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Scalable Crystalline Porous Membrane: Current state and 
Perspectives  

Zixi Kanga, d, Hailing Guob, Lili Fana, Ge Yangb, Yang Fenga, Daofeng Sun*, a, Svetlana Mintova*, b, c 

The crystalline porous materials (CPMs) with uniform and regular pore systems show great potential for separation 

applications using the membrane technology. Along with the research on synthesis of precise-engineered porous structures, 

a significant attention on the practical application of these materials for preparation of crystalline porous membranes 

(CPMBs) is paid. In this review, the progress made in the preparation of thin, large area and defect-free CPMBs using classical 

and novel porous materials and processing is presented. The current state-of-the-art of scalable CPMBs with different nodes 

(inorganic, organic and hybrid) and various linking bonds (covalent, coordination, and hydrogen bond) is revealed. The 

advances made in the scalable production of high-performance crystalline porous membranes are categorized according to 

the strategies adapted from polymer membranes (interfacial polymerization, solution-casting, melt extruding and 

polymerization of CPMs) and tailored based on CPMs properties (seeding-secondary growth, conversion of precursors, 

electrodeposition and chemical vapor deposition). Finally, the performance and challenges in the preparation of scalable 

CPMBs with emphasis on their sustainability are presented.  

1. Introduction 

Membrane-based separation is recognized as a powerful 

technology that guarantees high selectivity, low energy 

consumption and small footprint for separation application, and 

fulfill the need for a new sustainable industrial process.1, 2 The 

research focused on materials development will enable 

synthetic membranes to be further extended to the 

development of large-scale, energy-efficient molecular 

separation technologies.3-7 On one hand, the membrane’s 

barrier layer should be well defined, which composes of 

transport channels with identical pore size and properties that 

ensure selective permeation. On the other hand, the materials 

should offer as little resistance as possible by increasing the 

porosity and declining thickness of barrier layer to achieve high 

flux. The crystalline porous materials (CPMs) with ordered pore 

structures with high selectivity and large pore volumes for high 

flux are highly attractive for membrane separation,8 and have 

been widely studied in the last two decades including (i) the 

classical zeolites,9 (ii) metal-organic frameworks (MOFs),10-12 (iii) 

covalent organic frameworks (COFs),13, 14 (iv) porous organic 

cages15 (POCs) and hydrogen-bonded organic frameworks 

(HOFs).16 Beyond the uniform pore system, the CPMs also 

possess other features like tailorable window size and cages, 

which are the base for constructing of crystalline porous 

membranes (CPMBs). Considerable numbers of research papers 

on the CPMBs have been published in recent years. As shown in 

Fig. 1, the number of publications dedicated on CPMBs has 

increased significantly during the last two decades; particularly 

the papers on the scalable preparation of CPMBs in the last ten 

years increased drastically. The researchers pay more 

attentions to the practical application of the CPMBs bringing 

new vigor to the separation industry. 

 

 
Fig. 1 The number of publications per year dedicated on (a) crystalline porous 

membranes (CPMBs) and (b) scalable CPMBs. Data obtained from Web of Science 

until August 13th, 2020. 

The CPMBs has been the main focus of several excellent reviews 

describing the following specific aspects: (1) preparation of 

different CPMBs using zeolite, MOF, ZIF, COF, CPM based mixed 

matrix membranes;9, 11, 17-21 (2) description of different 

separation applications including gas separation, reversed 

osmosis, nanofiltration;22-32 and (3) structural design, stability 

and preparation methods toward CPMBs with 2D 

morphology.33-38 However, as emphasized by Baker “a film is 

not a membrane”, for the practical separation applications.  
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Table 1 CPMs applied for preparation of CPMBs: features of composites and structures  

CPMs 

Zeolites 

 

MOFs 

 

COFs 

 

POCs 

 

HOFs 

 

Nodes Inorganic 
Inorganic- 

organic hybrid 
Organic Organic Organic 

Bonds Covalent bonds Coordination bonds Covalent bonds 
Covalent bonds and 

Intermolecular force 
Hydrogen bonds 

Bond reversibility Low Medium Low to medium High High 

Structural dimension 2D and 3D  2D and 3D 2D and 3D 0D 2D and 3D 

Stability High Medium Medium to high Low to medium Low to medium 

Structural flexibility Low Medium to high Low to medium High High 

 

 

The promising materials must be processed into thin, typically 

supported membranes, and further produced as modules with 

a high surface/volume ratio, and then employed and optimized 

in a real process. Up to date, only a few CPMs have been used 

in industry, such as zeolite NaA (LTA framework type zeolite) for 

organic solvent dewatering.39 In 2012, Gascon systematically 

reviewed the practical issues related with zeolite membranes 

and more specifically he discussed the reproducibility and 

scalable synthesis of zeolite membranes.40 With the rapid 

development of new materials and deeper understanding of 

growth (deposition) processes, a new stage of the CPMBs is 

reached that requires to summarize the latest progress, 

developing trends, emerging challenges and opportunities 

primarily oriented to the scalable production of CPMBs.  

This review will present the current view on the CPMB 

fabrication with high-performance materials for separation 

purposes. Both the continuity and ordered porous materials are 

pre-requested and challenging for constructing defect-free 

CPMBs. The building blocks for CPM should be applied to 

construct not only the crystalline structure but also thin film for 

a reasonable time, thus the traditional crystallization process 

needs to be adapted based on the respective assembly methods 

used for different CPMs. The CPMs are assembled by repeating 

units similar to polymers but in a fully ordered way, thus some 

preparation methods for the CPMBs can be adapted from the 

polymers, such as the interfacial polymerization (IP) and 

solution-processing approach. Furthermore, the financial 

aspects should be kept in mind in terms of the demand at 

industrial scale. The energy saving process, low waste emission 

and commercial supports have to be considered as well.  

This review addresses the current state-of-the-art of scalable 

CPMBs with different nodes (inorganic, organic and hybrid) and 

various linking bonds (covalent, coordination, and hydrogen 

bond). We will discuss the different CPMs and their features, 

the strategies adapted from the preparation of polymer 

membranes and tailored based on the properties of CPMs, and 

outline the vision on the future scalable membrane preparation 

bringing these materials closer to implementation for practical 

applications. The mixed matrix membranes (MMMs) and thin-

film nanocomposite (TFN) membranes consisting of CPMs but 

determined by the properties of polymers would not be the 

scope of this review. 

2. Classification of crystalline porous materials 

(CPMs) and their advantages for scalable 

production of membranes (CPMBs) 

The CPMs possess uniform pore structures assembled of 

different nodes that bring advantages for their scalable 

preparation (Table 1). 

2.1 Zeolites 

Zeolites are crystalline microporous aluminosilicate frameworks 

built of corner-sharing TO4 tetrahedra (T = Si, Al).41 The size of 

pores and cages can be varied by synthesizing zeolites with 

different framework structures, various extra-framework 

cations, doping with heteroatoms and introducing 

exchangeable guest molecules.42 The covalent bonds guarantee 

stable and rigid zeolite structures, although a local flexibility in 

several zeolites with low Si/Al ratio was found. Because of the 

tunable pore size and excellent stability, zeolite polycrystalline 

membranes have shown great performance in the field of 

solvent dehydration, gas separation and desalination. Due to 

the high bonding energy of covalent bonds, the zeolite materials 

are generally synthesized under hydrothermal-solvothermal 

conditions. Continuous polycrystalline zeolite membranes were 

mostly prepared by seeding approach (Table 2).43 The sol-gel 

conversion under steam conditions is also applied toward large-

scale growth of zeolite membranes.44 The main issues of 

scalable zeolite membranes are the formation of inter-crystal 

defects, removal of structural directing agents (SDAs) and high 

cost of ceramics supports (substrates);45 further discussion will 

be provided in section 4.1.  

2.2 Metal-organic frameworks (MOFs) 

MOFs constructed from metal cations or clusters and organic 

ligands, are another class of crystalline materials with reticular 

topology. MOFs materials are constructed with various 

topologies, functional groups, modifiable adaptors that result in 

highly tunable pore sizes, pore shape, and polarity.12, 46 Because 

the nodes are linked by coordination bonds, MOF structures  
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Table 2 Preparation conditions and separation performance of zeolite membranes discussed in this review.  

Structure Preparation Application Ref. 

Support Method Temp. Time Separation of 

mixture 

Performance 

LTA Porous tubular support Seed-secondary growth 100 oC 3-4h Water/ethanol 2.15 kg m-2h-1 (water) 

10000(S.F.) 

39 

LTA Ceramic hollow fiber Dip coating-wiping; 

Seed-secondary growth 

100 oC 3h Water/ethanol 6.2 kg m-2h-1 (water) 

12500(S.F.) 

47 

LTA LTA–PES composite hollow 

fiber 

Seed-secondary growth 100 oC 4h Water/ethanol 9.2 kg m-2h-1 (water) 

>10000(S.F.) 

48 

LTA Modified SS hollow fiber Seed-secondary growth 100 oC 4h Water/ethanol 4.22 kg m-2h-1 (water) 

>10000(S.F.) 

49 

T-type YSZ hollow fiber Seed-secondary growth 100 oC 22h Water/ethanol 7.36 kg m-2h-1 (water) 

>10000(S.F.) 

50 

LTA Porous Al2O3 tube Microwave synthesis 90 oC 25 

min 

H2/N2 510 GPU (H2) 

5.6 (selectivity) 

51 

MFI Porous Al2O3 disc Oriented seed-secondary growth 130 
oC 

12h p-/o-Xylene 600 GPU (p-Xylene) 

~500(S.F.) 

52 

MFI 

BEA 

Porous 

silica supports 

Oriented seed-secondary growth 165 
oC 

18h p-/o-Xylene 20 GPU (p-Xylene) 

71 (S.F.) 

53 

MFI Porous 

silica supports 

Oriented seed-secondary growth 190 
oC 

6h p-/o-Xylene 388 GPU (p-Xylene) 

1100 (S.F.) 

54 

MFI Stöber silica supports Oriented seed-secondary growth 190 
oC 

36h p-/o-Xylene 1500 GPU (p-Xylene) 

30 (S.F.) 

55 

MFI Porous Al2O3 disc Precursor conversion 190 
oC 

3 days O2/N2 1.2 mol m N-1 s-1 (O2) 

0.69 (ideal selectivity) 

56 

MFI Porous Al2O3 tube Precursor conversion 170 
oC 

5days n-/i-butane 63 GPU (n-butane) 

11.3(S.F.) 

57 

CHA Al2O3 hollow fiber Precursor conversion 100 
oC 

12h CO2/CH4 3500 GPU (CO2) 210 

(S. F.) 

44 

SOD Nylon Precursor conversion between 

GO layers 

60 oC 40h H2/CO2 490 GPU (H2) 

56 (selectivity) 

58 

LTA Porous Al2O3 disc ED 90 oC 6h water/i-propanol 1.24 kg m-2h-1 (water) 

3281(S.F.) 

59 

 

 

show enhanced flexibility and lower hydrothermal stability 

compared with zeolites.60 The so-called breathing effect is 

observed in some MOFs such as the MIL series,61 which exhibits 

dynamic aperture as the loading of guest molecules leading to 

the stimulus-responsive separation performance.62 The rising 

numbers of MOF structures led to further use for separation 

membranes based on their molecular sieving and chemical 

affinity. Diversified strategies including interfacial 

polymerization (IP), chemical vapor deposition (CVD), 

electrodeposition (ED) and precursor conversion can be applied 

to scale the preparation of MOF membranes (Table 3). Similar 

to the zeolite membrane, the defects formed in the MOF 

membranes are the main concerns for their scalable 

preparation.20 Recently several MOFs were prepared by melting 

decomposition and transferred into continuous MOF glass 

membranes by melt extruding.63 This led to the preparation of 

membranes with less defects. Because of the metal centers in 

structures, the metal based supports are considered to be used 

as both membrane substrates and metal sources for the MOFs 

crystallization.64 On the other hand, the organic linkers bridge 

the MOFs with the polymers, forming PolyMOFs.65 The stability 

of the membranes is another problem that hinders the practical 

application of MOF membrane. Thus more attention is paid on 

the robustness of MOF frameworks and their stabilization by 

protective coating layers and post-synthesis treatments.66, 67 

 

2.3 Covalent organic frameworks (COFs) and porous aromatic 

frameworks (PAFs) 

The covalent organic frameworks (COFs) are prepared by 

topology-diagram-directed polymer growth in conjunction with 

geometry matching between monomers.13 COFs are consisting 

of full organic building blocks and strong covalent bonds, and 

they have great variety of structures in comparison to zeolites, 

and also they exhibit higher stability than the MOFs. The 

structural design and separation application of COFs have been 

comprehensively discussed in two recent reviews.13, 14 Unlike 

the linear polymers, the most synthesized COFs are difficult to 

be dissolved into solvents like cross-linked polymers and 

conjugated microporous polymers (CMPs).68 Therefore the 

COFs cannot be fabricated into membranes by solution-

processing technology. However, the different ligands can be 

dissolved in diverse solvents and form the COFs membranes by  
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Table 3 Preparation conditions and separation performance of MOF membranes discussed in this review.  

Structure Preparation  Application  Ref. 

Support  Method Temp. Time Separation of 

mixture 

Performance  

ZIF-8 Nylon Contra-diffusion IP RT 48h H2/N2 1000 GPU (H2) 

4.0 (Ideal selectivity)  

69 

ZIF-8 α-Al2O3 disk IP 120 oC 4h C3H6/C3H8 60 GPU (C3H6) 

55 (Selectivity) 

70 

ZIF-8 Hollow fiber IMMP: alternating flow and 

stillness 

30 oC ~9h  C3H6/C3H8 36 GPU(C3H6) 

12 (Selectivity) 

71 

ZIF-8 PES IP RT ~12h Dye NF  1.3 Kg m-2h-1bar-1 

(Water) 

98.9% (Rejection) 

72 

ZIF-8 PES IP RT ~12h Dye NF 37.5 Lm-2h-1bar-1 (Water) 

98% (Rejection) 

73 

HKUST-1 Polyimide IP RT - OSN 54 Lm-2h-1bar-1 (Acetone) 

~40% (Rejection) 

74 

HKUST-1 PES Electrochemically solid-liquid IP RT 36h Dye NF 2.1 Lm-2h-1bar-1 (Water) 

99.7% (Rejection) 

75 

UiO-66-NH-

Met 

- Polymerization RT (UV 

light) 

20 

mins 

Cr3+ filtration  8 mgg-1 (Separation 

capacity) 

80% (Retention) 

76 

ZIF-8 PVDF hollow 

fiber 

IP 50 oC 12h NF 50 Lm-2h-1bar-1 (water) 

94-99-% (320 to 800 Da) 

77 

MIL-125 Porous Al2O3 

disc 

Oriented seed-secondary growth 160 oC 10min H2/CO2 130 GPU (H2) 

24.8 (selectivity) 

78 

HKUST-1 - Precursor conversion RT 2h H2/CO2 4500 GPU (H2) 

6.1 (S. F.) 

79 

HKUST-1 PVDF hollow 

fiber 

Precursor conversion RT 40min H2/CO2 5900 GPU (H2) 

8.1 (S. F.) 

80 

ZIF-8 Porous Al2O3 

disc 

Precursor conversion 120 oC 12h C3H6/C3H8 18 GPU (C3H6) 

61 (S. F.) 

81 

ZIF-8 PVDF hollow 

fiber 

Precursor conversion using CVD 150 oC 2h C3H6/C3H8 600 GPU (C3H6) 

70 (S. F.) 

82 

ZIF-8 Porous Al2O3 

disc 

Precursor conversion 80 oC 36h H2/CH4 150 GPU (H2) 

54.1 (selectivity) 

83 

ZIF-8 Porous Al2O3 

disc 

Precursor conversion 75 oC 24h H2/CH4 410 GPU (H2) 

12.5 (selectivity) 

84 

Zn2(bIm)4 Porous Al2O3 

tube 

GO guided precursor conversion 100 oC 9h H2/CO2 400 GPU (H2) 

106 (selectivity) 

85 

Co2(bIm)4 Porous Al2O3 

tube 

Precursor conversion using CVD 100 oC 8h H2/CO2 513 GPU (H2) 

58.7 (selectivity) 

86 

ZIF-8 PVDF hollow 

fiber 

IP  110 oC 10h H2/CH4 18000 GPU (H2) 

90.7 (H2/CH4) 

87 

ZIF-67 Nylon Precursor conversion between GO 

layers 

RT 48h H2/CO2 3600 GPU (H2) 

31 (selectivity) 

88 

ZIF-8 AAO ED 30 oC 10h C3H6/C3H8 300 GPU (C3H6) 

31.6 (S. F.) 

89 

ZIF-8 AAO ED RT 20min C3H6/C3H8 ~50 GPU (C3H6) 

~300 (S. F.) 

90 

ZIF-722-8 AAO ED RT 20min CO2/CH4 45 GPU (CO2) 

25 (S. F.) 

91 

Co-ZnZIF-8 AAO ED RT 20min C3H6/C3H8 30 GPU (C3H6) 

200 (S. F.) 

92 

ZIF-8 AAO ED RT 30min C3H6/C3H8 182GPU (C3H6) 

142 (S. F.) 

93 

ZIF-8 Porous Al2O3 

disc 

CVD 125oC 24h C3H6/C3H8 ~500GPU (C3H6) 

74 (S. F.) 

94 
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Table 4 Preparation conditions and separation performance of COF membranes discussed in this review.  

Structure Preparation  Application  Ref. 

Support  Method Temp. Time Separation of mixture Performance  

Tp-Bpy  

Tp-Azo 

Polyester  Static IP RT 72h Dye OSN 339 Lm-2h-1bar-1 (Acetonitrile) 

>90% (Rejection) 

95 

TAPB-PDA PES Catalyst-monomers IP RT 0.5h Dye NF ~4.5 md-1MPa-1 (Water) 

91% (Rejection) 

96 

TAPB-PDA PES IP RT 0.5h Dye NF 4.7 md-1MPa-1 (Water) 

~90% (Rejection) 

97 

TFP-DHF AAO Water−air IP RT 48h Dye NF and OSN  900 Da (MWCO) 

600 Da (MWRO) 

98 

TFP-PDA PTFE Solid-vapor IP 150 oC 9 h Dye NF 411 Lm-2h-1bar-1 (Water) 

>98% (Rejection) 

99 

TpPa PSF IP RT <1m Dye NF 50 Lm-2h-1bar-1 (Water) 

>95% (Rejection) 

100 

Tp series - Heating of precursor 60-120 oC 72h Dye OSN 278 Lm-2h-1bar-1 (Acetonitrile) 

~99% (Rejection) 

101 

Tp series Alumina hollow fiber Self-assembly  RT 20h He, N2, O2, CO2, CH4 ~2 (Ideal selectivity) 102 

 

Table 5 Preparation conditions and separation performance of other CPMBs discussed in this review.  

Structure Preparation  Application  Ref. 

Support  Method Temp. Time Separation of mixture Performance  

CC3, CC13 AAO Solution-processing RT - H2/N2 4500 GPU (H2) 

30 (Ideal selectivity)  

103 

UPC-HOF-6 Porous Al2O3 disc Solution-processing 80 oC 2h H2/N2 885.1 GPU (H2) 

17.2 (selectivity) 

104 

ZIF-62 glass Porous Al2O3 disc Melt-quenching 440 oC ~ 1h H2/CH4 CO2/N2 

CO2/CH4 

50.7 (H2/CH4)  

34.5 (CO2/N2) 

36.6 (CO2/CH4) 

63 

Noria PAN IP RT 8 mins Dye OSN 18 Lm-2h-1bar-1 (Methanol) 

~97% (Rejection) 

105 

 

 

interfacial polymerization (Table 4). In this process, the epitaxial 

and continuous assembling of ligands is essential to obtain high 

quality membranes. The more reversible bonding formation 

such as boronate-ester-link allowed structural corrections 

leading to formation of more ordered structure but unstable 

frameworks. Also learning from the classic polymer science, the 

nanosized COFs can be polymerized leading to the formation of 

membranes. The insoluble COFs are suitable for the organic 

solvent nanofiltration (OSN) approach.98  

Porous aromatic frameworks (PAFs) have pure organic 

frameworks linked via irreversible and strong C-C bonds.106 

Although the PAFs have amorphous frameworks evidenced by 

XRD, the predesigned building blocks bring higher order and 

much larger surface area than the polymers. The narrow pore 

distribution and excellent stability make the PAFs promising 

materials for membrane separation. PAFs are insoluble in most 

solvents, similar to MOFs and COFs. Furthermore, the 

irreversible changes in the bonds of PAFs can lead to the 

production of powder samples (solids) under kinetic control. 

Therefore, to process PAFs into MMMs membranes, mostly 

blending with polymer is used. Taking the advantage of the PAFs 

with small particle sizes, they may be further interfacial 

polymerized with common organic monomers to form 

continuous membranes. The details on PAFs and related 

membranes can be found in the review article reported by 

Zhu.107  

2.4 Porous organic cages (POCs) and hydrogen-bonded organic 

frameworks (HOFs) 

As discussed above, zeolites, MOFs and COFs are not soluble in 

solvents, which creates difficulties in the preparation of 

membranes. Porous organic cages (POCs) are a relatively new 

class of CPMs; they are composed of molecules with intrinsic 

cavities connected by Van der Waals forces, π-π interaction, and 

hydrogen bonds.108, 109 They have some intriguing differences 

from extended porous frameworks, such as solution 

processability, making them attractive for fabrication of 

membranes (Table 5). Especially the phase inversion (PI) 

method may be applied for the preparation of POC membranes 

using poor solvents, because all porous cage molecule can be 

seen as a polymer chain. The optimization of the preparation 

process is challenging since different solvents may lead to 

diverse cage packing. The stability of the POCs membrane for 

separation purposes is another important issue to be 

considered (the Achilles' heel).103 The intramolecular stability 

was optimized by using strong imine bond or adding reinforced 

ligands. The structural transformation of POCs can easily 

occurred by external stimulus such as removal/introduction of 

solvents, high temperature, and high pressure leading to high 
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reversible interactions between cages. As a result, additional 

voids can be formed resulting in the loss of selectivity. Post-

synthesis treatment can be applied to modify the cages. 

Moreover, as molecules with intrinsic pores, the POCs can play 

the role of monomers to construct membrane by IP method.105  

On the contrary, the hydrogen-bonded organic frameworks 

(HOFs) are extended frameworks consisting of highly flexible 

intermolecular hydrogen-bonding interactions.16, 110 The 

flexible HOFs can be easy processed and the self-healing 

properties can be of great advantage for the preparation of 

membranes.111 The multiple H-bonding interactions between 

organic ligands, or charge assisted H-bonds between cations 

and anions, especially the high charged ionic ones, are favorable 

for the synthesis of stable HOFs.  

3. Strategies adapted from polymer membranes 

toward preparation of CPMBs 

As mentioned by Baker in his famous fundamental book for 

membrane technology and applications: “First, membrane 

materials with the appropriate chemical, mechanical, and 

permeation properties must be selected; this choice is very 

process specific. However, once the membrane material has 

been selected, the technology is required to fabricate this 

material into a robust, thin, defect-free membrane, and then to 

package the membrane into an efficient, economical, high-

surface-area module, which is similar for all membrane 

processes.”1  

The technologies for production of polymer membrane have 

been developed since 1960s, which meet the large areas and 

low cost requirements for their industrial applications.112 The 

most used membranes are anisotropic types, which are 

fabricated by phase inversion, interfacial polymerization, 

solution coating, direct polymerization on substrates, etc. In 

addition, the dense polymers are usually prepared by solution-

casting and melt extruding. These knowledge of polymers 

production can be transferred to the production of CPMBs, 

especially for the CPMs that are also assembled by repeated 

units but in more ordered way using linkers.  

The strategies for preparation of CPMBs adapted from polymers 

will be discussed in this section. It should be mentioned that 

there is still no CPMBs prepared by the most commonly used 

nonsolvent induced phase separation approach exploiting the 

Loeb-Sourirajan technique.112 The isolated crystals instead of 

continuous membranes were observed when none-solvent 

such as methanol was added into casting layers of the MOFs and 

HOFs. This may be caused by the different “building blocks” 

(small ions or molecules/long macromolecular chains) and 

process (assembly-nucleation growth /phase separation- 

precipitation) between CPM and polymer membranes. It is also 

challenging to obtain defect-free CPMBs by thermally induced 

phase separation. Although some solvents are extracted from 

the reactor during the classical in-situ growth of CPMBs, but the 

solubility change caused by the crystal formation is the main 

 

 

 
Fig. 2 Classical interfacial polymerization (IP) approach applied for fabrication of thin-film composite (TFC) membrane (top) and adapted IP processes for CPMBs (bottom) at different 

interfaces: (liquid/solid, liquid/liquid and liquid/gas), under various conditions (static, fluid and stepwise). 
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reason for the formation of crystalline membrane. Recently 

developed POC and HOF membranes were prepared by 

evaporation of solvents, but resulting in the isotropic 

membranes, which more resemble the solution-casting method 

of the dense polymer membranes.103, 113 Thus, the optimization 

will focus on using of casting solution and specific precipitation 

media in order to guarantee heterogeneous nucleation and 

balance with the precipitation rate for phase inversion 

preparation of continuous CPMBs. The selection of supports 

with a “fertile” surface may help solving the insufficient 

nucleation issues and can lead to formation of intergrown 

homogenous membranes. Another widely used method for 

preparation of polymer membranes, the interfacial 

polymerization, has been successfully adapted and applied for 

fabrication of CPMBs.  

3.1 Interfacial polymerization (IP) approach 

Interfacial polymerization (IP) is the main technology after 

phase inversion, which is mostly used for production of 

reversed osmosis (RO) and nanofiltration (NF) membranes. In a 

typical IP process, different monomers are dissolved in two 

immiscible solvents, and the dense cross-linked polymer layers 

are formed at the interface. The “self-inhibited” effect ensures 

that the monomers only polymerize at the unsealed sites, 

resulting in thin and defect-free membranes. This strategy is 

suitable for the preparation of CPMs assemblies with different 

units that can dissolve in immiscible solvents, such as MOFs and 

COFs (Fig. 2).114  

MOFs are constructed with metal based nodes and organic 

linkers, which are readily dissolved in two solvents with 

different polarity. The first example for MOF (copper based 

MOF, HKUST-1) synthesized at an interface was reported by Vos 

in 2011.115 The thin free-standing film and hollow capsules were 

grown at the interface of an aqueous solution of a copper 

acetate and a solution of 1,3,5-benzenetricarboxylic acid 

(H3BTC) in 1-octanol. Although the thin film was not applied for 

membrane separation, the size-selective permeability of small 

molecules was reported. In the same year, Wang reported the 

preparation of MOF membrane by the contra-diffusion 

synthesis method for gas separation.69 The ZIF-8 membrane was 

obtained at room temperature for 72 h on a nylon support that 

divided the solutions of Zn2+ and 2-methylimidazolate (2-MIM). 

In both cases revealed above, the porous substrates were in 

immobile contact with the two solutions. In 2013, Jeong 

fabricated the ZIF-8 membrane by immersing the porous Al2O3 

supports in different solutions but in stepwise manner,70 which 

can be regarded as a similar approach to the tradition IP 

process. In comparison to the previous work, here a shorter 

time (4 h) and a higher temperature (120 oC) were used to 

prepare well-intergrown membrane, which exhibited 

exceptionally high separation performance toward propylene 

over propane. For the MOF growth on immobile surface, the 

high temperature and deprotonating agent such as acetate and 

formic acid were applied to accelerate the coordination rate 

and form the continuous membranes.70, 74  

The commercial and low-cost polymers are appropriate 

supports for scalable IP fabrication of CPMBs. The fluid or 

traditional two-step IP processes have been investigated. In 

2014, Nair reported the ZIF-8 membrane fabricated by 

interfacial microfluidic membrane processing (IMMP) in a 

module of hollow fiber.71 The flow profile was set as an initial 

continuous flow followed by static growth phases interrupted 

only by short reactant replenishment steps, to obtain thin and 

intergrown membrane for high efficient separation of 

C3H6/C3H8. The continuous flow offered the adequate nutrition 

and relatively rapid transport of reactants to the interface, 

leading to rapid formation of a ZIF-8 layer at room temperature 

(several hours). The recycling of reactants and the use of hollow 

fiber substrates are the other advantages for further scale-up of 

this method. In the work of Vankelecom in 2015, the flexible 

polyethersulfone polymer (PES) was used as a porous support.72 

The PES membrane was impregnated with a zinc nitrate 

aqueous solution overnight and after removal of the excess 

aqueous solution from the support surface, a solution of hexane 

with ethanol as co-solvent (2-MIM) was poured on the surface. 

The solution was drained off after 1 h reaction, then post-

treated at 100 oC overnight. Because of the poor solubility of 

Zn2+ and 2-MIM in hexane, the reaction happened toward the 

aqueous phase, and thus the ZIF-8 grew inside the pores of the 

support resulting in low water flux for dye NF application. To 

solve this problem, the same group used octanol instead of 

hexane.73 The membrane formed at the octanol/water 

interface showed highly improved water flux, while, the 

membrane grown above the support was brittle and easily 

delaminated from the surface. As reported by Livingston in 

2015, a thin layer of HKUST-1 was synthesized on the polyimide 

supports by two methods, and evaluated for the organic solvent 

nanofiltration (OSN) performance.74 According to the first 

method, the support initially was soaked in a water solution of 

Cu2+, then was immersed in octanol solution of BTC, resulting in 

the brittle HKUST-1 layer grown on the polymer membrane 

surface, which did not chemically bond to the polymer support 

layer beneath. This was caused by the diffusion of Cu2+ into 

octanol over time, and the HKUST-1 formation reaction 

occurred just on the surface of the membrane. According to the 

second methodology, the BTC solution was impregnated in the 

membrane, the Cu2+ diffused into the membrane, leading to 

HKUST-1 growth on the surface but also in polymer support 

membrane. As the HKUST-1 was physically embedded into the 

polymer layer, thus less cracks and defects were formed. 

So far, all the MOF membranes prepared by liquid-liquid IP 

process just considered structures that can be constructed at 

room temperature, such as HKUST-1, MOF-5 and ZIF-8. More 

stable frameworks like UiO and MIL series have not been 

deposited in membranes by IP process, because the strong 

bonding interactions cannot be formed at the IP condition that 

favor the formation of continuous membranes. Therefore novel 

strategy or optimization of the IP process are needed to 

facilitate the strong coordination bonds and avoid the 

formation of discontinuous crystals. The traditional IP process 

involving treatment of supports in different solvents step by 

step is preferred, because it is easier to be scaled up.  

Another issue that hinders the broader application of IP for MOF 

membranes is that only a limited number of matching solvents 
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can be used. The solvent pair should be immiscible and also can 

dissolve metal salt and ligand separately. To solve this problem, 

the binary solvent system (aqueous/organic) can be changed to 

a single-solvent system, and MOF membranes are fabricated at 

solid-liquid (metal solid – ligand solution) interface. In the 

“single metal source” method reported in our previous works, 

the nickel meshes were used as both the support and Ni2+ 

source to produce Ni based chiral MOF membranes for 

separation of the racemic mixture.64 Then in the work reported 

by Fransaer, an electric field was applied to facilitate the 

dissolution of metal ions from the copper plane at the anode, 

then passed through the PES porous support and contacted 

with the BTC solution to construct the continuous HKUST-1 

membrane for dye NF.75 Since all the MOFs contain the metal 

nodes, this innovative strategy is expected to significantly 

extend the scope of interfacial synthesis of MOFs with varied 

metal centers on the porous substrate surfaces. Furthermore, 

the pure metal can be adapted to other metal based precursor, 

such as oxide and hydroxide, reacting with ligand solution to 

form large area MOF membranes on different supports, which 

will be discussed in section 4.2. On the other hand, the solution 

can be replaced by the vapor phase of ligands as well, and the 

relevant studies for the CVD preparation of MOF membranes 

will be surveyed in section 4.4. Another alternative strategy 

reported by Li recently is to grow the MOF membrane on the 

liquid-air interface.77 Firstly, a precursor aqueous solution 

containing 2-MIM and Zn2+ was immersed into the polymer 

hollow fiber. Through water evaporation under mild conditions, 

the precursor aqueous solution close to air-water interface was 

concentrated, and then the preferential crystallization at the 

solution surface in the pores of substrates led to the formation 

of continuous ZIF-8 membranes, which possessed the rejections 

of 94.1-99.5% for small molecules with MW from 320 to 800 Da. 

Moreover, this method can be applied to fabricate the 30 cm 

ZIF-8 hollow fiber membrane with the assistant of microfluidic 

processing, which also exhibit high separation performance.  

As discussed above, the COFs can be considered as a cross-

linked polymer with the long-range order, thus the main 

difficulty for using the IP methodology for preparation of COF 

membranes is to ensure arranged assembly of building blocks.96, 

97 Based on the published work, we could conclude that mostly 

the IP process was applied to prepare imine-typed COFs. The 

assistant of catalyst is a key element to avoid the formation of 

amorphous polymers during the organic Schiff base reaction. In 

2017, Banerjee reported the first COF (Tp series, Tp: 1,3,5-

triformylphloroglucinol) membranes prepared by IP.95 Two 

monomers Tp and diamine were dissolved in dichloromethane 

and water, respectively, then polymerized at the liquid-liquid 

interface and transferred to supports. Before the 

polymerization, the p-toluene sulfonic acid (PTSA) reacted with 

the amine to form salt. The H bonding in the PTSA-amine 

decreased the diffusion rate of amine organic linkers, and the 

reaction rate was thermodynamically controlled. However, 

different from polymer, COFs have the regular framework. The 

polymeric membrane formed after 24 hours needed more time 

(another 48 hours) to achieve a certain degree of crystallinity. 

To reduce the reaction time and membrane thickness, Jiang 

reported the IP preparation of COF membrane at solid/vapor 

interface.99 Similar to the process of MOF membranes, one 

monomer was firstly spin-coated onto the substrate, then 

reacted with the vapor of another monomer at 150 oC for 9 

hours, forming highly crystalline COF membrane for the dye NF 

process. The high reaction rate and static solid phase of 

monomer can help overcome the mismatch between 

polymerization and crystallization of COFs, resulting in lowered 

membrane thickness in shorter time.  

In other IP process of COFs, the monomers and catalyst were 

dissolved in oil and water, respectively, and the reaction 

happened at the oil-water interface when monomers reached 

the catalyst.12 This monomers/catalyst manner was also 

adapted to the polymerization process at the air-liquid interface 

(after the evaporation of one solvent) by Lai in 2018.98 The 

monomers were dissolved in toluene, and then spread on the 

surface of water. After the evaporation of toluene, the 

polymerization of monomers at the interface was initiated by 

adding trifluoroacetic acid into the water, resulting in ultrathin 

COF membranes for dye NF process. The traditional IP process 

was applied to prepare COF membranes on the polysulfone 

(PSF) ultrafiltration (UF) membrane by Wang.100 The synthesis 

conditions (monomer concentrations and reaction time) were 

optimized to achieve continuous and permselective 

membranes. 1,4-phenylenediamine (Pa) and Tp were dissolved 

in water and n-hexane, respectively and then poured onto the 

PSF substrate step by step. The Pa solution was kept on the PSF 

surface for 0.5 min then drained off. After the addition of Tp 

solution, the color of the support changed to light yellow, 

indicating the forming of the COF membrane. This strategy 

considerably shortens the reaction time and can be considered 

as a promising technology for scalable preparation of COF 

membranes. In summary, optimization of the IP process toward 

preparation of MOFs or COFs using solvothermal methods 

would require careful selection of solvents, concentrations, 

operation conditions, etc. Furthermore, the control of 

interfacial polymerization via the surface modification of 

substrates can be applied and studied in the future to lower the 

membrane thickness to sub-10 nm,116 to realize the ultrafast 

transport of molecules in the separation process.  

3.2 Solution-casting approach 

The solution casting is usually applied to fabricate dense 

polymer membrane at laboratory scale.117 This method was 

scaled up towards membranes for medical applications, battery 

separators, and for special uses. In the typical solution-casting 

 

 

Fig. 3 Solution-casting processing approach for preparation of (a) POC and (b) HOF 

membranes. (adapted with permission from refs. 103, 104) 
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process, the solid raw materials are dissolved in organic 

solvents with preferred moderate viscosity and volatility. The 

polymer solution then is spread across a flat surface with a 

casting knife. After the full evaporation of the solvent, a dense 

and flat membrane is formed. For the CPMs, their solubility is of 

crucial importance, and porous substrates can control the 

brittleness of the crystalline materials in the membranes. 

Zeolite crystals and COFs constructed by covalent bonds are 

basically insoluble in solvents. MOFs are easy dissolved in 

suitable solvents but with the broken of coordination bonds, 

and cannot be linked back after the removal of solvents. On the 

other hand, MOFs are in general not dispersible as the 

crystalline porous frameworks. However, in a recent work 

reported by Gascon, ZIF-67 particles with the outer surface 

functionalization can be stable dispersed in comparatively large 

solvent molecules such as cyclohexane.118 The resulting porous 

liquids that can be processed with polymers to form highly 

lorded MMMs for efficient propylene/propane separation. This 

outer surface functionalization strategies can be extended to 

other CPMs. With the assistant of crosslinkers or secondary 

growth process to seal the intercrystalline voids, the porous 

liquid with stable MOF dispersions can be applied for the 

scalable fabrication of continuous MOF membranes.  

The POCs, a kind of molecules with intrinsic pores, can be 

dissolved in common solvents,109, 119 thanks to the lack of 

intermolecular covalent bond in the porous molecular 

assemblies.109 As reported by Cooper in 2016, a series of POCs 

produced by reactions between 1,3,5-triformylbenzene (TFB) 

with diamines were made into continuous membranes by 

solution-casting processing approach (Fig. 3a).103 The cages 

were firstly dissolved in chloroform or dichloromethane, then 

deposited into thin film on glass substrates by spin-coating. By 

adjusting the concentration of cages, various thickness of the 

membranes from 100 nm to 1 μm were obtained. Furthermore, 

the morphology of cage films can be tuned by changing the 

composition of solutions, and by addition of methanol as a co-

solvent. It should be noticed that using a cage solution with 

excess of methanol (>10 wt%) resulted in hierarchically porous 

films with interconnected nanoparticles with a size of ~100 nm 

due to the phase separation induced by solvent evaporation. 

This simple and generic approach was also applied towards 

preparation of continuous TFC membrane by depositing high 

concentrated cage solution on porous anodized aluminum 

oxide (AAO) filter disc. The obtained membranes showed 

comparable gas separation performance with other CPMBs,120-

124 while tended to densify over time, as reflected by loss in gas 

permeability. The author proposed potential solutions to 

construct more stable cage membranes via transforming cage 

thin films to more chemically stable ones, or introducing 

stronger intermolecular forces in the cages to form rigid and 

stable networks. Another important feature of these cage 

membranes is their amorphous nature without long-range 

order. This implies that the inter-molecular spaces formed are 

not uniform, although they have small sizes. On the other hand, 

the non-expanding feature of these porous cages can be 

combined with a modular ‘mix-and-match’ strategies.125, 126 The 

“lonely” cages with high separation property can be processed 

into “organic alloy” membrane with the assistance of the 

“sociable” cages with similar structure by a modular co-

crystallization approach.  

The extended HOFs structures can assemble into continuous 

membranes by solution-casting processing technology, due to 

the high reversible hydrogen bonds.16, 111 In our recent work, 

the first HOF membrane was prepared on a common porous 

Al2O3 support (Fig. 3b).113 It was found that the mass nucleation 

and moderate growth rate were critical to fabricate a 

continuous HOF membrane. The highly concentrated HOF 

solution was coated on the support, then the solvent was 

evaporated at 80 oC to form HOF membrane; this methodology 

can also be adapted to other supports such as AAO, PSF and Si 

wafers. Identical with the POCs, huge and isolated crystals were 

formed on the supports surface, when poor solvent was added 

to the casting solution. The HOF membrane exhibited pressure-

responsive H2/N2 permeation that can be useful for separation 

of multiple mixtures. The reversible nature of linking bonds 

endowed the healing property of HOFs; the membrane can 

recover its separation performance after treatment with a 

vapor of solvents. Due to the weak hydrogen bonds, the stability 

of HOF membranes should be considered. In the most recent 

work by Farha, the 2D HOF structure was shown to be stable 

under harsh conditions (phosphate buffer solution and 

concentrated acid/base), with the help of the strong π-π 

interaction.127 The protection coating applied in the cases of 

MOF membranes can also be used to enhance the stability of 

HOF and POC membranes.67, 128-130 

 

3.3 Melt extruding approach 

 

 

Fig. 4 Top SEM images of (a) polycrystalline ZIF-62 membrane and (b) ZIF-62 glass 

membrane. (c) Representation of the glass membrane formation process. (d) XRD 

patterns of glass and polycrystalline membranes. (e) EDXS-mapping of ZIF-62 glass 

membrane. (adapted with permission from ref. 63) 
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Fig. 5 Membrane surface patterning techniques: (a) solution casting micro-molding, (b) 

thermal embossing micro-molding. (adapted with permission from ref. 131, 132) 

The insoluble polymers at room temperature are not applicable 

for solution-casting technology, and therefore they are 

processed into membranes by melt extruding. The polymers are 

firstly melted by heating then pressed into thin film.133 This 

process is commonly used on a very large scale to make dense 

films for packaging applications. Most CPMs are not appropriate 

as the structures will be destroyed by the combustion or 

rearrangement of the organic ligands, before the materials are 

melted. However, several MOFs structures with low melting 

point (Tm) were transformed into liquid before the ligands are 

changed (Tm< Td, Td is the temperature of decomposition).134-136 

Nevertheless, the fully ordered structure is sacrificed during the 

cooling stage of the melted liquid, resulting in MOF glass.137, 138 

This MOF glass can be recognized as a subset of coordination 

polymers, which are very well reviewed by Bennett and 

Satoshi.135 For example the ZIF-4 (Zn2+ linked with four 

imidazolate in a cag topology), the melting process is driven by 

the rare occurrence of Zn-imidazolate bond dissociation at high 

temperature.139 After cooling, Zn2+ is also coordinated to four 

imidazolate ligands but, unlike the crystals, forms a continuous 

random network topology similar to that of amorphous SiO2. 

Besides heat treatment, other processes such as ball-milling and 

static pressure were also carried out for MOFs, followed with 

re-melting and cooling into bulk morphologies. Although the 

crystalline state is sacrificed, the narrow pore size distribution 

and selective adsorption property of the MOF glass can still be 

effective in separation. 

Recent work was reported by Jiang and Li, on the ZIF-62 (Zn2+ is 

coordinated to imidazole and benzimidazole) glass membrane 

prepared for small gas separation (Fig. 4).63 The ZIF-62 crystals 

were firstly in-situ grown on the surface of porous ceramic 

alumina, followed by melt-quenching treatment. The molten 

ZIF-62 phase penetrated into the nanopores of the support and 

eliminated the formation of inter-crystalline defects in the 

resultant glass membrane. Positron annihilation lifetime 

spectroscopy was applied for mapping the pore size distribution 

of the ZIF-62 glass (3.16 Å), which was suitable for H2 separation 

from other large molecules. For this strategy, the dispersion of 

the precursor of ZIF-62 crystals has to be controlled in order to 

obtain continuous membranes; the process requires 

optimization in order to achieve reversible transition. This 

approach and solution-casting will provide opportunities for 

shaping and tailoring of MOF glass membranes by the 

membrane surface patterning techniques such as solution 

casting micro-molding and thermal embossing micro-molding 

(Fig. 5).131, 132, 140, 141 The enhanced membrane surface area will 

be beneficial for their permeance, mitigating the impact of 

lower packing density of the classical CPMBs. Furthermore, 

these MOFs were blended with polymers, then melted and 

transferred into MOF glass based MMMs. Focus ion beam 

scanning electron microscopy, thermal characterization and 

membrane separation tests demonstrated the filling of voids at 

the MOF/polymer interface from the liquid MOF phase.137 

Aside from MOF glass, the heat or press induced CPMBs 

preparation starting with raw materials but not from 

constructed frameworks were reported.22, 142 The solvent-free 

hot-pressing (HoP) method was utilized by Wang to prepare 

MOF film on a substrate, which can be utilize for roll-to-roll 

processing, which is considered as a mass production technique 

for MOF coatings.143, 144 The HoP method has some limitations 

for membrane separation that has to be addressed in the 

future, such as the voids between crystals and the applicability 

for high-valent MOFs. Moreover, the salt-mediated agent 

(PTSA) used in the IP preparation can also be added into 

mixtures of two ligands of imine based COFs to form 

freestanding COF membranes by heating and annealing for dye 

and nanoparticles filtration.101, 145 Due to the weak 

intermolecular interaction,

 

Fig. 6 Polymer-CPMs composite: (a) photoinduced post-synthetic polymerization of monomer functioned MOF; (b) self-assembly of PMMA modified MOF monolayers and free-

standing multilayers; (c) IP of POC and monomers on a support into TFC membrane. (adapted with permission from ref. 76, 105, 146) 
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both the HOF and POC membranes have potential to be process 

by melt extruding, while the reversible assembly of ordered 

structures is a challenge similar to the MOF glass.  

3.4 Polymerization approach  

Polymerization of CPMs with polymer is revealed as a visible 

approach to form hybrid materials. “PolyMOFs” were prepared 

using the polymerization approach.76 Cohen reviewed these 

materials in a recent paper.65 Here we will briefly introduce the 

method and our viewpoint on the scalable production of 

membranes using the polymerization approach. The MOF 

particles were modified with monomers, fragments or polymer 

brush, to make the MOF and polymer components more 

compatible and limit the formation of macrovoids at the 

interface (Fig. 6a-b).76, 146-148 The MOFs were covalently bonded 

to polymers by photopolymerization,76, 92 thiolene click,149 atom 

transfer radical polymerization,150 or ring opening metathesis 

polymerization.151 The obtained membrane (mostly mixed 

matrix membranes: MMMs) possessed improved separation 

performance for gas and liquid mixtures, especially improved 

permeability due to the high amount of MOFs in the composite 

materials. The interactions at the interface between the two 

components, i.e. the MOF and polymer were studied at the 

atomic level,152 the focus was on understanding the formation 

of pores or the nonselective macro-voids. For practical 

application, thinner membranes for ideal flux and facile process 

are required. The interfacial polymerization of functional and 

ultra-small CPMs particles with common organic monomers 

should be a promising way to prepare thinner PolyMOFs. 

Dispersed POCs with only one unit cell are suitable and can be 

polymerized to form continuous membrane. Recent reports by 

Niu described a POC: the Noria was polymerized with 

terephthaloyl chloride (TPC) into TFC membranes on 

polyacrylonitrile (PAN) UF membrane using the traditional IP 

technique (Fig. 6c).105 The POCs with an inherent high porosity 

were used as monomers and assembled in hybrid materials. 

Though it was not soluble in pure water, the Noria was dissolved 

in aqueous triethylamine solution. The phenolic hydroxyl 

groups of Noria were deprotonated after the addition of 

triethylamine, resulting in the formation of reactive phenoxide 

ions. The deprotonated Noria reacted with TPC through 

nucleophilic substitution and then polymerized into polyarylate. 

The inner cavity of Noria provided paths for the transport of 

both polar and non-polar solvents, which efficiently promoted 

the membrane permeance. In addition to the excellent 

performance, the simple preparation process with low-cost 

materials suggests the great potential of this type of TFC 

membranes for practical application. 

The ultra-small CPM particles can play the role of monomer, just 

like the ethylene for polyethylene, polymerized in bulk samples. 

As reported recently, bulk CaCO3 materials were polymerized by 

(CaCO3)n oligomers,153 which were stabilized with the 

trimethylamine as a capping agent (Fig. 7a). It should be noticed 

that the capping agents are also usually applied to synthesize 

nanosized MOFs,154, 155 which may provide opportunities for 

their assembly into continuous membranes. For the COFs, 

Banerjee reported similar method, i.e., solution-processable 

imine based COF nanospheres were covalently self-assembled 

into thin film at the liquid−liquid interface (Fig. 7b), then 

transferred to the hollow fiber supports for single gas (He, N2, 

O2, CO2, and CH4) permeation tests.102 A direct nucleation 

approach (diluted mother solution with PTSA) was introduced 

to avoid the undesired precipitation of the amorphous polymer 

during the formation of the crystalline COF nanospheres with a 

size in the range from 25 to 570 nm. The presence of free amine 

and aldehyde functional groups in the COF nanosphere was 

confirmed by FTIR. The covalent bonding at the water-

dichloromethane interface resulted in a continuous COF thin 

film. This method can be adapted towards preparation of TFC 

membrane on UF supports. 

 

 

Fig. 7 Polymerization of active oligomers on (a) CaCO3 and (b) imine-typed COFs. 

(adapted with permission from ref. 102, 153) 

4. Strategies tailored based on the properties 
of CPMs  

Compared with polymers, CPMs possess crystalline structures, 

and they can be assembled in membranes by an epitaxial 

growth on pre-dispersed seed crystals; this approach is revealed 

as seeding-secondary growth process.21, 43, 156 Using the 

seeding-secondary growth, zeolite membranes have been 

scale-up and practically applied for the removal of water from 

organic solvents.157 CPMs containing metal species were used 

for precursor conversion,82, 158 electrochemical and CVD scale-

up deposition approaches.59, 94, 159 In this section, we will review 

these methods applied for preparation of CPMBs, and the 

development and challenging issues will be summarized.  

 

 

Fig. 8 Stages of seeding-secondary growth of CPMBs on supports, from left to right: 

selection of supports, different methods for seeding, secondary growth and activation of 

membranes. 
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4.1 Seeding-secondary growth approach  

The seeding-secondary growth approach was firstly applied for 

the preparation of continuous pure zeolite membranes. Zeolites 

are porous crystalline aluminosilicates with well-defined 

channel structures of molecular dimensions.160 Before the 

seeding-secondary growth method was developed, the in situ 

hydrothermal synthesis approach for preparation of 

polycrystalline zeolite membranes was widely used. The porous 

substrates (Al2O3 or stainless steel substrates) with or without 

pre-treatments were immersed in mother suspensions or gels 

sealed in autoclaves (Al, Si and other source) and subjected to 

hydrothermal treatment at the suitable conditions (pH value, 

concentration, temperature, etc.). The oxide layers of the 

supports combined with the high roughness enriched of defects 

was shown to be beneficial by improving the interactions 

between the crystals in the membranes. However, large voids 

between the zeolite crystallites were formed, which is the main 

challenge faced in the preparation of polycrystalline 

membrane.45 Using organic structural directing agents and 

optimizing the reaction conditions, defect-free membranes by 

in-situ growth were obtained but with low reproducibility. In 

order to improve the continuity of the membranes, the 

supports were immersed in the mother solutions for a second 

time; this process was described as a seeding-secondary 

growth. Using the seeding-secondary growth continuous zeolite 

membranes within a wider variations of reaction conditions 

were obtained. Usually, small-sized zeolites were used as seed 

crystals (< 1 μm), then deposited on the support surface, 

followed by additional crystal growth process (Fig. 8).161 The 

even dispersion and anchor of zeolite seeds on the substrates is 

of great importance to realize the continuous membrane. The 

different seeding techniques such as dip-coating, slip-casting, 

vacuum-coating, spin-coating, rubbing the support have been 

widely used to prepare zeolite membrane with high quality,47, 

162-169 among which dip-coating is the most widely used method, 

especially for zeolite membranes on tubular supports. To 

stabilize the seeds on the substrates, a heating treatment was 

always combined with dip-coating process. Then the excess of 

seeds from the substrates was removed by wiping thus ensuring 

clean and full coverage of the membrane.47, 170 To improve the 

mechanical stability of seed layers, some additives were 

introduced in the seed suspension, such as hydroxyl propyl 

cellulose, polyethyleneimine and colloidal silica.171-173  

In 1999, the first industrial facility for ethanol dehydration using 

NaA zeolite membranes was established by Mitsui Engineering 

and Shipbuilding Co., Japan.39 This LTA type zeolite membrane 

with 20 - 30 μm thickness was grown on a tubular support by 

the seeding-secondary process (125 tubes were used in the 

construction of a module). Similar technology was used for 

preparation of modules of LTA zeolite for water removal by 

several companies in Germany, England and China.174-176 To 

further increase the packing density, hollow fibers were used as 

supports as well.177 Wang reported a dip-coating-wiping 

seeding method to obtain LTA membranes with high 

water/ethanol separation performance and high reproducibility 

on ceramic hollow fiber supports. Dip-coating produces a 

mostly uniform seed layer, but there are still gaps that result in 

poor coverage of zeolite membranes. The wiping step makes 

seeds become more uniform and possibly enter into the defects 

on the surface of the support, leading to the high-quality dense 

membrane. In order to reduce the cost of supports, 

zeolite/polymer hybrid materials were used as substrates.178 

Besides the ceramics and hybrid hollow fiber supports, stainless 

steel (SS) hollow fiber is also believed to be promising for 

industrial application due to its robustness. Besides that, the 

porous SS hollow fiber substrates have relatively large pores 

and high surface roughness, which are favorable for the 

formation of zeolite membrane. Some linkers 

(poly(ethyleneimine),179 3-aminopropyltriethoxysilane,180 

polydopamine,181 diisocyanates,182 thionyl chloride,183 

carboxymethyl chitosan184 and polyvinyl pyrrolidone185) were 

used to modify the SS hollow fiber surface so as to increase the 

interactions between seed crystals and supports. Microwave 

(MW) heating was applied by Yang to decrease the membrane 

thickness.186 Under the microwave irradiation, the zeolite 

crystal growth rate was increased substantially resulting in the 

formation of defect free membranes with low impurities.51, 187 

Compared to the conventional heating, the MW resulted in low 

overall membrane thickness that facilitated the species 

pathways at the interface of the zeolite and the substrate. Up 

to now, several types of zeolites (LTA, FAU, CHA and MFI type 

structures) have been successfully used for preparation of 

membrane modules via seeding-secondary growth method,39, 

172, 188, 189 thus proving the universality of this strategy.  

In addition to the facile preparation conditions, the seeding-

secondary growth method also allows the preparation of thin 

and oriented crystalline membrane for highly efficient 

separation. Excellent papers have been reported by Tsapatsis 

and Yoon.52, 53 However the scalable production of this oriented 

zeolite membranes is still challenging. Yoon reported the gel-

less secondary growth procedure in which secondary growth 

was performed in a sealed autoclave with only a small amount 

of an aqueous SDA solution impregnated in the supported seed 

layer.54 In addition to cost savings, this method is expected to 

be easily scale-up with high reproducibility since it avoids the 

need to control heat and mass transfer in a complex reactive 

liquid to achieve in-plane growth of oriented seeds. 

Furthermore, Yoon and Tsapatsis reported on zeolite nanosheet 

seeding and gel-less secondary growth as a scalable, robust, and 

reproducible method to prepare intergrown and oriented MFI 

films as thin as 100 nm on porous Stöber silica supports for 

isomer mixture separation.55  

Another approach is the steam-assisted conversion as a 

powerful technology towards production of oriented zeolite 

membranes will be discussed in section 4.2. The last point of 

consideration when dealing with zeolite membranes is the 

calcination that is required to remove the organic templates 

used for the synthesis of some zeolites. This requires a final 

activation at elevated temperature (above 400 oC) that may 

lead to the formation of cracks and defects, especially in the 

case of small-pore zeolite membranes. Thus, the organic 

template-free condition to produce nanosized zeolite particles 

is highly desirable for seeding-secondary growth of thin zeolite 

membranes. Mintova group has reported the syntheses of 
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Fig. 9 Preparation of MOF membranes using the conversion of precursors on: (a) metal- net substrate, (b) metal-dense substrate, and (c) confinement transformation between 2D 

materials. (adapted with permission from ref.64, 84, 85, 88, 190, 191) 

 

several template free nanocrystals with SOD, FAU, RHO, CHA 

and EMT framework structures.160, 192-194  

The seeding-secondary growth method of zeolite membranes 

(seed dispersion, support modification and optimization 

strategy of mother solution) can be transferred to the 

preparation of MOF membranes as well. Compared with zeolite, 

the post-treatment step is easier for MOFs, the pores of most 

MOFs can be activated at mild condition (temperature below 

100 oC). Moreover, based on the features of MOFs, several 

novel processes are applied to coat the uniform seed layers on 

supports,78 such as reactive seeding method,195 step-by-step 

deposition196 and precursor conversion.190 However, the 

obstacles for the scale-up of MOF membranes by seeding-

secondary growth are similar to those of zeolites, such as the 

extended long reaction time, large amount solvents 

consumption, thick membrane and expensive supports. Some 

of which can be overcome by changing the production method, 

while solving all the problems is still difficult. Another issue is 

the low stability of most MOF structures, which is needed to be 

improved prior the practical applications. 

 

4.2 Conversion of precursors into crystalline membranes  

As it is challenging to grow continuous polycrystalline 

membrane directly, the amorphous precursors are firstly 

coated on a support, then transformed to the CPMBs by post 

treatment. This method has been applied to prepare zeolite and 

MOF membranes. For the zeolite membrane, the dry gel 

containing the “nutrients” and with or without SDAs are coated 

on a support then treated under steaming without or with SDAs 

to convert into crystalline membranes;197 this method is called 

a dry-gel conversion. Xu and Dong reported the conversion of a 

dry aluminosilicate gel into MFI type zeolite and film by putting 

the gel in contact with water and amine vapors.198, 199 The SDA 

was not included in the dry precursor gel but in the liquid phase, 

thus the methods is referred to a vapor phase transformation. 

A similar method was applied by Matsukata to produce ZSM-5, 

ferrierite, mordenite and analcime membranes on flat porous 

supports for O2/N2 separation.56, 200 Tubular membranes are 

preferable to flat ones on account of their simpler 

implementation in industrial scale production. In the study of 

Santamaria,57 MFI type zeolite membranes were successfully 

prepared on both alumina and stainless steel tubular supports 

by additional crystallization of initially deposited silicate layers 

under steaming. The dry gel contained the organic template 

agents while the vapor phase is a steam without SDAs, and this 

method is referred to the steam-assisted crystallization. In the 

work reported by Cui, a high-strength self-supporting tubular 

LTA zeolite membrane was prepared by in situ hydrothermal 

transformation of a geopolymer membrane.201 The surface and 

inner amorphous geopolymer membrane was converted into 

zeolite crystalline phase after the hydrothermal process, and 

the self-standing membrane possessed the good mechanical 

strength under the high pressure (57 MPa); these membranes 

were used for desalination. Nair fabricated high-silica CHA 

zeolite membranes on low-cost alumina hollow fibers by a one-

step direct gel conversion method for CO2 separation.44 The 
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precursor mixture contained both a continuous gel phase as 

well as pre-synthesized CHA submicron crystals to promote 

crystallization. It was shown that the gel composite, conversion 

condition and time are of great importance for the preparation 

of high-quality membranes. Compared with the tradition 

hydrothermal process, the dry gel conversion method not only 

leads to homogeneous nucleation and growth of crystals that 

could improve the quality of the zeolite membrane, but also has 

the additional advantage of minimizing the waste reactants. 

Moreover, in the case of pre-oriented seeds, the gel-free 

method can prevent the dissolution and random regrowth of 

oriented seeds that usually occurred during the hydrothermal 

treatment, leading to oriented zeolite membranes.202  

The precursors for MOF membranes usually are metal based 

materials, such as pure metals, metal oxides, hydroxides and 

gels. Qiu reported a series of papers on the growth of Cu, Zn and 

Ni based MOFs on the metal substrates (Cu mesh,203 Zn wafer204 

and Ni mesh8). The supports were immersed in solutions 

containing organic ligands at the solvothermal condition that 

promoted the metal ions to release from the supports and 

reacted with ligands thus forming MOF membranes (Fig. 9a). 

Then Peng applied metal hydroxide nano-strands (copper 

MHNs) as a precursor in 1,3,5-benzenetricarboxylic acid (BTC)-

water-ethanol solution at room temperature for the 

preparation of MOF membranes.79 This approach can be 

applied for the large scale production, it is robust and as a result 

well-intergrown free-standing HKUST-1 membranes for gas 

separation (H2/CO2) were constructed. The truncated crystals 

were controllable and favorable for the dense intergrowth 

processing. In their further work, various dispersions of 

functional components (ions, nanoparticles, polystyrene 

spheres, single-walled carbon nanotubes or bioactive proteins) 

were mixed with the MHNs solution, then transformed to the 

HKUST-1 thin film containing all functional components (Fig. 

9b).191 The same precursor was also vacuum loaded on the 

outer surface of Poly(vinylidene fluoride) (PVDF) hollow fiber 

supports to produce MOF membranes.80 The universality of this 

approach towards preparation of membranes on various 

supports at mild conversion condition was demonstrated. 

Another advantage of this strategy is that the embedded 

species can also affect the orientation of grown crystals and the 

separation performance of the membranes.205 This method was 

adapted for the preparation of ZIF-8 form a precursor of zinc 

MHNs.206 Zhang and Li et al. fabricated highly active ZnO buffer 

layers on PVDF hollow fiber, then converted into uniform ZIF 

layers by treatment with a 2-MIM solution for H2 separation.207 

The layered double hydroxides (LDHs) were also applied as a 

precursor to form continuous MOF membranes. As reported by 

Liu and Caro, the LDHs of ZnAl-CO3 or ZnAl-NO3 were firstly 

modified on the porous α-Al2O3 substrates, which promoted the 

heterogeneous nucleation of ZIF-8 crystals.83, 84, 208 After the 

solvothermal reaction in a 2-MIM-containing methanol 

solution, the part of LDHs was transformed and resulted in the 

LDH-ZIF-8 composite membrane with favored permeation for 

H2. The metal gel or atomic layer deposition (ALD) induced ZnO 

layers also played the role of precursor, and were converted to 

ZIF-8 by vapor treatment (see section 4.4).94  

The scalable preparation of highly oriented and ultrathin MOF 

membranes especially on standard tubular supports remains a 

challenge. Zhang used 2D material of graphene oxide (GO) to 

direct the growth of MOF membrane (Fig. 9c).85 A thin layer of 

ZnO NPs was confined between a substrate and a GO ultrathin 

layer and self-converted under the assistance of ligands into a 

highly oriented Zn2(bIm)4 nanosheets membrane for H2 

separation. The confinement transformation strategy is also 

successful in the fabrication of composite membrane based on 

nanosized MOF and GO.87, 209 The metal based nanosheets as 

precursor were filtrated into the GO precursor membranes by 

direct mixing or layer-by-layer method.88, 210 The metal 

nanosheets were transformed to MOFs under reaction with 

ligands at room temperature. The type of metal nanosheets 

(oxide or hydroxide) and metal nanosheets/GO ratio are of 

significant importance for the quick and complete conversion to 

MOFs.88 This method was applied towards preparation of 

zeolites as well; the metal nanosheets and ligand solution were 

replaced by an amorphous precursor gel and NaOH solution.58 

Through the in-situ conversion process, the strong bonding 

between the CPMs and GO was achieved resulting in 

membranes with high selectivity for H2/CO2, avoiding the 

formation of non-selective interface void (Fig. 10). This type of 

composite membrane combines the molecular sieving of CPMs 

and the easy processing of GO material, which is a promising 

way for scalable production of efficient separation modules.  

 

 

Fig. 10 SOD/GO composite membranes prepared by direct transformation of amorphous 

precursor particles infiltrated in GO matrix. The cross-linking of SOD nanoparticles with 

the GO in the membranes promoted the gas separation performance. (adapted with 

permission from ref. 58) 

 

4.3 Electrochemical preparation 

Electrochemical polymerization (EP) offers a simple and scalable 

way to prepare polymeric films within a short reaction time 

under mild conditions.211 Recently, the EP was applied to 

fabricate the scalable polymer membranes with inherent pores 

by adjusting the polymeric active sites and the alkyl chain length 

of the monomers for H2 separation.159 Although it is also a 

process of converting electrical energy into chemical energy, 

the electrochemical preparation of CPMBs is more adapting the  
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Fig. 11 Preparation of (a) zeolite and (b) MOF membranes by electrochemical deposition 

(ED). (adapted with permission from ref. 90, 212) 

technology from the electrodeposition (ED) of ceramic films,213 

rather than the EP process. ED is a common and effective 

technique for preparation of thin films. In the ED process, 

charged particles migrate to the support surface homogenously 

under the action of the applied electric field, resulting in the 

formation of uniform, dense and thickness-controllable 

membranes in short time. As reported by Cazorla-Amoros, an 

external electric field can be applied to align zeolite crystals on 

substrates to form a seed layer for the secondary growth of 

polycrystalline zeolite films.214 This process must be followed by 

a hydrothermal step to obtain a fully dense molecular-sieve 

layer. Yang prepared the uniform LTA zeolite membranes on 
tubular porous α-Al2O3 supports under the electric field for 

water/isopropanol separation.59 The charged zeolite particles 

were attracted and transported to the support resulting in 

homogeneous membrane. To overcome the narrow 

electrochemical window of water, the same group used ionic 

liquids (ILs) as a solvent for in situ electrochemical deposition of 

oriented and defect-free AEL (AlPO4-11) zeolite layers (Fig. 

11a).212 It should be noticed that the Al electrode served as an 

Al source as well, and the AlPO4-11 was only formed on the 

surface of cathode. At the negatively charged cathode, the 

[emim]+ cations of the IL were electrostatically adsorbed and 

acted as a template (SDA) for AlPO4-11. Under the effect of the 

SDA, the cathode reacted with protons and converted the 

electrode surface to AlPO4-11 with PO4
3-. The simple approach 

carried out under ambient pressure with controllable 

electrochemical parameters may have a great potential for a 

scale-up to industrial application.  

The ED method is applied for preparation of continuous MOF 

films and membranes at room temperature for a short time and 

the conductive supports were mostly applied. Similar to 

zeolites, the electrode can provide a source of reagents (metal 

ions, if metal electrode is used) and promote reactions such as 

deprotonation of ligands and attraction of metal ions or 

deposition and growth of metal-ligand complexes into MOFs. 

An electrophoretic nuclei assembly for crystallization of highly 

intergrown thin-films was reported by Agrawal for 

propylene/propane separation.89 This approach was applied for 

ZIF-8 and ZIF-7 membranes on various substrates including 

porous polyacrylonitrile, anodized aluminum oxide, metal foil, 

porous carbon and graphene. By adjusting the applied electric 

field (E) and alkalinity of solutions (pH), the heterogeneous 

nucleation density was controlled resulting in a highly packed 

layer (nuclei film) from a very dilute precursor sol. The high 

density of nuclei film facilitated the growth of highly packed 

intergrown crystals in the same precursor sol, and this process 

is similar to the classical seeding-secondary growth but more 

efficient. By performing the ED process at 30 oC from 2 h to 8 h, 

the defect-free ZIF-8 membranes were fabricated with a 

thickness from 176 nm to 375 nm. Inspired by this work and the 

discovery that ZIF-8 transformed to more rigid lattices by 

applying an external electric field,215 Wang described a fast 20-

min preparation procedure of ZIF-8 membranes with inborn-

suppressed linker mobility by a fast current-driven synthesis 

(Fig. 11b). The ZIF-8 membranes were grown at a low direct 

current (0.7 mA/cm2).90 An electrochemical cell was designed to 

grow ZIF-8 membrane with a double function of the external 

direct current. The applied method promoted the 

deprotonation of the linker 2-MIM to the imidazolate anion and 

simultaneously Zn2+ cations were attracted thus boosting the 

crystallization of ZIF-8 on the substrate. This gave rise to a fast 

membrane growth at room temperature, and just several 

minutes were enough for the formation of continuous 

membrane layer, showing great scalability potential. More 

importantly, the external direct current formed a local in situ 

electric field and caused inborn lattice distortion of the ZIF-8 

structure. Therefore, membrane layers of distorted ZIF-8 

polymorphs with rigid frameworks and long lifetime were 

prepared, with molecular sieving performance for C3H6/C3H8 

mixtures. The same group applied this process to produce a 

mixed-linked ZIF-8 membrane with fine tuning of the aperture 

size. This optimized ZIF-722-8 membrane showed significant 

improvement in the CO2/CH4 molecular sieving process.91 

Furthermore, they used similar method to prepare the 

bimetallic Zn(100-x)Cox-ZIF membrane, which attained the best 

balance between the framework flexibility and the grain 

boundary structure, and showed C3H6/C3H8 separation factor of 

200 with excellent stability. 

For the ED preparation of MOF membranes, organic solvents 

with the addition of electrolyte or modulator are usually 

applied, which result in a complex system and concerns for the 

potential negative impacts on the environment in the large-

scale industrial production. Addressed this point, Lai reported 

the fabrication of ZIF-8 membranes via aqueously cathodic 

deposition (ACD) without addition of any supporting electrolyte 

or modulator for propylene/propane separation.93 The 

fabrication process used 100% water as a single solvent and a 

low-defect membrane was obtained in 60 min only at room 

temperature without any pre-synthesis treatment. Anodized 

aluminum oxide (AAO) with a conductive coating as a working 

electrode was applied, while graphite paper without any pre-

treatment as a counter electrode was used. The Zn2+ attracted 

by the AAO cathode resulted in the assembly of zinc-ligand 

complexes, where the OH- released from the reduction of water 

facilitated the deprotonation of these complexes. These 

deprotonated complexes then further oligomerized, nucleated, 

crystallized, and finally formed a dense ZIF-8 layer on the AAO 

support. An optimal current density of 0.13 mA cm-2 was 

identified, which ensured both slow water electrolysis (avoiding 
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corrosion of the already formed MOF by excessive OH-) and 

quick deposition rate. This ACD approach with an ultrafacile set- 

 

Fig. 12 Preparation of MOF (a) pattern thin film and (b) membrane by CVD method. 

(adapted with permission from ref. 94, 216) 

up is a promising method for scalable and environmentally 

friendly production of MOF membranes. 

The ED offers a scalable and time-saving strategy to fabricate 

zeolite and MOF membranes.217 However, scale-up ED of 

CPMBs on large and low-cost conductive supports have to be 

further optimized. The relationship between the E and 

framework structures should be further explored to prove the 

method’s universality. Ordered COF membranes may be 

prepared by optimizing the condition of EP process in the 

future.  

4.4 Chemical vapor deposition 

The solvothermal or hydrothermal preparation processes 

usually consume large amount of solvents, and dissolved 

reactants are difficult to recovery and recycled. A more 

environmentally friendly method is required to expand the 

production of CPMBs. In 2016, CVD was applied by Ameloot to 

fabricate ZIF-8 film through an all-vapor process on Si wafer (Fig. 

12a).216 The ‘MOF-CVD’ method consists of two steps: a metal 

oxide deposition step and a vapor-solid reaction step. Initially, 

the metal precursor (zinc oxide) with controlled thickness was 

coated onto the surface of TiO2 substrates by ALD, then was 

transformed to ZIF-8 by exposure to 2-MIM vapor at 100 oC for 

30 min. Compared with the solvothermal preparation in 

solution, the formation of rough films, pinholes and even 

homogeneous nucleation of MOF particles are largely avoided 

by supplying the organic linker in a vapor phase. This approach 

enables the deposition of ZIF-8 thin films with a uniform and 

controlled thickness, even on supports with high-aspect-ratio 

features. The compatibility of MOF-CVD with existing and 

scalable fabrication infrastructure, both in research and 

production facilities, will greatly facilitate MOF integration in 

related applications. This method also shed light on the 

development of surface pattern MOF membranes.  

A similar process was reported by Tsapatsis, ZIF-8 membrane on 

porous α-Alumina substrate was prepared and used for 

propylene/propane separation (Fig 12b).94 An impermeable zinc 

oxide and/or zinc hydroxide were deposited on the top and 

inside the α-alumina, then treated by 2-MIM vapor to transform 

into ZIF-8. Unlike other molecular sieve membrane fabrication 

methods which rely on solvothermal nucleation and growth 

that are difficult to be scaled up, this method is solvent-free and 

seed-free thus can be considered for scale up technology. The 

2-MIM vapor can also be used as a secondary growth “solution” 

to seal the defect and provide ultra-thin ZIF-8 membranes. In 

2017, Li and Zhang fabricated scalable ZIF-8 membranes on 

hollow fibers from the zinc gel by reacting with the 2-MIM 

vapor.82 By adjusting the sol concentration and the coating 

procedure, a nanometer-thick MOF membrane (<20 nm) was 

obtained for highly efficient C3H6/C3H8 separation. Combined 

with another idea of their previous works,218 Li adapted this 

linker vaper-phase treatment to the linker change process of 

MOF powder materials, redesigning the pore environment to 

greatly improve CO2/N2 and CH4/N2 selectivity.219 The vapor 

phase transformation strategy has also been explored by Zhang 

to direct the synthesis of a 2D Co-based nanosheet MOF 

membrane on a porous tubular substrate via ligand vapor phase 

transformation.86 The gel layer is multifunctional, i.e., active 

metal source and guided the oriented growth of nanosheets 

and controlled the membrane thickness. The Co-based 

nanosheet membrane with a thickness of 57 nm exhibited 

excellent H2/CO2 separation performance. This method is 

considered as a promising for scalable fabrication of MOF 

nanosheet membranes.  

However, similar to the EP process, only the ZIF series 

membranes now have been prepared by CVD method, mainly 

because the ligands of most MOFs are complex and not 

applicable for vapor phase deposition. Therefore, expanding of 

the CVD to more MOFs is another promising pathway to 

improve the separation performance of the membranes. 

Conclusion and outlook 

In the last decade, the CPMBs separation membranes become 

important for various environmental and energy-related 

processes. A great work has been devoted to the development 

of CPMBs. Diverse methods have been applied to synthesize 

various CPMs and deposit them on membrane modules. There 

are still challenges but also opportunities for the vast 

production of these membranes. Scalable fabrication of thin 

and continuous membranes with stable separation 

performance on cost acceptable supports is still the goal to 

achieve, all existing solutions still need to be optimized to meet 

all requirements. Up to now, Interfacial polymerization (IP) and 

seeding-secondary growth methods are in leading positions to 

reach the target because substantial research achievements 

were already reported. For the IP process, the rich experience, 

technology and supports of polymer membranes are readily to 

transfer to CPMBs, while the process conditions have to be 

readjusted toward crystallization of CPMs, balancing the order 

and continuity. Beyond ZIF-8 and HKUST-1, more stable MOF 

structures such as UiO and MIL fabricated as membranes by IP 

are highly demanded.220, 221 The pre-treatment of building 

blocks like processed into “semi-finished products” may pave 

the way for preparation of scalable membranes.222 While in the 

seeding-secondary growth of zeolites, the excluding of SDA 
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from the process is highly desirable in order to prevent the 

formation of defects caused by the final activation step. The 

self-healing process or the healing treatment with modifiers are 

 

Table 6 Outlook of current strategies for scalable preparation of CPMBs 

State of the art  Challenges Visions Existing separation modules 

Interfacial 

polymerization 

(1) Preparation of more stable MOFs 

into membranes; (2) preparation of 

thinner and continuous membrane by 

milder and easier IP process. 

(1) Optimization of operation condition, 

process and interface; (2) application of pre-

assembled blocks; (3) combination with other 

technologies like ED. 

Flat, tubular and hollow fiber 

Solution-casting (1) Thinner membrane; (2) more 

stable and diverse structure; (3) more 

efficient modules.  

(1) Optimization of operation condition; (2) 

composite structure or materials for improved 

selectivity and stability; (3) reinforcement; (4) 

surface pattern; (5) exploring other modules.  

Flat 

Melt extruding  (1) Ordered structure; (2) flexibility; 

(3) current limited candidates. 

(1) Using of mild process to maintain the 

uniform pore structure; (2) combine with a 

small amount of polymer; (3) expanding more 

structure; (4) surface pattern.  

Flat 

Polymerization of 

CPMs 

(1) Complex post-modification 

process; (2) interfacial void. 

(1) Using of nanosized CPMBs as monomers 

directly; (2) maintain the activity of oligomer 

surface groups to enhance the adhesion on 

the membrane.  

Flat, tubular 

Seeding-

secondary growth 

(1) Inter-crystal defects; (2) mild and 

economical secondary growth 

process; (3) the activation of zeolite 

membrane required.  

(1) Optimization of operation condition; (2) 

combination of the secondary growth with 

CVD or IP process; (3) healed process; (4) SDA-

free preparation for zeolite membranes.  

Flat, tubular and hollow fiber 

Precursor 

conversion 

(1) Homogeneous coating of 

precursors; (2) mild and economical 

conversion process.  

(1) Exploring new precursors and coating 

methods; (2) combination of the conversion 

approach with CVD or IP process. 

Flat, tubular and hollow fiber 

Electrodeposition (1) Commercial conductive support; 

(2) current limited candidates. 

(1) ED on conductive polymer; (2) various 

combination of supports with electrodes. 

Flat 

Chemical vapor 

deposition 

(1) Vaporization of complex ligands; 

(2) currently limited to MOF 

membrane preparation. 

(1) Adapting the method to other CPMBs.  Flat, tubular and hollow fiber 

 

needed to fix the defects and extend the membrane lifetime of 

CPMBs for practical applications.113, 223, 224 The accumulated 

knowledge from the zeolite membranes has been used with 

modification towards preparation of MOFs membranes. While 

the recycling of expensive raw materials and solvents should be 

taken into account to reduce the cost and waste at the large-

scale production. The mild secondary growth condition is also 

alluring, in which low-cost polymer membranes can be used as 

supports.  

 

Fig. 13 Ultra-thin membrane constructed with 2D (a) zeolite, (b) MOF and (c) COF blocks. 

(adapted with permission from ref. 225-227) 

Beyond the IP and seeding-secondary growth, the direct 

polymerization of CPM particles into membranes with or 

without the assistant of common monomers will be another 

appealing research filed for the scalable production of CPMBs in 

the future. If the common polymer monomers are involved, the 

nanosized functional CPMs can be applied as another monomer 

to interfacial polymerized into thin membranes, and the flexible 

membrane will be facile to process into tubular and spiral 

modules. The ultra-small size of CPMs should be achieved to 

prevent the voids between particles. When the CPM are used 

as the oligomers, the surface reactivity should be important to 

successful polymerization into continuous membranes. The 

capping agents can be applied to surround the CPM oligomers, 

then replaced by the linker of CPMs to form membrane.  

On the other hand, several novel materials and technology have 

been developed. The new materials like POCs, HOFs and MOF 

glass need more systematic study (material structure, 

preparation process and membrane supports), and can be 

applied as the matrix combined with other CPMs to form all-

microporous composite membranes, due to the ease of 

processing. The stability and flexibility of the materials can be 

improved as well. For the new fabrication technology, the 

updating of new approaches like CVD and ED are required to 

expand the number of materials (CPMs) with amendable 

properties. Furthermore, these novel technologies can play the 

role of secondary growth or conversion steps in the traditional 

seeding-secondary growth and precursor conversion method, 

accelerating the membrane preparation. Recently ultrathin 
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membranes with ideal performance are constructed with the 

blocks of 2D CPM nanosheets obtained via top-down or bottom-

up method (Fig. 13).33, 35 To apply these materials to the scalable 

membrane, the yield and purity of CPM nanosheets should be 

improved. The process to fabricate membranes on hollow fiber 

and tubular supports need to be further explored. The 

strategies toward healing of structural defects of membranes 

should be considered. We believe that with the efforts and 

cooperation of academia and industry, more commercial 

CPMBs would be available in the near future, especially to be 

used in the new separation fields such as chiral resolution and 

organic solvent nanofiltration, which are challenging for the 

polymer membranes.  

Abbreviation  

0D Zero-dimensional 

1D One-dimensional 

2D Two-dimensional 

3D Three-dimensional 

2-MIM 2-methylimidazolate 

AAO Anodized aluminum oxide 

ACD Aqueously cathodic deposition 

ALD Atomic layer deposition 

Azo 4,4’-azodianiline 

bIm Benzimidazole 

Bpy 2,2’-bipyridine-5,5’-diamine 

CMPs Conjugated microporous polymers 

COFs Covalent organic frameworks 

CPMs Crystalline porous materials 

CPMBs Crystalline porous membranes 

CVD Chemical vapor deposition 

DHF 9,9-dihexylfluorene-2,7-diamine 

ED Electrodeposition 

EP Electrochemical polymerization 

GO Graphene oxide 

H3BTC 1,3,5-benzenetricarboxylic acid 

HKUST Hong Kong university of science and 

technology 

HOFs Hydrogen-bonded organic frameworks 

HoP Hot-pressing 

ILs Ionic liquids 

IMMP Interfacial microfluidic membrane 

processing 

IP Interfacial polymerization 

LDHs Layered double hydroxides 

MHNs Metal hydroxide nano-strands 

MIL Materials of Institut Lavoisier 

MMMs Mixed matrix membranes 

MOFs Metal-organic frameworks 

MW Microwave 

MWCO Molecular weight cutof 

MWRO Molecular weight retention onset 

NF Nanofiltration 

OSN Organic solvent nanofiltration 

Pa 1,4-phenylenediamine 

PAN Polyacrylonitrile 

PDA Terephthalaldehyde 

PES Polyethersulfone 

PI Phase inversion 

POCs Porous organic cages 

PSF Polysulfone 

PTSA P-toluene sulfonic acid 

RO Reversed osmosis 

SDAs Structural directing agents 

S.F. Separation factor 

SS Stainless steel 

TAPB 1,3,5-tris(4-aminophenyl)benzene 

TFB 1,3,5-triformylbenzene 

TFC Thin-film composite 

TFN Thin-film nanocomposite 

Tp 1,3,5-triformylphloroglucinol 

TPC Terephthaloyl chloride 

UF Ultrafiltration 

UiO University of Oslo 

YSZ Yttria-stabilized zirconia 

ZIFs Zeolitic imidazolate frameworks 
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