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A B S T R A C T   

Membrane technology has attracted great industrial interest in carbon capture and separation owing to the merits of energy-efficiency, environmental friendliness 
and low capital investment. Conventional polymeric membranes for CO2 separation suffer from the trade-off between permeability and selectivity. Introducing 
porous fillers in polymers is one approach to enhance membrane separation performance. Metal-organic frameworks (MOFs), with ordered porous structure and 
diverse chemical functionalities, are promising fillers to prepare mixed matrix membranes (MMMs) for CO2 separation. However, the main issue of MOF based MMMs 
in industry is their stability and processability. This review analyses recent work on stable and scalable MOF based MMMs for CO2 separation. The typical stable 
MOFs, MOF-based MMMs and the scalable MOF synthesis are summarized. A large number of MOF-based MMM suffer from instability upon exposure to contam
inants. For that reason, we also discuss the use of covalent organic frameworks (COFs) as an alternative to prepare MMMs for CO2 separation, considering their 
excellent stability and good compatibility with polymers. Finally, a brief conclusion and current challenges on obtaining scalable and stable MMMs are outlined. This 
review may provide some guidance for designing high performance MMMs for industrial CO2 capture and separation to help achieving carbon neutrality.   

1. Introduction 

Global warming due to the enhanced and continuing emission of 
greenhouse gases has caused great public concern. Different approaches 
are being considered and adopted by various countries to reduce CO2 
emissions, including the potential key carbon capture and storage (CCS) 
technology [1]. However, the conventional technologies using amine 
scrubbing or sorbents are facing covdnstraints like scale-up issues, high 
cost, large footprint, high energy consumption and are potentially 
environmental unfriendly [2]. Membranes offer a viable energy-saving 
alternative approach to capture CO2 due to their versatility, scalabil
ity, ease of operation, small footprint and energy efficiency [3]. 

Nowadays, polymer membranes dominate the membrane market due to 
the low cost and good processability. For example, the removal of CO2 
from natural gas, the recovery of H2 (in cracking processes) and oxy
gen/nitrogen separation using cellulose acetate or polyimide mem
branes are commercial applications in industry [4,5]. However, the 
separation performance of polymeric membranes for gas separation 
obey an intrinsic trade-off relation between permeability and selectivity 
[6,7]. Furthermore, plasticization and aging issues also restrict their 
industrial application [8–11]. To overcome the limit of polymer mem
branes, one pursued method is the preparation of mixed-matrix mem
branes (MMMs), where inorganic/organic fillers such as carbon 
molecular sieves (CMSs) [12], carbon nanotubes [13], zeolites [14,15], 
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covalent organic frameworks (COFs) [16–18] and metal organic 
frameworks (MOFs) [19–24] are dispersed in a continuous polymer 
matrix. MMMs could combine the advantages of both fillers and polymer 
matrixes, for which selectivity and permeability is observed to surpass 
the limits of conventional polymer membranes [25–28]. 

Among the different families of fillers, metal-organic frameworks 
(MOFs), represent an important class of crystalline molecular sieves that 
are constructed from linking metal-ions clusters and organic linkers 
through coordination bonds [29,30]. MOFs are known for their 
extraordinary structural variability, as both metal ion/clusters and 
organic linkers can be independently chosen to form MOFs with diverse 
pore structures and functionalities. MOFs display several advantages 
over other solid materials, such as permanent porosity with high surface 
area, flexibility and adjustable pore sizes and tuneable pore surface 
modifications [31], which enable them as good candidates to be used as 
fillers in developing novel MMMs [32–36]. Although (idealized) 
lab-scale experiments have convincingly demonstrated increased selec
tivity and/or permeability for several MOF-polymer combinations, the 
large-scale deployment of MOF-based MMM’s for CO2 capture is still 
awaiting. The development of MOF-based MMMs has been largely 
restricted by their chemical stability; e.g., ambient moisture or variable 
pH may result in the degradation of the framework for most of the early 
MOFs [37–40]. In this context, developing stable-MOF membranes are 
necessary for real industrial gas separation applications where the feed 
gas stream may contain trace contaminants such as NOx, SO2 or NH3, 
specially under humid conditions [41,42]. 

The diversity and number of MOF structures has grown in recent 
years, including synthesis of thermally and chemically stable MOFs 
[43–45], enabling the possibility to be processed into stable MMMs. In 
addition to stability, process scalability is also a critical factor that needs 
to be taken into account when choosing MOFs to prepare the MMM: 
scalability may indeed become the main barrier for membrane 
commercialization. There have been several previous reviews [46–50], 
focussing on the performance under idealized lab-conditions. While real 
conditions require long-term stability and large-scale manufacturing, 
very few papers [51–55] have assessed upscaled real-life conditions. 
Instead, a substantial amount of individual works has assessed the sta
bility of MOF-based MMM’s in lab-environment. 

To assess the practical potential of MOF-based MMMs, this review 
provides an overview on reported stability of MOF-based MMMs and 
assess their manufacturability. We aim to provide insight in the stability 
and manufacturability of MOF-based MMM’s in non-idealized condi
tions and proposed methods for upscaled manufacturability. In this re
view, we highlight the current progress and identify the future 
opportunities of stable and scalable MOF based mixed-matrix mem
branes for CO2 separation. Due to the challenging stability of MOFs 
under real-life gas conditions, we also analyse the recent use of covalent- 
organic frameworks (COFs; analogues of MOFs but made exclusively of 
organic linkers [56,57]) as a promising type of fillers in MMMs. 

2. Framework of industrial conditions for CO2 capture 

Industrial gas streams include contaminants that are typically 
neglected in lab-scale tests, such as water vapor, hydrocarbons, aromatic 
compounds and corrosive gases. Table 1 listed the typical contaminate 
gases in CO2 capture processes. 

In the pre-combustion CO2 capture process, CO2 needs to be removed 
from fossil fuels before combustion is completed. For example, the fossil 
fuels first undergo partially oxidization in steam and oxygen/air at high 
pressure and temperature to generate synthesis gas. The syngas obtained 
after combustion reaction is a mixture of H2, CO, CO2 and small amounts 
of CH4 [58]. 

For post-combustion CO2 capture applications related to power 
generation, the gas streams are mainly composed by CO2 and N2 with up 
to 20 wt% moisture, 200–5000 ppmv SOx before desulphurisation 
(mainly in the form of SO2 with a small proportion of SO3) and 150–300 

ppmv NOx with NO as main component and <10 ppmv NO2 [59]. It is 
important to note that the levels of impurities are dependent on the fuel 
type used in the combustion. For example, for an advanced supercritical 
(ASC) pulverized fuel (PF) bituminous power plant, the flue gas after 
desulphurisation is expected to contain 30 ppm of SO2 [60]. The content 
of SO2 can be further reduced an additional washing step. In the case of 
post-combustion capture retrofitted to a cement plant, small amount of 
NH3 (15–50 ppm), HCl (0.5–1 ppm) and suspended particulate matter 
(2–5 mg/Nm3) can also be present in the gaseous stream fed to the 
separation module [59]. Also with respect to flue gases from the major 
CO2 emission sources in an integrated steel mill, SOx (10–300 mg/Nm3), 
NOx (30–280 mg/Nm3) and dust (<5 mg/Nm3) represent the major 
contaminants [61]. H2S is often present in natural gas upgrading 
(potentially in the %-level, depending on gas field). For upgrading of 
biogas, traces of H2S, NH3, CO and saturated or halogenated carbohy
drates can be present. The H2S content can vary with the organic being 
composted, but typical values of 10–10,000 ppmv (0.0001–1 vol%) are 
reported [62]. 

3. Stability of MOFs to industrial gas stream conditions 

3.1. Stability to humidity 

MOFs could potentially be affected by the presence of water vapor 
and other gases (NH3, SO2 and H2S) in industrial gas streams. These 
gaseous contaminants can break the metal-ligand bonds by coordinating 
to, oxidizing or hydrolyzing the metal centers and/or by protonating the 
ligands. Thus, MOFs designed for practical CO2-applications must resist 
such gases for extended periods of time without suffering any loss in 
functionality [3]. Unfortunately, there have not yet been any studies 
evaluating the stability of such MOFs under real conditions of industrial 
gas streams. The limited number of literature on the stability of MOFs to 
gases is focused on their hydrolytic stability, although there have been 
some reports confirming that certain MOFs are stable to pure NH3, H2S 
or SO2 [63]. These data may help researchers in their design of stable 
MOFs for industrial-scale CO2-capture. 

Many of the archetypical MOFs used to generate the first MMMs, 
including HKUST-1, Cr-MIL-101 and MOF-5 (plus some related 
IRMOFs), are expected not to be stable to water vapor or other industrial 
gases. For example, these MOFs are not stable to water vapor, which 
causes their relatively weak metal-oxygen bonds to undergo phase 
transformation, leading to framework decomposition. This type of 
decomposition is signalled analytically by degradation or loss of 
reflection at specific positions in the powder X-ray diffraction (PXRD) 
pattern; and functionally, by loss in the porosity and gas uptake of the 
MOF [64–66]. Similarly to water vapor, NH3 gas reacts with HKUST-1, 
driving transformations that cause irreversible losses in structure and 
porosity, as described by Peterson et al. [67] They observed that under 

Table 1 
The content of typical contaminants in different feed gas.  

Feed type Major gas 
components 

Typical contaminants Ref. 

Pre-combustion 
CO2 capture 

H2/CO2 

mixture 
H2O, CO, CH4, H2S [58] 

Post-combustion 
CO2 capture 

CO2/N2 

mixture 
20 wt% moisture, 200–5000 ppmv 
SOx, 150–300 ppmv NOx, <10 
ppmv NO2, NH3 (15–50 ppm), HCl 
(0.5–1 ppm), suspended particulate 
matter (2–5 mg/Nm3) 

[59] 

30 ppm of SO2 [60] 
SOx (10–300 mg/Nm3), NOx 
(30–280 mg/Nm3), Dust (<5 mg/ 
Nm3) 

[61] 

Upgrading of 
biogas 

CO2/CH4 

mixture 
10–10,000 ppmv (0.0001–1 vol%) 
H2S, Traces of H2S, NH3, CO, 
Halogenated carbohydrates 

[62]  
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dry conditions, this reaction generates a diamine− copper(II) complex, 
whereas under humid conditions, it generates Cu(OH)2 and (NH4)3BTC. 
Such structural damage has obvious functional consequences: for 
example, Saha and Deng reported that exposure of MOF-5 or isoreticular 
IRMOFs to NH3 leads to the formation of hydrogen bonds between the 
Zn4O centers and NH3, triggering a massive decrease in the adsorption 
capacities of each MOF [68]. Furthermore, acidic gases can induce 
protonation of the metal-bound ligands in MOFs, causing the bonds to 
break and consequently, to deteriorated MOF performance. This has 
been reported for reaction of H2S with ZIF-8 and with HKUST-1; in the 
latter case, protonation of the trimesic acid ligand leads to framework 
collapse [69]. 

The ZIF-type MOFs have been extensively studied. Yaghi et al. [70] 
reported the highly stable ZIF-8 and -11, demonstrating remarkable 
chemical resistance towards refluxing organic solvents, water and 
aqueous alkaline solution. However, Liu et al. [71] observed a different 
phenomenon that ZIF-8 and other ZIFs (ZIF-7, ZIF-93) underwent hy
drolysis under hydrothermal conditions when employing low crystal 
concentration (0.060 wt%). The authors concluded that ZIF-8 is stable in 
water at high crystal concentrations due to the protection of its released 
ligands, which originates from the residuals on the ZIF-8 and (or) few 
early decomposed ZIF-8. The bare ZIF-8 itself is not stable at 353 K in 
water and its stability can be highly improved by a shell-ligand 
–exchange-reaction. 

3.2. Stability to other contaminants 

The effects of corrosive gas exposure have been studied in other 
MOFs proposed for CO2-adsorption applications, including the MOF-74/ 
CPO-27 series, which is built from metal-oxide chains interconnected 
through 2,5-dioxido-1,4-benzenedicarboxylate linkers. Liu et al. 
reviewed literature on the effect of water vapor on the CO2-adsorption 
capacity of MOF-74 members and concluded that those with less- 
reductive metal centers are more stable than those possessing more- 
reductive metal centers: for example, that Ni2+-MOF-74 is more stable 
to water vapor than is Mg2+-MOF-74 [72]. Similarly, Tan et al. studied 
the selective co-adsorption capacities of these MOFs towards CO2 in 
competition with water vapor, NH3, SO2, NO, NO2, N2, O2 and CH4 [73]. 
Although they did not observe any framework degradation during the 
adsorption, they did report that the presence of water vapor was detri
mental to the CO2-uptake capacity of the MOFs, due to the high affinity 
of their open metal sites for water molecules. For more intuition, we 
summarize the impact of several contaminants on MOFs in the industrial 
gas streams in Table 2. 

Interestingly, MOFs that contain high-valence metals (e.g. Zr4+, 
Ti4+and Al3+, shown in Fig. 1) and broadly-connected nodes bridged by 
oxo- and hydroxo-groups tend to exhibit relatively high stability to 
coordinating vapors and gases [74–77]. Among them, there are several 
MOF families that are known for their hydrolytic stability. These include 
UiO-type MOFs, which are isoreticular MOFs comprising Zr4+-oxide 
clusters (Zr6O4(OH)4) connected through polycarboxylate linkers; 

several members of MIL MOFs, such as MIL-125(Ti) and MIL-101(Cr); 
and some Al3+-MOFs built from highly stable, high-nuclearity, oxo-
chains, including CAU-10 [78,79]. Remarkably, several studies have 
shown that some of these MOFs are also stable to H2S, NH3 and/or SO2. 
For example, Walton et al. demonstrated that UiO-66, MIL-125(Ti) and 
MIL-101(Cr) are stable to H2S exposure [78]. They conducted adsorp
tion experiments using multicomponent gas mixtures, including 
H2S/CH4 (1:99 mol/mol) and H2S/CO2/CH4 (1:10:89 mol/mol), con
firming that the MOFs retained their adsorption capacities. Likewise, 
Khabzina and co-workers reported that UiO-66_COOH, a UiO-66 analog 
that contains free carboxylic groups, showed excellent stability to NH3 
[80]. Moreover, Carter et al. found that 
[Zr6(μ3-O)4(μ3-OH)4(OH)4(H2O)4(L)2] (also known as MFM-601; where 
L = 4,4′,4″,4′′-(1,4-phenylenebis(pyridine-4,2,6-triyl))tetrabenzoate), 
could adsorb 12.3 mmol SO2/g MOF without any signs of degradation 
[81]. Finally, highly connected Al3+-MOFs such as CAU-10 and iso
structural MIL-160 have been reported to be stable in the presence of 
H2O, NH3 and H2S [82,83]. 

Many hydrolytic and gas-stable MOFs contain another critical 
structural feature: strongly donating ligands such as azolates, which 
enable stronger metal-ligand bonds. Dinca et al. reported that a series of 
azolate-based MOFs exhibited excellent stability to different contami
nant gases [84,85]. For example, Co2Cl2BTDD (where BTDD is bis(1H-1, 
2,3-triazolato [4,5-b],[4′,5′-i])dibenzo [1,4]dioxin) was highly resis
tance to both water vapor and NH3. Similarly, Navarro et al. reported a 
series of MOFs featuring the linker BDP-X2– (where BDP-X2 is 1,4-benze
ne-dipyrazolate-2-X (X = H, OH or NH2)) for SO2 adsorption. Break
through experiments were conducted using typical complex flue gas 
mixtures consisting of N2/CO2/SO2 (83.5:14:2.5) and N2/H2O/SO2 
(94.1:3.4:2.5). The presence of water vapor or CO2 does not significantly 
affect the SO2 adsorption in 1@Ba(OH)2 (Fig. 2), indicating that the 
prepared MOFs fully retained their structural integrity [86]. 

3.3. Mechanisms for stable MOF-structures 

Stability of MOFs, especially to water vapor, may derive from 
structural features other than their constituent metal clusters and li
gands, which can be introduced during synthesis or post-synthetically. 
Fig. 3 shows the factors controlling the stability of MOF in water. 
MOFs with improved stability either should show tolerance for hydro
lysis (thermodynamic stability) or strong steric hindrance for water to 
cluster or approach MOF (kinetic stability) [87]. For a 
thermodynamically-stable MOF, its structure should show great toler
ance for irreversible hydrolysis, meaning that the metal coordination 
sites (electron acceptor) are inert enough to resist the attack of oxygen 
(electron donor) from water. In this line, the metal-ligand bond strength 
and the lability of the metal cluster towards water controls the MOF’s 
thermodynamic stability. As shown in Fig. 3, the metal-ligand bond 
strength is governed by the pKa of the coordination atom on the ligand, 
metal oxidation state and ionic radius. Ligands with high pKa values 
(such as pyrazolate ligand, pKa = 19.8) have been successfully used in 
the preparation of highly stable Co-, Ni, Zn- and Cu-based MOFs [88,89]. 
Also metals with high oxidation state, such as Fe3+, Cr3+ and Zr4+ have 
been selected to synthesize water-resistant MOFs, for example, in 
UiO-type MOFs [44,74,90,91]. 

In addition to increasing the metal-ligand bond strength, the lability 
of the metal cluster toward water which are influenced by the reduction 
potential, Irving-Williams series of the metal and the coordination ge
ometry of the ligand, need also to be considered. Liu et al. [72] inves
tigated the steam conditioning effect on CO2 adsorption capacity of 
DOBDC MOF/MOF-74 series and found that MOFs with less reductive 
metal centers are even more stable than those possessing more reductive 
metal centers (e. g. stability Ni/DOBDC > Mg/DOBDC). As to the kinetic 
stability, increasing the activation energy for hydrolysis is the primary 
goal to maintain the MOF structure stable under humid conditions. 
Commonly used methods, including the introduction of hydrophobic 

Table 2 
Possible effects of the presence of contaminants in the gas streams on the MOFs.  

Contaminant Possible effect Ref. 

Water vapor Weakening metal-oxygen interaction 
Bonds undergo to phase transformation leading to a 
framework decomposition 
Competitive sorption with CO2 and other gases 

[64–66] 
[73] 

NH3 Irreversible losses in the structural porosity 
Creation of diamine-metal complex 

[67] 

NH3+H2O Decomposition of the MOF 
H2 bonding between metals leading to a massive 
decrease in adsorption capabilities 

[68] 

H2S Protonation of bond between metals and ligands leading 
to a break and framework collapsing 

[69]  
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groups onto the pore surface [92–94], incorporation of desired func
tionality at the metal node [95], and coating hydrophobic protective 
layer on the crystal surface [96,97], have been used to prevent the attack 
of water molecules to the coordination bonds to improve MOF stability. 

4. Stability of MOF-based membranes 

MOF membranes can generally be divided in three families. In the 

first one, an intergrown thin MOF layer supported by a porous support is 
acting as the selective layer. In the other two families, MOF particles are 
dispersed in a polymer matrix (MMM) and either used in a self- 
supported manner, or applied as a thin composite asymmetric MOF 
MMMs on a support. The first type of MOF membrane was reported in 
2008 by growing Cu3(BTC)2 on alumina support using a seeding 
approach [98]. After that, Zhu et al. successfully prepared a defect-free 
Cu3(BTC)2 with high H2 selectivity over other gases by means of “twin 

Fig. 1. Some typical stable MOF structures. Reproduced with permission from refs. 77, 79, 84, Copyright Royal Society of Chemistry and American Chemical Society.  

Fig. 2. Flue gas SO2/CO2/N2 (82.5:15:2.5) breakthrough curves for 1@Ba(OH)2 at 303K showing the effect of the competitive adsorption of CO2 on the capture of 
SO2 (top). Effect of the presence of 80 % relative humidity on the SO2 capture properties of 1@Ba(OH)2 (down). Time scale normalized to 1g of MOF adsorbent. 
Reproduced with permission from ref. 86, Copyright 2017, Springer Nature. 
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copper source” technique [99]. Then, different methods, such as second 
growth, contra-diffusion, interfacial synthesis, covalent functionaliza
tion, layer by layer growth and electrochemical synthesis were devel
oped for preparing thin supported MOF membranes [100–108]. Despite 
these achievements, the synthesis of large-area, defect-free, long 
term-stable pure MOF membranes on a porous support remains still very 
challenging. In this sense, it is more convenient to prepare large-scale 
MOF-based MMMs without defects since only a small concentration of 
MOFs is required in processable polymers. Since the first research on 
free-standing symmetric MOF MMMs in 2004 [109], a large number of 
MOFs have been incorporated into polymer matrices to develop 
high-performance membranes [19,110,111]. Symmetric (self-standing) 
MOF MMMs is by far the most frequently studied class of membranes 
owing to the simple preparation processes. However, the symmetric 
MOF-based MMMs normally have a thickness of more than ~50 μm to 
maintain required mechanical stability, reflecting in significantly lower 
permeance of the membrane, and are seemingly of prime fundamental 
and academic interest. Considering practical industrial applications, 
composite asymmetric MOF-based MMMs with a thin selective 
MOF-polymer matrix layer on top of porous support are a potentially 
good trade-off between facile production at large scale and achieving 
high permeance [112,113]. The MOF particle size should be small 
enough (less than 1/3 size of the thickness of the selective layer) or use 
of MOF nanosheets as fillers to obtain a thin selective top layer [33,114, 
115]. Another important factor is the expensive cost of the synthetic 
MOFs. However, as only a very tiny amount of MOF is needed for the 
preparation of thin composite MMMs, the MOF price is in fact negligible. 
Recently, several reviews have summarized the progress and rational 
design strategies of obtaining high-performance MOF MMMs for gas 
separation [47,48,116]. However, only a limited number has discussed 
the long-term stability of MOF-based MMMs for CO2 separation. In this 
sense, Table 3 summarizes most MOF-based MMMs that has undergone 
long-time measurements or were tested using a feed gas with relevant 
contaminants. 

4.1. Stability of ZIF based MMMs 

Table 3 shows that ZIF and UiO series are the most studied MOFs that 
have been tested for a longer duration in MMMs [26,143–145]. Li et al. 
[135] synthesized an amino-functionalized ZIF-7 via mixed-linker 
strategy and embedded them as fillers in cross-linked polyethylene 
oxide (XLPEO) to prepare MMMs. As shown in Fig. 4a, the CO2 perme
ability was greatly improved after the incorporation of ZIF-7-NH2. More 
importantly, the incorporation of ZIF-7-NH2 interacts with the polymer 
matrix eliminating somehow the rubbery behavior and showing the 
typical behavior of a glassy polymer due to the chelating effect between 

the zinc nodes of the filler and the ester group of XLPEO. Only 9 % 
reduction in CO2/CH4 selectivity was observed for the MMMs up to 30 
bar feed pressure, while more than 40 % reduction for the pure XLPEO 
membrane appeared already at 20 bar (Fig. 4a and b). In addition, the 
MMMs exhibited an excellent stability at 10 bar with satisfied CO2 
permeability and CO2/CH4 selectivity for more than 1000 h (Fig. 4c). 
Yang et al. [122] reported the stability of 27 wt% ZIF-8@P84 MMMs 
tested for CO2/CH4 separation at a feed pressure of 3 bar and room 
temperature. The membrane performance was evaluated for 720 h with 
constant CO2/CH4 selectivity and CO2 permeability, indicating its 
long-term stability. 

In addition to the above long-term test under dry feed conditions, 
Chuang’s group [118] investigated the effect of CO and water vapor on 
the mixed H2/CO2 separation performance. The results demonstrated 
that the presence of CO in the feed stream has almost has no effect on the 
CO2 permeability but leads to a slight decrease in H2 permeability, 
resulting in an overall decrease of the H2/CO2 selectivity for the 30 wt% 
ZIF-8@PBI membrane. However, for the 60 wt% ZIF-8@PBI membrane, 
both CO2 and H2 permeabilities decreased (more significant for CO2), 
resulting in an increased H2/CO2 selectivity. This is due to the 
competitive sorption of gas molecules and the pore blocking effect by 
CO. CO has the largest kinetic diameters (~3.76 Å) among these three 
gas mixtures, while ZIF-8 only processes a very small window aperture 
(~3.4 Å) for gas molecules to pass through. Thus, the presence of CO 
might affect both the diffusion and sorption for H2 and CO2, but the 
affectation degree varies with ZIF-8 loading in the polymer matrix. 

Water vapor in the feed gas did not significantly change the mem
brane performance at 503 K, indicating the stable separation perfor
mance of ZIF-8@PBI membranes. However, the influence of moisture on 
the separation performance of ZIF-8 based MMMs may differ from each 
other when using different polymers or different test conditions. For 
example, Dai et al. [146] reported that water vapor caused a dramatic 
decrease of CO2 permeability with limited effect on CO2/N2 selectivity 
of ZIF-8/PTMSP membranes upon the introduction of a small amount of 
water vapor (Relative humidity ≈ 25) in the feed gas mixtures at room 
temperature. This is an indication that the behavior of MMMs is highly 
depending on the type of polymer matrix used. For highly permeable 
polymers, as poly(1-trimethylsilyl-1-propyne) (PTMSP), the water vapor 
is “condensed” in the outer part of the MOF. In the other hand, for 
“low-permeable “or “ultralow-permeable “polymers such as poly
benzimidazole (PBI), the water vapor diffuses preferentially through the 
MOF, which avoids condensation of water at the outer part of the MOF. 
This may reduce the free volume at the polymer/particle interface, and 
further hinder the gas transport through the membrane. However, 
higher operating temperatures could limit the water condensation in the 
membrane, and thus moisture in the feed has a negligible effect on the 

Fig. 3. Factors controlling water stability in MOFs. Reproduced from ref.87, Copyright 2014, American Chemical Society.  
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Table 3 
MOF- based MMMs that have been tested for longer duration or tested under feed gas with contaminant.  

MMMs Performance Operation conditions  Ref. 

MOF Polymer MOF 
loading wt 
% 

PCO2 PN2 PH2 PCH4 αCO2/ 

N2 

αCO2/ 

CH4 

αH2/CO2 T 
(K) 

P 
(Bar) 

Contaminants Testing 
time/h 

αend/ 
αstart  

(Barrer) – 

ZIF-8 Pebax-2533 30 ~750 ~14 – – ~52 – –   100 % humidified mixed gas 29 ~100 
% 

[117] 

PBI 30 15 – 400 – – – 27 503 2 1 mol. % CO –  [118] 
60 150 2000 12   
30 19 450 ~27 1–11 mol. % H2O –  
60 37 2000 14 –  

Pebax-1657 20 290 9.4 – – 31 – – 298 2 – 360 ~97 % [119] 
PVA/PG 5 320 0.94 – – 340 – – 368 2.5 – 432 ~87 % [120] 
Polyimide 0.4 23.2  338 – – – 14.6 453 3 – 168 ~100 

% 
[121] 

P84 27 11   0.12  93  298 3 – 720 ~100 
% 

[122] 

Matrimid 20 14 – – 2.1 – 29  308 8.5 humidified –  [123] 
PEI-ZIF-8 Pebax-1657 5 13GPU 0.26GPU –  49 – – 298 1 – 240 ~88 % [124] 
ZIF-8-d-MK PVAm 3 237GPU 2.49GPU – – 95.3 – – 298 1 – 360 ~100 

% 
[125] 

MWCNTs@ZIF-8 Pebax®-MH- 
1657 

8 186.3 3   61.3   308 5 – 168 ~100 
% 

[126] 

UiO-66 Matrimid 20 13   2.6  34  – – –   [123] 
6FDA-DAM 14 385   25.3  15.2  308 20 – 20–30  [51] 

UiO-66-NH2 PEBA 10 130 1.8 – – 72 – – 293 1 85 % RH 100 ~103 
% 

[127] 

Pebax-1657 2 224 – – 14.4 – 18.5 – 298 5 Humid –  [128] 
1.5 267 8.6  26  

PVAm 28.5 424 4.7 – – 91 – – 298 3 140 ppm SO2, 70 ppm NOX, 100 ppm 
CO 
6.5 vol% O2 

80 ~84 % [129] 

PEI 18 394  33 – – – 12 298 1 – 100 ~100 
% 

[130] 

6FDA-DAM 16 243 – – 25.5 – 9.5 – 308 20 5 mol.% H2S 20–30  [51] 
UiO-66-NH-COCH3 6FDA-DAM 16 193 – – 10.6  18.2 –  
UiO-66@HNT Pebax 20 119.08 1.56   76.26   298 5  168 ~100 

% 
[131] 

ZIF-300 PEBA 30 83 0.98 – – 84 – – 298 4 – 100 ~106 
% 

[132] 

ZIF-301 6FDA 
DAM 

20 891   30.4  29.3  298 4  120 ~100 
% 

[133] 

ZIF-302 P84 30 5.5 0.11   50   333 3 30 % RH 33 ~100 
% 

[134] 

ZIF-7-NH2(70) XLPEO 30 200 – – 4 – 50 – 308 10 – 1000 ~98 % [135] 
MOF-801 PEBA 7.5 29.1 – – – 66 – – 293 1 – 120 ~97 % [136] 

PIM 5 9686 ± 799 362 ± 40   27 ±
1.6      

120 ~107 
% 

[137] 

Y-fum-fcu-MOF 6FDA-DAM 13 475 – – – – 43.9a  308 6.7 20 % H2S –  [110] 
CuBTC-ns PIM-1 10 267 – – 17- – 15.6 – 298 1 – 100 ~88 % [114] 
Cu-BTC-SC Pebax® 

1657 
15 ~1102.5/ 

1069.6GPU 
20.12GPU  32.91GPU 54.8 32.5  298 1.5 H2O 100 ~80 % [138] 

Gly@CuBTC Pebax MH 
1657 

5 175   6.03  29    humidified 100 ~88 % [139] 

MFU-4 6FDA−
Durene 

10 1180 (H2S +
CO2)   

28  42.0a  308 2 20/20/60H2S/CO2/CH4   [140] 

(001)-AlFFIVE 6FDA-DAM- 
DAT 

59.6 358.6     135.6a  308 10 1/9/90H2S/CO2/CH4 720 ~100 
% 

[141] 
305.5 143.7a 5/5/90H2S/CO2/CH4 

PVAm Modified 
MIL-101(Cr) 

PVAm 44.44 823GPU 3.4GPU   242   298 5 14.2 % CO2, 
6.5 % O2, 120 ppm SO2, 80 ppm 
NOx, 10 ppm CO, and balanced with 
N2 

150 ~100 
% 

[142]  

a αCO2þH2S/CH4. 
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separation performance of some ZIF-8 based MMMs tested at elevated 
temperatures. 

4.2. Stability of UiO- based MMMs 

Compared to ZIF-8 based MMMs, UiO-66 based MMMs are more 
stable under humid conditions. The Jin group [127] reported the effect 
of humidity on the separation performance of UiO-66-NH2-PEBA MMMs 
towards CO2/N2. The CO2 permeability significantly increased with 
slightly enhanced CO2/N2 selectivity after humidifying. This is due to 
the facilitated CO2 transport in the membranes triggered by water vapor, 
arising from the hydrophilic as well as CO2-philic properties of 
UiO-66-NH2. More excitingly, the 10 wt% UiO-66-NH2-PEBA membrane 
exhibited high and stable performance with an average CO2 perme
ability of 130 Barrer and a CO2/N2 selectivity of 72 during 100 h with 
85 % relative humidity in the feed gas. 

Wang et al. [129] utilized a ‘bridging-cross-linking’ method to con
nect poly(vinylamine) (PVAm) and UiO-66-NH2 nanoparticles via poly 
(ethylene glycol) diglycidyl ether (PEGDE) (the abbreviation of this 
mixture is BUPP) and then coated the BUPP solution on modified pol
ysulfone (mPSU) substrates. The prepared composite BUPP/mPSU 
membrane (28.5 wt% UiO-66-NH2) achieved a high CO2 permeance of 
531 Barrer together with a CO2/N2 selectivity of 91 at 3 bar under dry 
feed conditions. Importantly, Wang et al. [129] first tested MOF MMMs 
under practical industrial flue gas mixtures containing SO2, NOx, CO 
and O2 as well as large amount of CO2 and N2. As shown in Fig. 5, the 
BUPP/mPSU membrane (28.5 wt% UiO-66-NH2) was first treated with 
CO2/N2 (v/v 15/85) for 8 h and then evaluated under a synthetic feed 
gas mixture (14.5 vol% CO2, 6.5 vol% O2, 140 ppm SO2, 70 ppm NOx, 
10 ppm CO and balanced by N2) for 80 h. The CO2 permeability and 

CO2/N2 selectivity of the BUPP/membrane decreased by 19.5 and 16.5 
%, respectively, when the feed gas changed from a CO2/N2 (v/v 15/85) 
mixture to a simulated flue gas. The separation performance remained 
stable under simulated flue gas and could retrieve the initial perfor
mance when switched the feed gas to CO2/N2 mixture. 

Fig. 4. (a) Permeability and b) separation factor of equimolar CO2/CH4 mixed-gas on the pristine XLPEO membrane and 30 % ZIF-7-NH2(70)/XLPEO MMMs, c) 
long-term stability for CO2/CH4 separation on 30 % ZIF-7-NH2(70)/XLPEO MMMs at 10 bar and 35 ◦C, d) comparison of CO2/CH4 separation performance with 
previously reported MMMs from both glassy and rubbery matrices. Reproduced with permission from ref. 135, Copyright 2017, Wiley-VCH. 

Fig. 5. The stability test of the BUPP/mPSU membrane. Feed gas: CO2/N2 (15/ 
85) mixed gas and simulated flue gas (14.5 vol% CO2, 6.5 vol% O2, 140 ppm 
SO2, 70 ppm NOx, 10 ppm CO and balanced by N2). Feed gas pressure: 3 bar. 
Reproduced with permission from ref. 129, Copyright 2019, Elsevier. 
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4.3. Stability of other MOF based MMMs 

Both CO2 and H2S, present as typical impurities in natural gas, must 
be removed from CH4. The removal performance can be evaluated by 
testing the total acid gas permeability [P(CO2) + P(H2S)] and selectivity 
[P(CO2) + P(H2S)]/P(CH4)] [110,140,141]. In 2018, Eddaoudi et al. 
[110] prepared a 13 wt% Y-fum-fcu-MOF/6FDA-DAM hybrid membrane 
for the separation of 20/20/60H2S/CO2/CH4 mixtures. Likely, the 
resultant composite membranes exhibited a (CO2+H2S)/CH4 selectivity 
of 43.9 and a high permeability of 475 Barrer for total acid gases. 
Recently, their research group developed an acid-stable MOF-based 
MMM composed by in-plane aligned (001)-AlFFIVE-1-Ni nanosheets 
and 6FDA-DAM-DAT matrix. The prepared MMMs were tested under 
realistic raw natural gas composition (H2S/CO2/CH4: 1/9/90; 5/5/90). 
As shown in Fig. 6, under each H2S/CO2/CH4 mixture, both the mixed 
gas (H2S + CO2) permeability and the (H2S + CO2)/CH4 selectivity were 
relatively constant for at least 30 days of continuous testing at 10 bar 
and 35 ◦C [141]. Smith et al. [140] synthesized an MMM system made 
from a 6FDA− Durene polymer and an MFU-4 MOF, for which the mixed 
(H2S + CO2)/CH4 permselectivity could reach to 42 together with high 
CO2 and H2S permeability. The above studies demonstrated that 
MOF-based MMMs can reach exceptionally performance and long-term 
stability for carbon dioxide separation from natural gas. 

4.4. Perspective for future MOF-based MMM stability studies 

In a broader view, the results in Table 3 also demonstrate that sta
bility of MOF-based MMMs is insufficiently studied to warrant success in 
industrial application. Most studies test the membrane stability for 
approximately 100 h. Only three studies were found that tested for more 
than 500 h, and none of the stability studies was prolonging for over 
1000 h (which is just over a month). At the same time, industrial 
deployment requires stability for years. Hence, either longer stability 
tests or accelerated stress tests are required to prepare MOF-based MMM 
for practical applications. 

Regarding the type of contaminations, humidity is best studied for 
several MOF types. Also sulphur-based contaminants have been studied 
for several MOF-based MMMs, with mixed results. However, other 
acidic and basic contaminants, such as HCl and NH3, are poorly studied 
for any of the MOF-based MMMs. At the same time, it is known that acid 
gases and NH3 can cause MOF degradation (Table 2). MOF-based MMMs 
are available for NH3/N2 or NH3/H2 separation [147], which offers 
perspective for also making NH3-stable MOF-based MMMs for CO2 
separation. Introducing functional groups containing Lewis acid site 

(carboxyl-, sulfonic-, hydroxyl-) into MOFs enable the prepared MMMs 
absorb ammonia basic gas from CO2 gas mixture and at the meantime 
increase the solubility coefficient towards CO2 through the chemical 
interaction between these polar groups and CO2, thus obtaining excel
lent gas separation performance. 

Apart from long-term stability under contaminate gases, it is essen
tial to pay attention to the anti-aging and plasticizing characteristics of 
MMMs used for gas separation. The physical aging process of mem
branes can result in a reduction in gas permeability while a slight in
crease in selectivity especially for high fraction free volume polymers, 
which is unfavourable for industrial applications [148–150]. Intro
ducing MOFs in polymer matrix can usually improve the anti-aging of 
polymer membranes through good interface interaction. For example, 
Qiao et al. [151] incorporated defective UiO-66-FA into the PIM-1 ma
trix and enhanced the interfacial compatibility by forming a hydrogen 
bond network. The gas permeability of the MMMs only decreased by 25 
% after 160 days of continuous operation. This improvement can be 
attributed to the incorporation of MOF nanoparticles acted as supports 
which effectively prevents the pore collapse in PIM-1 membrane, 
consequently mitigating its aging process. In contrast to aging, mem
brane plasticization causes the permeable components to swell through 
the membrane, resulting in reduced selectivity for gas separation. 
Currently, loading MOFs into polymer membranes is an effective 
approach to improve their resistance to plasticization [150,152]. For 
instance, Ahmad et al. [153] added Zr-MOFs nanoparticles into 6FDA-
DAM polyimide to fabricate MMMs and investigated their plasticization 
behavior in the CO2/CH4 separation system. The study revealed that as 
the pressure increased to 20 bar, the CO2 permeability coefficient and 
CO2/CH4 separation factor exhibited a decrease trend. Overall, MOF 
fillers can usually effectively inhibit the aging and plasticization of 
polymer membranes by restricting the polymer chain mobility through 
good interface interaction [151–153]. 

5. Scalable synthesis of MOFs and MOF-based MMMs 

5.1. Scalable synthesis of MOFs 

MOFs are lauded for their potential in diverse industrial applications 
such CO2 capture. However, the progress of MOFs into the commercial 
sphere remains limited by several factors, including the scale-up of 
laboratory syntheses to pilot production [154]. Among processes 
explored for production of MOFs, solvothermal batch synthesis was the 
first to enable production of MOFs above laboratory scale. Solvothermal 
synthesis involves the use of sealed reactors in which a solvent is heated 

Fig. 6. (A and B) Membrane stability under different H2S concentration, (A) H2S/CO2/CH4: 1/9/90; (B) H2S/CO2/CH4:5/5/90. Robust H2S/CO2/CH4 separation 
properties of (001)-AlFFIVE(59.6)/6FDA-DAM-DAT membrane for at least 30 days. Feed pressure at 10 bar and 35 ◦C. Reproduced with permission from ref. 141, 
Copyright 2022, Science. 
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to temperatures above the boiling point of all solvents, to dissolve the 
reagents (inorganic salts and organic linkers) and favor their reaction to 
form the target MOF. Using this approach, Wang et al. prepared 80 g of 
HKUST-1 [155] and Stock and Biswas prepared 50 g of MOF-5 [156]. 
Similarly, Seo et al. synthesized Mg-MOF, and Czaja, Trukhan and 
Müller synthesized MIL-100(Fe), both at the kilogram scale, obtaining 
space-time yields (STY) of 300 kg/m3⋅day and 1700 kg/m3⋅day, 
respectively [157,158]. 

Although the solvothermal batch method is common in industry, it 
suffers from certain drawbacks. For example, heating of large reaction 
vessels is energy intensive. Moreover, since crystallization of MOFs oc
curs preferentially at vessel surfaces, and increasing the size of a reactor 
vessel decreases its surface-to-volume ratio, increasing the scale of MOF 
production leads to a diminishing number of nucleation sites. This 
scaling problem can be mitigated using microwave irradiation. Micro
waves acts as high-frequency electric fields, causing any materials that 
have electric charges (e.g. ions or polar molecules) to move and conse
quently, to heat up. The thermal energy generated inside a microwaved 
solution can be transformed into chemical energy for endothermic re
actions. Thus, while in classical solvothermal reactions, MOFs prefer
entially crystallize on the vessel wall, in microwave-assisted 
solvothermal reactions, MOFs begin to crystallize in solution. Accord
ingly, microwave-assisted solvothermal synthesis tends to be faster and 
more efficient than the traditional method. It also tends to produce 
smaller crystals in comparison to standard solvothermal reactions, 
which is desirable for MMM for which MOF crystals must be incorpo
rated into defect-free films. Using this methodology, Jhunget and co- 
workers first prepared MIL-100(Cr) [159]. Since then, numerous re
ports of microwave-assisted MOF syntheses have revealed that MOF 
particle-size, crystallinity and morphology can all be controlled by 
modulating the irradiation time, reagent concentration, temperature or 
substrate composition [160–162]. For example, Férey et al. optimized 
the crystallinity of MIL-100(Cr) and controlled the particle size (from 40 
nm to 200 nm) by increasing the irradiation time. Alternatively, Masel 
et al. and Ahn et al. each demonstrated that, by increasing the temper
ature, power level and reagent concentrations, they could accelerate the 
synthesis of IRMOFs, albeit with a concomitant loss in crystal quality. 
Recently, Cao et al. reported the gram-scale production of nine micro
porous lanthanide MOFs via microwave synthesis [163], and Taddei and 
co-workers described an optimized microwave-assisted production of 
UiO-66 (particle size: 300 nm), with an excellent STY of 2241 kg/m3⋅day 
[164]. 

For industrial production of MOFs, in parallel to batch synthesis, 
several methods for continuous production have been developed [165, 
166]. One example is flow chemistry, whereby reactions occur in a 
continuously flowing stream characterized by a higher 
surface-to-volume ratio than in traditional reaction vessels, thus 
providing superior heat transfer than in batch syntheses of comparable 
scale. Moreover, compared to batch synthesis, flow chemistry synthesis 
can be readily scaled-up, as the reaction parameters can be precisely 
controlled and the reactors, easily scaled-up. Thus, given its lower en
ergy consumption, and its lower demands for solvent volume, flow 
chemistry tends to be more cost-effective and environmentally friendly 
than batch synthesis. There are various flow-reaction systems, including 
microfluidic reactors, plug-flow reactors and stirred-tank reactors. 
Ameloot et al. pioneered the use of microfluidic reactors to synthesize 
MOFs. For instance, using a biphasic reaction mixture comprising two 
immiscible solvents, each of which contained one of the two components 
of HKUST-1, they induced HKUST-1 crystallization in a liquid–liquid 
interface, obtaining homogeneous HKUST-1 membranes [167]. Unfor
tunately, this methodology is limited to lab scale, as scale-up would 
require large volumetric reactors. An alternative to microfluidic reactors 
is a plug-flow reactor, in which solutions of the precursors are intro
duced separately into a tube reactor, flowed through it and then, reac
ted. This method was first used by Gimeno-Fabre et al. to synthesize 
HKUST-1 (particle size: 10 μm) and Ni-CPO-27 (particle size: 20 nm) 

[168]. Using the same system, Mann and co-workers later synthesized 
ZIF-8 at the kilogram scale, obtaining an STY of 11,625 kg/m3⋅day 
[169]. Remarkably, Rubio-Martínez et al. reported the efficient syn
thesis of a series of MOFs using a pilot plug-flow reactor (volume: 1394 
L), including Al-Fum (particle size: 200 nm) at an STY of 97,159 
kg/m3⋅day [170]. Finally, in stirred-tank reactors, which marry batch 
synthesis to continuous flow, the reagents are continuously introduced 
into a heated, stirred reactor vessel. As the reagents are gradually added, 
the newly-formed MOFs are continuously recovered from the vessel to 
regenerate the reaction medium. This method was firstly used by 
Schoeneker et al. to synthesize 10 g of UiO-66-NH2 in a 2-L flow crys
tallization reactor [171]. Using a similar approach, McKinstry et al. 
improved the synthesis of MOF-5, obtaining an STY of 1000 kg/m3⋅day. 

Using this same strategy of continuous flow reactors, MOF synthesis 
can be performed in microwave-assisted flow chemistry, which in some 
cases has provided markedly higher STY values than in the corre
sponding microwave-assisted batch reactions. For instance, Ranocchiari, 
Taddei and co-workers reported the continuous-flow, microwave-assis
ted synthesis of UiO-66, MIL-53(Al) and HKUST-1 with STY values of 
7204 kg/m3⋅day, 3618 kg/m3⋅day and 64,800 kg/m3⋅day, respectively 
[172]. Likewise, Stock et al. produced Zr-fum at an STY of 2733 
kg/m3⋅day [173]. More recently, the groups of McKinstry and of Lay
bourn synthesized HKUST-1 (size: 100 nm) at STY values of 632,000 
kg/m3⋅day, using a continuous-flow oscillatory baffled reactor equipped 
with a homogeneous, controllable microwave [174]. In 2013, 
Carné-Sánchez et al. reported [174] a new approach, known as 
spray-drying, which entails the atomization of a solution of MOF pre
cursors into a spray of microdroplets, using a nozzle. This is accom
plished by simultaneously injecting the solution and compressed air or 
nitrogen gas into a reaction chamber. Next, the atomized microdroplets 
are heated by the injected gas, causing the solvent to evaporate which 
induces the formation of MOF nanocrystals. Full evaporation of the 
solvents leads to formation of MOF nanocrystals, which in turn assemble 
into spherical compact or hollow MOF beads. Note that the 
MOF-precursor solution can be injected using a two-fluid nozzle, a 
three-fluid nozzle or a T-junction. Also, this solution can be pre-heated 
before injection, using a flow reactor. To date, myriad MOF beads (e.g. 
HKUST-1, MOF-74 family, ZIF-8, UiO-66 and CuBDC) have been syn
thesized by spray-drying. In some cases, the resultant MOF beads can be 
mechanically disassembled into MOF nanocrystals, which can then be 
isolated. This has been reported for isolation of nanoparticulate 
HKUST-1 (Fig. 7, size: 75 nm), UiO-66 (size: 30 nm), ZIF-8 (size: 50 nm), 
MOF-74(Ni) (size: 130 nm) and NOTT-100 (size: 60 nm) [175]. 
Recently, Avci-Camur et al. explored the use of water as solvent in 
spray-drying synthesis of MOFs such as UiO-66 MOFs and HKUST-1 
[176]. For instance, using this technique at a pilot spray-drying plant, 
they produced 60 kg of HKUST-1. 

Finally, another valuable method for large-scale production of MOFs 
is mechano-synthesis, whereby (typically) solid reagents are mechani
cally reacted to form diverse molecular or supramolecular compounds. 
This enables solvent-free chemistry, or at least, use of only minimal 
volumes of solvent. The mechanical energy that underpins the reactions 
is typically generated by grinding a physical mixture of two solid re
agents in a mortar, ball-mill or extruder. This approach allows for use of 
MOF precursors with poor solubility (in water or organic solvents), 
including carbonates, hydroxides and oxides. Accordingly, compared to 
other methods for industrial MOF production, mechano-synthesis can be 
considered faster, more environmentally friendly and more efficient, as 
it often affords MOFs in quantitative yields. Representative mechano- 
syntheses of crystalline structures include work by James et al., who 
recently prepared HKUST-1 and Cu(INA)2 this way [177]. 
Mechano-syntheses have been scaled-up via extrusion, a continuous 
process that involves the movement of material along a set of screws. 
James et al. reported synthesis of Al-Fum and of HKUST-1 with 
twin-screw extrusion, and of ZIF-8 in single-screw extrusion, obtaining 
STY values of 27,000 kg/m3⋅day (Al-Fum), 144,000 kg/m3⋅day 
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(HKUST-1) and 144,000 kg/m3⋅day (ZIF-8) [178]. Similarly, Karak et al. 
recently applied twin-screw extrusion to large-scale synthesis of COFs, 
reaching production rates of several kg/h [179]. Finally, the company 
MOF Technologies has been exploring mechano-chemical synthesis of 
various MOFs, having demonstrated rapid syntheses on the 
multi-kilogram scale. Table 4 summarize the different methods used for 
scale-up synthesis of different MOFs. 

5.2. Scalable synthesis of MOF-based MMMs 

A number of MOF-based membranes developed at lab-scale are 
showing promising performances suitable for industrial applications. 
Although multiple examples of scalable synthesis of MOF membranes 
have been reported [190–192], the large scale production of defect-free 
MOF-based membranes is still a great challenge and commercial MOF 
membranes are still rarely seen. The main barriers are polymer-filler 
incompatibility, plasticization, MOF agglomeration or unstable 
MOF-polymer suspensions, leading to the formation of interfacial de
fects and irregular distribution of the in inorganic materials along the 
membrane [193–195]. Also, the required adaptation of the current 
membrane production processes to be able to incorporate MOF on large 
scale plays a significant role. 

Scaling MOF-based mixed matrix membranes is strongly tied with 
the membrane structure and membrane module type. Most commer
cially available gas separation membranes are fabricated via a phase 
inversion process in a single step forming an asymmetric structure, or 
via a coating/interfacial polymerization (IP) process in one or multiple 

steps creating a Thin Film Composite (TFC). The shape of the membrane, 
and thereby also the manufacturing methods, depends on the membrane 
module. For gas separation applications commonly two membrane ge
ometries are used: flat sheet and hollow fibers [196–198] (see Fig. 8). 
For both membrane geometries, MOF-based membranes fabrication is 
regular reported literature. 

Table 5 lists previous work of MOF-based TFC membranes for CO2 
separation. In general, both flat sheet membranes and hollow fiber 
modules are able to manufacture MOF-based MMM at cm2-scale with 
reasonable selectivities. While flat sheet membranes require less 
advanced equipment to manufacture defect-free layers, hollow fiber 
modules benefit from their large surface to volume ratio when scaling to 
larger modules [195]. Nevertheless, very few research data has been 
reported for MOF-based MMM at substantial scale. From Table 5, the 
largest scale unit (340 cm2) that was assessed for CO2 permeance was a 
hollow fiber module with ZIF-8 particles deposited by gel-vapor depo
sition [199]. The ultrathin layer (<100 nm) allowed to achieve an 
extremely high permeance. 

Sasikumar et al. [205] reported a single step fabrication of a poly
sulfone (PSf) hollow fiber MOF membrane. The ZIF-8, SiO2/ZIF-8, and 
amine-modified SiO2/ZIF-8 were dispersed into the polymer dope so
lution and subsequently the hollow fiber MMM was synthesized via the 
phase inversion technique. Their research found, besides improved 
membrane performance, excellent scalability of the MOF membrane 
process which can be easily further developed into membrane pro
totypes and membrane modules for effective CO2 separation. 

Scalable synthesis of hollow fiber MOF TFC membranes was reported 

Fig. 7. (a) Schematic showing the spray-drying process used to synthesize HKUST-1 superstructures. Blue dots, sprayed solution; blue spheres, formed spherical 
superstructures. (b) Proposed spherical superstructure formation process (emphasized by purple arrows), which implies the crystallization of nanoMOF crystals. (c) 
Photograph of the spray-dryer after its use in synthesizing large amounts of blue HKUST-1 superstructures. d–f, Representative FESEM images showing a general view 
of the spherical HKUST-1 superstructures (d), the wall of a single HKUST-1 superstructure showing the assembly of nanoHKUST-1 crystals (e), and a mechanically 
broken hollow superstructure showing the internal cavity and the thickness of its wall (f and inset). Scale bars: 5 μm (d), 500 nm (e, f), and 200 nm (f inset). 
Reproduced with permission from ref. 175, Copyright 2013, Springer Nature. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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by Sutrisna et al. [202], incorporating various UiO-66, and ZIF-7 MOF 
types into a thin PEBAX selective layer on a PVDF support with gutter 
layer (Fig. 9). Simultaneously improvement of the CO2 permeance and 
selectivity was observed. A similar approach was reported by Li et al. 
[203]. Incorporating amine functionalized UiO-66 nanoparticles into 
the Pebax® 2533 thin selective layer on a polypropylene (PP) hollow 
fiber supports via dip coating process. They observed that the surface 

morphology of the prepared membranes was influenced by the incor
poration of UiO-66 nanoparticles. The CO2 permeance increased along 
with an increase of UiO-66 nanoparticles content, while the CO2/N2 
ideal gas selectively firstly increased whereafter a decrease was 
observed due to the aggregation of UiO-66 nanoparticles. 

Literature often indicates that a multistep coating approach is 
required. An intermediate gutter layer is generally based on a poly
dimethylsiloxane (PDMS) coating to cover up the surface defect is added 
to the membrane formation process [206]. Additionally, since, very thin 
selective layers are needed (30–100 nm) to achieve high permeance, the 
size of the MOFs particles is crucial in order to obtain defect-free 
membranes. The dual layer formation has been also tested for MMMs 
where again [33,117,207,208], depending on the particle content, the 
presence of defects is often detected. For more details on the hollow fiber 
MMM manufacturing process, we refer to previous review work [190]. 

The multiple layer coating process can be merged in a single step 
approach, denominated dual layer membrane formation [209]. The 
process has to be optimized for the particular polymeric systems in order 
to have a better control of the adhesion of the phases [210,211]. Dai 
et al. [204] reported the production of asymmetric dual layer hollow 
fiber membranes containing MOF ZIF-8 fillers in a polyetherimide skin 
layer via the dry jet-wet quench method. Enhanced permselectivity of 
20 % over pure polymer was found. Although the performance was 
limited by the relatively low permeability of the polyetherimide. Addi
tionally, when the solution containing the MOF is only in the outer layer, 
the cost of the process significantly drops since the amount of the 
inorganic filler used is very small. 

A different approach was reported by Echaide-Górriz et al. [212] 
synthesizing a bilayered polyamide-MOF membrane on a hollow fiber 
support for application in nanofiltration. The continuous MOF layer was 
crystallized by liquid phase crystal growth, whereafter a polyamide 
layer was added on the top of the MOF via interfacial polymerization. 

For scalable flat sheet membranes, Lan et al. [213] recently used an 
in-situ heat-assisted solvent-evaporation method to massively produce 
MOF-based MMMs rapidly. Importantly, this method was applicable to 
different polymers and MOF types. Using this method, they can obtain 
MMMs at industrial standards with 4 m of membrane roll in a batch 

Table 4 
Scale-up synthesis of different MOFs using different methods.  

MOF Technique STY (kg/ 
m3⋅day) 

Reference 

HKUST-1 Extrusion mechano-chemical 144,000 [178] 
ZIF-8 Extrusion mechano-chemical 144,000 [178] 
Al-Fum Extrusion mechano-chemical 27,000 [178] 
ZIF-8 Flow chemistry (MR) 210,000 [180, 

181] 
Al-Fum Flow chemistry (PFR) 97,159 [170] 
HKUST-1 Flow chemistry (PFR) 64,800 [172] 
MOF-5 Flow chemistry (CSTR) 1000 [182] 
UiO-66 Spray-drying 19.6 [183] 
MgFe2O4@UiO- 

66-NH2 

Flow chemistry 300 [184] 

CUP-1 Flow chemistry (MR) 550 [185] 
CUP-1 Hydrothermal 20 [185] 
MOF-801 Flow chemistry (MR) 367.2 [186] 
HKUST-1 Flow chemistry (microwave, 

continuous flow, oscillatory 
baffled reactor) 

632,000 [174] 

HKUST-1 Flow chemistry (microwave, 
continuous flow, oscillatory 
baffled reactor) 

400,000 [187] 

MOF-74-Ni Continuous-flow microwave 
reactor 

720 [188] 

UiO-66 Continuous-flow microwave 
reactor 

7204 [172] 

MIL-53(Al) Continuous-flow microwave 
synthesis 

3618 [172] 

Al-Fum Hydrothermal 3600 [189] 

Abbreviations: Fum: Fumarate; MR: Microfluidic reactor; PFR: Plugged-flow 
reactor; CSTR: Continuous-stirred tank reactor; STY: Space-Time Yield. 

Fig. 8. Conceptual schematic of dual-layer flat-sheet and hollow fiber membranes and fabrication methods. Reprinted with permission from Ref.196, Copyright 
2018, Elsevier. 
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experiment. These MMMs demonstrated excellent mechanical strength 
and great performance for dye separation (Fig. 7), and they could also be 
readily assembled as separator in Li–S battery. Since MOF-based MMMs 
for CO2 separation have been widely studied, future studies should be 
focused on using this powerful method for massively produce other 
MOF-based MMMs for CO2 capture. Another impressive method for 
processing MOFs into polymer is using MOF-loaded porous liquids. 
Recently, Gascon et al. [214,215] used N-heterocyclic carbenes (NHCs) 
to modify the outer surface of ZIFs to make them solution processable. 
The NHC-functionalized ZIFs were able to form stable colloidal solutions 
in nonpolar organic solvents, which could then be easily co-processed 
with many polymers to yield high loaded MOF-based MMMs. With 
this method, it is expected to be able to fabricate MOF-based MMMs in 
large-scale considering its solution-processability. 

6. Emerging COF membranes for CO2 separation 

6.1. COF based MMMs 

Given the challenges in stability of MOF-based MMMs, alternative 
materials that can still exhibit the supreme size selectivity of crystalline 
MOF structures are interesting to study. Because the instability of MOF- 
based structures is often originating from the metal atom, either by the 
oxidation state or interaction with the organic structure (see Fig. 3), 
eliminating the metal site provides potential route for more intrinsically 
stable structures. This is represented in the concept of covalent organic 
frameworks (COFs). 

COFs are a relatively new class of crystalline porous materials that 
are analogous to MOFs but made exclusively of organic linkers [216]. 
Compared to the inorganic-organic hybrid nature of MOFs materials, the 
pure organic nature of COFs could result in better compatibility with 
polymers, reducing the possibility of forming defects at the interface 
between polymer and filler when preparing MMMs. This compatibility 
was demonstrated by Banerjee et al. [18], who has successfully 
dispersed two chemical-stable isorecticular COFs (TpPa-1 and TpBD) in 
PBI-Bul to prepare MMMs with a COF loading as high as 50 %. For 
comparison, it is very difficult for most MOFs to reach similar loading in 
a polymer matrix. 

The first generation of boronate-linked COFs were found unstable in 
presence of water, acids and alcohols [217]. This is because the 
electron-deficient boron sites are susceptible to be attacked by nucleo
philes such as water. Therefore, even a slight amount of water vapor 
present in air could potentially induce the decomposition of 
boronate-linked COFs. Although a post-synthetic modification of the 
COF framework by pyridine or alkyl has been evaluated to improve the 
structural stability [218–220], such boron-containing COFs have still 
not shown the required stability for real applications. Later, hydrone-, 
azine-, triazine- and imine-linked COFs were successfully synthesized, 
demonstrating enhanced stability in neutral water, but still hydrolysis 
under acid conditions [221,222]. In these COFs, the introduction of 
special functional groups in their organic components, creating 
hydrogen bonding in intramolecular or interlayers, has proved helpful to 
further enhance their stability. For example, a robust and stable 
azine-linked COF, COF-JLU3, was made by forming intramolecular 

Table 5 
MOF-based MMM with reported area and CO2 permeance. Data was collected for research that operated between 25 and 35 ◦C Selectivity is either measured from 
mixed gas or from the ratio in pure gas permeance.  

Composition selective layer Module type Scale (cm2) Type separation Selectivity CO2 Permeance (GPU) Reference 

PVA/PG/ZIF-8 Flat sheet 8.5 CO2/N2 370 82 [120] 
PEI/ZIF-8 Flat sheet 1.1 CO2/N2 49 13 [124] 
PVAm/ZIF-8 Flat sheet 12.6 CO2/N2 86.7 169 [125] 
PVAm/UiO-66 Flat sheet 19.3 CO2/N2 91 1295 [129] 
PI/MIL-53 Flat sheet 2.2 CO2/N2 23 20 [200] 
PI/MIL-53 Flat sheet 2.2 CO2/CH4 23 20 [200] 
PEBAX/CuBTC Flat sheet 20 CO2/N2 54.8 1103 [138] 
PEBAX/CuBTC Flat sheet 20 CO2/CH4 32.5 1070 [138] 
PI/Cu3(BTC)2 Hollow-fiber 1.1 CO2/N2 5.9 65 [201] 
PI/Cu3(BTC)2 Hollow-fiber 1.1 CO2/CH4 7.7 65 [201] 
PEBAX/ZIF-8 Hollow-fiber 17 CO2/N2 30 290 [119] 
PEBAX/UiO-66-NH2 Hollow-fiber 17 CO2/N2 57 338 [202] 
PEBAX/UiO-66-NH2 Hollow-fiber 8.2 CO2/N2 37 26 [203] 
Ultem/ZIF-8 Hollow-fiber 10.5 CO2/N2 36 26 [204] 
PSF/ZIF-8 Hollow-fiber 340 CO2/N2 7.3 11529 [199] 
PSF/ZIF-8 Hollow-fiber 340 CO2/CH4 8.9 11529 [199] 
PSF/ZIF-8 Hollow-fiber 340 CO2/C3H8 1030 11529 [199]  

Fig. 9. Schematic diagram of the composite membrane and the chemical structure of UiO-66, for the application in hollow fiber for CO2 separation. Reprinted with 
permission from Ref.202, Copyright 2018, RSC. 
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O–H⋯N––C hydrogen bonding in the network through introducing an 
–OH group adjacent to the Schiff-base centers [223]. Jiang et al. [224] 
synthesized an imine-linked COF that is stable in water and under strong 
acids and bases by incorporating methoxy groups (-OCH3) into the pore 
walls to reinforce interlayer interactions. The introduction of two 
electron-donating – OCH3 groups to each phenyl edge delocalized the 
two lone pairs from the oxygen atom over to the central phenyl ring. In 
this way, the interlayer interaction was reinforced, and the COF struc
ture was stabilized. This COF demonstrated a high thermal stability up 
to 673 K, together with a strong resistance towards boiling water, 12 M 
HCl, 14 M NaOH and common solvents, such as DMF, DMSO, THF, 
MeOH and cyclohexanone. Recently, Qiu et al. [225] also reported a 
polyarylether-based COF with a strong resistance towards boiling water, 
strong acid and bases, oxidation and reduction conditions. Its ultra-high 
stability was attributed to the inert nature of polyarylether-based 
building blocks. 

For the fabrication of COF-based MMMs, COFs were initially incor
porated into polymers to improve the gas permeability of purely poly
meric membrane. In such a context, Zhao et al. [226] reported the 
fabrication of MMMs by incorporating two water-stable COF nanosheets 
(NUS-2 and NUS-3) into a poly(ether imide) (Ultem) and poly
benzimidazole (PBI). As previously indicated, the COF fillers exhibit an 
excellent compatibility with the polymer matrix, as indicated by the 
homogeneous texture of the resulting MMMs. Interestingly, the 20 wt % 
NUS-2@PBI MMM showed a H2/CO2 selectivity of 31.4, a value which 
exceeds the 2008 Robeson upper bound. Later, Shan et al. [16,17] 
incorporated a stable azine-linked COF (ACOF-1) into Matrimid™ 5218, 
6FDA-DAM or Polyactive™ to construct MMMs for CO2/CH4 and 
CO2/N2 separation applications. The best performance was observed for 
the MMMs made of Matrimid, showing more than higher CO2 perme
ability and CO2/N2 selectivity at 16 wt% of COF loading. Also, Tan et al. 
[227] prepared 2D-COF based MMMs from π-conjugated viologen-COF 
precursors and PEO monomers through an in situ bottom-up growth 
method. The resulting MMMs exhibited exceptional one-month opera
tional stability with a CO2 permeability of about 772.7 Barrer. 

Recently, Zhao et al. [228] combined a 3D COF (COF-300) with two 
different polymer matrices, including 6FDA-DAM and Pebax-10, to 
prepare defect-free MMMs due to the good polymer-filler interfacial 
compatibility. Notably, both membranes exhibited good anti-moisture 
(relative humidity: 85 %) performance, accompanied by an impressive 
stability for CO2/CH4 separation after continuous operation up to 100 h. 
Jiang et al. [229] used an imidazolium-based ionic liquid [bmim] 
[Tf2N]-modified COF-300 as fillers and blended the composite particles 
IL@COF-300 in Pebax® MH 1657 matrix to synthesize MMMs for 
CO2/CH4 separation. The resultant 7 wt% IL@COF-300/Pebax MMMs 
showed an excellent CO2 permeability of 1601 Barrer, together with 
good stability over 60 days at 1 bar in humidified state. One year later, 

they also prepared PEG@COF-3/Pebax MMMs that showed a stable 
CO2/CH4 separation performance during a 144 h operation test [57]. 

In addition to free-standing symmetric COF-based MMMs, thin 
composite asymmetric COF MMMs have also been reported for CO2 
separation. Jin et al. [230] successfully obtained a honeycomb-like 
COF-nanosheet cluster with a high CO2/N2 adsorption selectivity 
through a facile mechanical synthesis method. Furthermore, the 
as-prepared PEBA based MMMs containing only 1 wt% of these COF 
nanosheet filler could reach a CO2/N2 mixed gas selectivity of 72. More 
importantly, a decent stability was obtained for 120 h of operation 
(Fig. 10). 

6.2. Continuous COF membranes 

Besides MMMs, the direct growth of a continuous COF film layer on 
an appropriate mechanical support through solvothermal approach or 
interfacial polymerization to prepare thin composites membranes is an 
alternative to scale up COF membranes [231–235]. However, most of 
this research has focused on applications in nanofiltration or water 
treatment. Few studies on COF membranes targeted gas separation 
because of the remarkably larger pore size of COFs compared to the 
kinetic diameter of gas molecules. Ben et al. [236] first came up with the 
idea to grow a COF layer on top of a MOF membrane to prepare 
COF-MOF composite membranes with the purpose to increase the 
H2/CO2 selectivity compared to their individual counterparts. However, 
the improvement (from 6 and 7–9 for individual COF and MOF mem
brane, respectively, to 12–14 for COF-MOF composite MMMs) was not 
as high as expected. 

The same authors further prepared a COF-based composite mem
brane through strong chemical bonding of a MOF film to a COF layer in 
the vertical direction. The hybrid membrane achieved a H2/CO2 gas 
mixture selectivity of 32.9 and an ultrahigh H2 permeability, signifi
cantly superior to the state-of-the-art membranes [237]. Inspired by the 
staggered stacking mode of 2D COFs, Caro et al. [238] developed a novel 
COF–COF bilayer membrane by growing COF-LZU1 (LZU stands for 
Lanzhou University) on top of an azine-linked ACOF-1 membrane. Due 
to the hexagonal pore structure of both COFs, the COF-LZU1-ACOF-1 
bilayer membrane is in an appropriate size range of the kinetic di
ameters of gas molecules by forming interlaced pores. The COF–COF 
membrane exhibited an excellent separation performance towards 
H2/CH4, H2/N2, H2/CO2 with selectivity of 100, 84 and 24, respectively, 
together with a high thermal and long-term operational stability, indi
cating the great promise of using COF membranes for H2 production and 
purification. Similarly, Zhao et al. [239] reported a multilayer COF 
membranes prepared by a layer-by-layer interfacial crystallization of 
two COFs (TpPa-SO3H and TpTGCl) with distinct apertures atop the COF 
(COF-LZU1) film gutter layer. These composite membranes showed 

Fig. 10. COF nanosheets cluster based MMMs for CO2/N2 separation (equimolar CO2/N2 mixture, tested at room temperature and 1 bar). Reproduced with 
permission from ref. 230, Copyright 2017, Elsevier. 
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narrowed pores at the COF–COF interfaces, desirable H2/CO2 
separation performance and outstanding hydrothermal stability under 
long continuous testing cycles of dry-humid feed conditions for 96 h. 

To better control the stacking modes and maximize the membrane 
separation performance, Zhao et al. [240] stacked two ionic COF 
nanosheets (iCONs) with opposite charges to generate strong interlayer 
interactions through electrostatic attractive interactions between two 
COF layers. This approach allowed the formation of ultrathin mem
branes with reduced apertures that showed high H2 permeance (~2566 
GPU) and H2/CO2 separation factor (~23), together with an excellent 
long-term stability under dry or wet conditions at 423 K. Recently, Caro 
et al. [241] reported another approach that uses the COF interlayer 
spacing to separate gas mixtures. These authors to successfully grew 
vertically-aligned COF layers inside vertical CoAl-layered double hy
droxide (LDH) nanosheets. The resulting vertical COF membrane 
exhibited appreciable selectivity towards H2/CO2 (31.6) and H2/CH4 
(29.5), accompanied by an appropriate long-term stability at room 
temperature (Fig. 11). Although COF membranes used for CO2 separa
tion have been reported, the long-term stability of COF membrane under 
realistic conditions are still very limited, more efforts should be devoted 
to this field. 

7. Conclusions 

In this review, we have summarized MOFs, MOF-based mixed matrix 
membranes and methods to improve their stability. In addition, the 
scalable synthesis of some MOFs and MOF-based membranes was also 
reviewed. Pioneering work has yet demonstrated stable performance for 
particular MOF-based MMMs for long duration under dry feed gas 
steams or water-containing feed. Some pioneering work even reported 
the CO2 separation performance of MOF-based MMMs under industrial 
relevant conditions for which the feed contains water moisture, SO2, CO, 
O2, and NOX. However, a very limited number of MOF MMMs have been 
tested under such harsh conditions, and those stability tests only report 
data up to 100 h. Some MOF-based MMMs could achieve stable per
formance over 1000 h, though these were only evaluated under dry 
conditions. Hence, there is still a long way to apply MOF-based MMMs in 
industry. For example, practical strategies such as coating them with a 
hydrophobic protective layer need to be implemented to improve their 
stability. In addition, some studies have demonstrated that the incor
poration of MOFs could well improve the stability or plasticization 
resistance of polymer membranes. Thus, future research should focus 
more on how to control the interaction between both MOF and polymer 
chains to improve membranes physical aging and plasticization- 
resistant properties. 

In addition to stability, processability is also an important factor for 

Fig. 11. (a) Schematic representation of the engineering of a vertically aligned COF membrane; (b) Magnified scheme showing the growth of the 2D COF-LZU1 
parallel to the surface of a hexagon-shaped amino-CoAl-LDH Nanosheets. (c) Long-term test of the vertically aligned COFLZU1 membrane for equimolar H2/CO2 
mixture. All measurements at 298 K and 1 bar. Reproduced with permission from ref. 241, Copyright 2020, American Chemical Society. 
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large-scale manufacturing MOF-based MMMs. Solution processable of 
MOF fillers is the future direction for preparing MMMs. Finally, as a new 
emerging filler in MMMs, COFs have already demonstrated better 
compatibility and stability than MOFs. However, the scale up synthesis 
of COFs is still at the infancy stage. Effective methods for large scale 
synthesis of COF fillers are needed; for example, green synthesis con
ditions, like non-hazardous raw material or solvents, low temperature 
and pressure should be tried to realize rapid and scalable COF synthesis. 
With the rapid development of materials synthesis technology, we 
believe that these problems will be tackled, and MOF- and COF-based 
MMMs will encounter a blooming development. 
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