF membranes using sub-
stances with expected functions, in order to apply MOF membranes in a new field. The performance of MOF membranes under harsh
conditions should be enhanced. For example, the C3H¢/C3Hg selectivity of ZIF-8 membranes decreases greatly with an increase in the
feed pressure. However, the pressure of practical C3He/C3Hg mixtures is typically high. The separation of H,/CO, under high
temperatures is a great challenge, due to the increased diffusion of both the molecules. Unpleasantly, H,/CO, mixtures are often
produced with huge amounts of heat. More studies should also focus on the long-term stability of MOF membranes.

We hope that understanding the mechanism of production, modification, and application of MOF membranes will be helpful in
developing MOF application and membrane separation.
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