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Metal-organic frameworks (MOFs), owing to their ordered porous structure, ease of synthesis, and versatility of
surface functionalization have attracted significant research interests for membrane-based separations. Zeolitic-
imidazolate frameworks (ZIFs), a subclass of MOFs, have drawn the most research attention by virtue of their
ease of forming high-quality membranes and potential in hydrocarbon mixture separations. Other MOF-based
membranes such as IRMOFs, HKUST-1, MILs, UiOs, etc., were also well-studied for hydrogen purification and
carbon capture. In this review, we summarize a chronological development of MOF membranes for gas sepa-
rations, focusing on ZIF-8 membranes for C3Hg/C3Hg separation. Other MOF membranes for Hp/COz, CO2/CHy,
and COy/Nj separations are also reviewed. Following this, we provide a thorough assessment and evaluation of
the engineering challenges, including cost-effectiveness, module design, and membrane stability and repro-
ducibility for industrial scale-up. Finally, we provide our point of view on future research and development in the
area.

1. Introduction and background
1.1. Overview of the status of industrial chemical separations

The industrial revolution in the 19th century has empowered
humans to explore natural resources such as natural gas, crude oil, and
seawater. These resources are processed to produce a huge amount of
chemical mixtures, which require various separation and purification
processes for further use. The industrial separation processes can be
generally divided into two forms: gas and liquid, as summarized in
Fig. 1. Hydrogen recovery, carbon capture, and light hydrocarbon sep-
arations are among the challenging yet important gas separations. The
demand for hydrogen has been increasing exponentially in recent years,
driven by the clean energy transformation worldwide ranging from
electricity generation to energy storage (e.g., hydrogen battery) [1,2].
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Hydrogen recovery from natural gas or refinery mixtures (Hy/CHy) is an
attractive way to collect this energy carrier. In addition, hydrogen pu-
rification from syngas (Ha/CO>) is another important industrial sepa-
ration for fuel decarbonization [3]. Decarbonization also involves
carbon capture (CO2/N>), which has attracted significant industrial ef-
forts, especially with the rising concerns of climate change and global
warming.

Natural gas purification to strip away COy from CHy is essential to
meet natural gas pipeline specifications, making CO,/CHy4 an important
industrial separation [4]. Meanwhile, hydrocarbon mixtures derived
from crude oil refinery needs to be further separated and purified for
downstream processing. For example, the separation involving alke-
ne/alkane (e.g., CoH4/CoHg, C3Hg/CsHg, and C4Hg/C4Hjg) has been the
most industrially important process. Alkenes (e.g., CoH4, C3Hg, and
C4Hg) are important chemicals for polymer productions including, but
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not limited to polyethylene, polypropylene, polyvinyl chloride, poly-
ester, polystyrene, and polybutene [5-7]. Alkanes such as ethane, on the
other hand, can be used as chemical feedstocks to produce acetic acid.
Propane, a popular fuel source, has recently been considered as a po-
tential candidate for anti-freeze applications. Other separation pairs
include alkene/alkyne (e.g., CyH4/CoHy), and isomers (e.g.,
n-C4Hg/i-C4Hg and n-C4H;¢/i-C4Hyp) also play important roles in the
industrial processes. Acetylene is widely used as fuel gas for welding and
feedstock for plastic production. Butane isomers such as i-butene and
i-butane also involve in various industrial applications, with the former
is used as a feedstock to produce butyl-rubber while the latter is used to
produce alkylate or i-octane.

Water treatment, organic solvent or hydrocarbon separation, and
chiral resolution are the three major processes for liquid-based separa-
tions. Water treatments represent a major industrial segment that in-
volves desalination and wastewater treatment/recycle/purification.
These separation processes include salt rejection and contaminant re-
movals such as dyes, organic solvents, and heavy metals. Chiral reso-
lution is particularly important in agrochemical, pharmaceutical, and
food industries as chiral isomers can trigger different responses in living
organisms [8,9].

1.2. Conventional separation technologies

1.2.1. Gas separations

Adsorption, absorption, and distillation are the main technologies
employed for gas separations due to their best combinations in process
economics and producing high purity products compared to other
alternatives.

Pressure-swing adsorption (PSA) and temperature-swing adsorption
(TSA) are the two common methods to separate gas mixtures based on
the difference in individual gas sorption at a specific pressure or tem-
perature. Product purity and recovery are highly dependent on chemical

Journal of Membrane Science 640 (2021) 119802

interactions between the adsorbent and target molecule. PSA and TSA
are commercially available in several important gas separations such as
oxygen purification, nitrogen enrichment, and CO,-based separations.
This technology is mainly employed in medium scale separation as the
scale-up is linearly correlated with the amount of adsorbents [10].

Chemical absorption is mainly employed in CO separations such as
carbon capture from exhaust gas or natural gas sweetening [4,11]. The
main principle behind this is to use basic liquid amines to react with CO»
to form carbamic acid [12]. The unstable carbamic acid then releases
CO,, at elevated temperatures via decomposition through which amine is
regenerated. Amine-based absorption is a continuous process, thereby
allowing high purity CO, to be obtained with high recovery rates.
However, one of the main disadvantages of this process is continuous
heating and cooling, which requires a large amount of energy input
[13]. Another drawback is the high chemical reactivity of amines: some
amines can react with SO, and NOy to form salts, while other amines
might degrade with O, and form corrosive substances [5,14]. These
undesirable side reactions require continuous replenishment of amines
and regular cleaning or replacement of the associated operation
modules.

The separation of hydrocarbon mixtures, especially alkane/alkene, is
typically achieved through thermally-driven distillation. The purity of
the distilled chemicals depends on various operating parameters,
including feed composition and their associated intrinsic physical
properties, flow rate, reflux ratio, stage temperature, and pressure. The
optimum operational condition requires extensive heat integration and
long start-up and shut-down [10]. In addition, due to similar physico-
chemical properties of alkene/alkane pairs (e.g., CoH4/CoHg and
C3Hg/C3Hg), the distillation tower needs more than 200 separation
stages to fulfill the purity requirement, placing C, and Cs splitters among
the most energy intensive industrial processes [15]. High operation cost
is another issue for distillation. For example, a distillation process pro-
ducing 500 x 10° tons of CyH4 annually is estimated to incur ~$800
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Fig. 1. Important gas and liquid phase separations using membranes.
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million in total capital cost and ~$9.2 million.year in operating cost,
among which gas pressurization and condensation account for the most
[10]. According to the statistics of 2016 shown in Fig. 2, distillation
accounts for ~50% of industrial energy consumption, which corre-
sponds to ~10-15% of global energy consumption [16,17]. Application
of membrane technology to replace conventional distillation can
potentially save up to 90% of energy, making membrane an attractive
choice for chemical separations. One important point to highlight here is
the 90% energy saving is obtained based on a comparison of net thermal
energy consumption between thermal desalination plant and reverse
osmosis plant [18].

A relative energy consumption of different separation technologies is
presented in Fig. 3. From the figure it is well-established that thermal
processes (e.g., distillation, drying, etc.) consume more energy than non-
thermal processes (e.g., membrane, crystallization, etc.) because they
are based on enthalphy of vaporization of at least one component. When
comparing different separation technologies, we should not easily draw
a conclusion that thermal processes, especially distillation as inherently
energy intensive compared to non-thermal processes without a proper
system analysis of each of the process. A recent study by Agrawal et al.
[18] showed that heat pump distillation to recover 98.7% C3Hg (mole
purity of 99.6%) from C3Hg/CsHg feed (70/30 mol%) performed better
in term of effective fuel use compared to membranes (membrane
consume 40% more fuel). This however does not necessarily mean that
heat pump distillations are always perform better than membranes. The
same study also suggest that membrane still remains a better choice to
recover CgHg with slightly lower mole purity (~90%).

Research efforts have been made towards upgrading the distillation
system by using heat pumps to increase energy efficiency [21], but
challenges such as economic feasibility [22], operational and control,
and heat integration in the context of the entire distillation system [23]
need to be further addressed to make this energy integration design

TOTAL U.S. ENERGY CONSUMPTION 2016

Residential,
21%  Transportation,

Industrial,
32%

Distillation, 49%

0ther§,_> 51%

Fig. 2. Breakdown of the U.S. total energy consumption in 2016. Data obtained
from Ref. [19]. Application of membrane technology as an alternative to
distillation can potentially reduce industrial energy consumption.
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industrially viable. Due to issues mentioned above, application of
membrane can be an attractive alternative for hydrocarbon separations.

1.2.2. Liquid-phase separations

Liquid-phase separations are considered more advanced than those
gas-phase separations in terms of commercialization, especially in water
treatment. Commercialized liquid separation processes include
flocculation-sedimentation-filtration [24,25], ozonation [25], adsorp-
tion [26,27], ultrasonication [28,29], and membranes [30,31]. More
than 90% of the membranes used in liquid-phase separation are made of
polymers, making the separation process suffer from fouling and low
membrane stability, thereby requiring frequent membrane replacement.
Researchers are currently investigating other materials such as zeolites
to solve this problem. LTA-Na zeolite membranes are the first
commercialized polycrystalline membranes for solvent dehydration (e.
g., ethanol, propanol, and acetonitrile), with over 200 separation plants
being operated all over the world today [32-35], paving the way for
other polycrystalline membranes to be industrialized [36].

1.3. Potential of MOF membranes for gas separations

1.3.1. Limitations of polymeric membranes

As discussed above, membrane technology has been widely
commercialized for liquid separations. For gas separations, polymeric
membranes have been industrially employed in four major applications
(i.e., hydrogen purification, vapor recovery, nitrogen enrichment, and
natural gas treatment) with a combined annual sales in the range of
$1.0-1.5 billion. In natural gas treatment, polymeric membranes ac-
count for only a small portion (10%) of the market share. The rest is
occupied by amine-based separations [11]. In general, gas separation in
polymers follows a solution-diffusion mechanism through which gas
dissolves into the membrane with the diffusion rate depending on feed
pressure and concentration gradient. This phenomenon is subject to
Robeson upper bound [10,37,38]. Numerous research efforts have been
made to push membrane separation performances beyond this boundary
[37,39-44]. However, compared with polycrystalline materials, there is
always a bottleneck for polymeric membranes in terms of permeability
owing to its intrinsic lower porosity. The application of polymeric
membranes to other gas separations such as alkene/alkane mixture is
also limited due to its non-uniform pore distribution and
solution-diffusion separation mechanism. Small size difference and
similar chemical properties between alkene and alkane (e.g., CoH4/C2oHg
and C3Hg/C3Hg) dwarf polymers to be a good candidate for such
separations.

Polymeric membrane is a good candidate for carbon capture, espe-
cially in the post-combustion process. In this process, industry standard
for CO;, capture requires a membrane with a selectivity of 30-50 and
CO4 permeance of 1000-5000 gas permeation units, GPU (1 GPU = 3.35
x 1071% mol m2.s71.Pa~!). This standard is established based on a typical
550 MW power plant that produces 2 MMscf-min™! flue gas containing
12-14 mol% of CO4 [10]. For pre-combustion CO, capture, membranes
with Hy/COy selectivity of 20 and Hy permeance of 200 GPU are
required for the technology to be an attractive replacement of PSA.
However, high-temperature operation at 300-500 °C would impose a
major barrier for polymeric membranes [45,46].

Recently, polymeric membrane technology has been extended in
biomethane production, shown in Fig. 4. The entire process able to
recover more than 95% of CHy4 from a biogas mixture with a composition
of 50-70% of CHy4, 30-50% of CO4, and a trace amount of H,S, O, and
Ny [45-47], making a milestone for membranes to be used in a bio-
refinery plant.

Besides carbon capture, the application of membrane technology for
energy-intensive alkene/alkane separations is highly desirable, as
described in the previous section. Here, we use C3Hg/C3Hg separation as
an example to demonstrate the potential of membrane-based processes.
Single-stage membrane with C3Hg permeance of 20-40 GPU and
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Fig. 3. Relative energy consumption of all types of separation technologies in the industry with data obtained from Ref. [16] and icons reproduced with permission

from Ref. [20].
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Fig. 4. A schematic illustration of the CO,/CH4 separation process based on the three-stage membrane separation and CO; recovery unit [47]. Red star symbol
indicates the gas sampling points. Image is prepared based on ref. [47] Copyright 2019 The Royal Society of Chemistry. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

selectivity of 6-10 could recover 90% of CsHg from the reactor purge
stream [10]. A complete replacement of C, or C3 distillation columns is
possible for membranes with moderate selectivity of 15-20 [48].
Despite the great potential of membrane technology in gas separa-
tions, its commercial deployment is mainly limited to four main appli-
cations and of which are intended for the separation of non-condensable
gases [11,49]. Currently, 90% of commercial membranes were devel-
oped before the 1990s and are made of less than 10 polymers, including
polyimides, polysulfone, polyphenylene oxide, substituted poly-
carbonates, silicone rubber, and cellulose acetate [10]. Despite their
wide commercial use, the majority of polymer membranes suffer from
physical and structural instability. Plasticization, triggered mainly by
the high-pressure operation, is a major concern that needs to be dealt
with. Increasing feed gas pressure will push the polymers to swell due to
the intrinsic flexible network of polymers, causing an increased diffu-
sivity for all gases, resulting in a significant loss of selectivity. Aging is
another major issue mainly occurring in glassy polymers such as poly-
mers with intrinsic microporosity (PIM). The rigid backbones in glassy
polymers restrict the flexibility of the chains to stochastically occupy the

spaces, resulting in ‘nonequilibrium free volume’ [10]. The chains will
slowly reconstruct themselves to an equilibrium state over time,
diminishing the free volume, leading to a reduction in the gas diffusivity.
To date, the majority of the reported polymeric membranes with high
flux were made of PIMs, highlighting the development of new materials
with permanent porosity.

Recognizing the intrinsic limitation of polymers, research efforts
have been shifted towards inorganic and/or polycrystalline membranes,
including carbon molecular sieves [50], zeolites [51], and MOFs [52].
Compared with amorphous materials (e.g., polymers, amorphous ce-
ramics, and carbon molecular sieves), crystalline materials (e.g., zeolites
and MOFs) possess ordered and tunable frameworks, high porosities,
and high versatility in term of surface functionalization, making them
ideal membrane materials that can overcome several limitations of
polymers.

1.3.2. Polycrystalline MOF membranes
MOFs have several advantages over zeolites owing to their structural
diversities, thereby finding a broader range of applications ranging from
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catalysts, batteries to gas storage and separations. In general, MOFs are
nanoporous crystalline materials made of metal ions coordinated with
polydentate organic ligands. The first report on MOFs can be traced back
to as early as the 1950s, when the structure of MOF-2 was reported [53].
MOFs started to gain more research attentions since 1995 when the
Yaghi’s group comprehensively explained the concept of MOFs [54] and
reported MOF-5 in 1999 [55]. Since then, numerous research efforts
have been contributed to this field, with around ~20,000 MOF struc-
tures reported so far. As shown in Fig. 5, classic MOFs can be briefly
categorized into 5 groups: isoreticular MOFs (IRMOFs), HKUST-1, MILs,
UiOs, and zeolitic-imidazolate frameworks (ZIFs). The potential appli-
cations of these materials, in particular as separation membranes, have
also been extensively reported [56-61].

Compared with zeolites, MOFs offer several advantages for
membrane-based separations as summarized in the following: (i) MOFs
have a versatile structural tunability through simple manipulation of
metal ions and ligands. The ease of structure design and synthesis en-
ables MOFs to be tailored to target applications. In contrast, creating
new zeolites requires tedious work in template design and synthesis. A
targeted structure is not guaranteed to be achieved; (ii) MOFs have
higher porosity and surface area than zeolites, enabling them to
accommodate more molecules. This allows the molecules to diffuse
faster through the cavities, resulting in higher gas permeances; (iii)
MOFs are more flexible than zeolites, enabling their use in the separa-
tion involving larger molecules than their aperture sizes; (iv) MOFs are
more versatile to be functionalized via tuning ligand functional groups,
exchanging metal ions or ligands, or introducing foreign ions/molecules
into the frameworks. This versatility empowers MOF membranes to be
employed in a broader range of separations; (v) MOFs can be synthe-
sized and activated under much milder conditions, even in an ambient
environment. This advantage enables MOFs to be synthesized onto

IR-MOFs
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polymer substrates. Zeolites, in contrast, are normally synthesized under
harsher conditions (temperature >150 °C) followed by calcination to
remove structure-directing agents.

2. Recent developments in MOF-based membranes

2.1. Chronological development of MOF crystalline membranes in the past
decade

MOF membrane research for gas separations can be traced back to
2009 when a pioneering work by Lai and Jeong et al. [68] fabricated the
first continuous MOF-5 membrane using an in-situ growth approach,
opening a door for MOF membrane development in gas separations.
Other approaches, including seeding and secondary growth,
contra-diffusion, layer-by-layer growth, vapor phase synthesis, and
electrochemical synthesis, were also established for MOF membrane
fabrications in the following decade (Fig. 6). The majority of MOF
membrane research focused on ZIF-8 due to its impressive CgHg/CsHg
separation properties, ease of synthesis, and the feasibility of forming
high-quality membranes. Thus, in the following sections, our main focus
is on the development of ZIF-8 membranes. After briefly reviewing the
chronological development of MOF membrane fabrication up to date in
Section 2.1, we then concentrate on ZIF-8 membranes for C3Hg/C3Hg
separation in Section 2.2. The development for other MOF membranes
will be reviewed in Section 2.3.

2.1.1. In-situ growth

In-situ growth is the simplest approach to fabricate MOF membranes.
In this approach, a pristine or chemically modified support is directly
immersed into a precursor solution, allowing for heterogeneous nucle-
ation and membrane growth. Depending on the synthesis system, energy
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Fig. 5. A summary of typical MOF frameworks classified into five main categories: IRMOFs, HKUST-1, MILs, UiOs, and ZIFs. Images of MOF structures are
reproduced with permission from Refs. [62-67].
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Fig. 6. Chronological development of MOF membranes for gas separation from 2008 — today. (2008) In-situ growth was firstly reported by Lai and Jeong et al. [68],
followed by Zhu and Qiu et al. [69]. (2009) Seeding and secondary growth by reported by Tsapatsis et al. [70]. (2011) Contra-diffusion growth reported by Wang
et al. [71], followed by interfacial microfluidic processing reported by Jones and Nair et al. [72] in 2014. (2013) Layer-by-layer growth reported by Eddaoudi et al.
[73]. (2016) Microwave-assisted seeding and ligand/water vapor secondary growth reported by Jeong et al. [74]. (2017) Zn gel coating and ligand vapor phase
transformation reported by Li and Zhang et al. [75]. (2018) All vapor-phase conversion of ZnO layer via ALD reported by Ma and Tsapatsis et al. [76], electrophoretic
nuclei assembly and secondary growth reported by Agrawal et al. [77], followed by methanol-based current-driven synthesis reported by Wang et al. [78]. (2019)

Aqueously cathodic deposition (ACD) reported by Lai et al. [79].

input such as heating, microwave, sonication, etc., are used to either
assist in overcoming the reaction energy barrier or shorten the synthesis
time [80-86]. In 2008, Lai et al. [68] successfully fabricated a contin-
uous MOF-5 membrane on unmodified Al,O3 support using an in-situ
growth approach as shown in Fig. 7a. The thickness of the MOF-5
membrane could be tuned by varying membrane synthesis time. Mem-
brane obtained were tested using probe gases with different molecular
sizes (e.g., Ha, N, CO2, and SFg). The resultant linear relationship be-
tween single component permeabilities and square root inverse of
penetrant molecular weight in Fig. 7b indicated that gas transport
through the membrane mainly follows the Knudsen type diffusion. Later
in the same year, the first MOF membrane for gas separations was
developed by Qiu et al. [69], who grew an HKUST-1 membrane on a
copper net. They tested the membrane for Hy/N5, Ho/CHy, and Hy/CO»
separations and found that the membrane had one-to two-fold higher

permeance than zeolite membranes. Since then, a number of MOF
membranes including ZIF-8 [87], ZIF-69 [88], UiO-66, and MOF-74 on
various supports (e.g., alumina, titania, and polymer) [89,90] were
reported.

It is worth noting that not all MOFs can be in-situ grown into high-
quality films on porous substrates. UiO-66 is one such MOF. The
reason is that these MOFs readily undergo homogenous nucleation,
thereby preferentially nucleating and growing in the precursor solution
rather than on the support. Another reason is that there are insufficient
nucleation sites on unmodified substrates, disabling uniform MOF
nucleation on the supports. As a result, the obtained membrane is
discontinuous and exhibits extensive surface defects. One way to solve
the problem is to modify the support with either organic molecules or
associated metals (or metal compounds). Organic molecules have active
functional groups (e.g., -COOH, -NH,, —OH, etc.) that can coordinate
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Fig. 7. (a) SEM image of MOF-5 membrane. (b) Single-component gas permeances through a-alumina support (black square), 25 pm thick MOF-5 membrane (red
circle), and 85 pm thick MOF-5 membrane (blue triangle) measured at 1.06 bar. (c) Preparation of a ZIF-22 membrane using 3-aminopropyltriethoxysilane (APTES)
as a covalent linker between the ZIF-22 membrane and the titania support. (d) Top and (e) cross-section view of the prepared ZIF-22 membrane. Reproduced with
permission from Ref. [68] Copyright 2008 Elsevier B.V. and ref. [91] Copyright 2010 Wiley VCH. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

with the metal ions in the precursor, triggering nucleation. On the other
hand, metal or metal compounds can serve as a metal source to anchor
the ligand by coordination, providing nucleation sites for membrane
growth.

There have been several reports on support surface functionalization
for MOF film fabrications. For example, a MOF-5 film successfully grown
on a -COOH functionalized gold (Au) substrate [92,93]. Using a similar
functionalization method, oriented Cu3(BTC), and Zny(bdc)s(dabco)
films were successfully synthesized [94]. Caro et al. [91] were among
the first to apply a similar concept to prepare a ZIF-22 membrane on
alumina substrate modified with 3-aminopropyltriethoxysilane (APTES)
modified alumina substrate (Fig. 7c —e). Following this research, various
ZIF membranes, including ZIF-7, ZIF-8, ZIF-90, and ZIF-100 grown on
porous supports modified with various functional molecules, were re-
ported [95-97]. Among the functional molecules, dopamine (DPA) was
the most popular choice. Jeong et al. [98] further extended this strategy
and reported a ZIF-7 membrane grown on a benzimidazole (bIm)
modified alumina support. This method could also be extended to ZIF-8
membranes using 2-methylimidazole (2-mIm) modified support,

Niy(L-asp),(bipy)

Step 2
ZIF-8 growth

nickel + L-asp + bipy

(d) Step 1
Magnetron sputtering

T =2
e \
N
N\

demonstrating the versatility of the ligand functionalization method to
synthesize various ZIF membranes [98]. Another interesting report is
the synthesis of HKUST-1 membrane using a poly(methyl methacrylate)
(PMMA) coated substrate. A freestanding membrane could be obtained
by dissolving the PMMA in chloroform, providing insight for free-
standing membrane fabrications [99].

For the metal or metal compounds modification method, a typical
example is an HKUST-1 film synthesized using copper mesh [69]. The
copper mesh was firstly heat-treated to convert copper into copper
oxide. Then, the treated mesh was immersed into precursor containing
both copper ions and ligand. Both copper oxide and copper ions from the
support and precursor solution, respectively, were believed to partici-
pate in crystal growth. Finally, an HKUST-1 membrane was formed on
the mesh [69]. This method sometimes does not require a metal source
present in the precursor solution. For example, Niy(L-asp)a(bipy) film in
Fig. 8a was fabricated on a nickel mesh with the precursor containing
only ligand [100]. This method was later used in ZIF membrane fabri-
cations using substrates coated by zinc oxide or zinc hydroxide, as
depicted in Fig. 8d [101,102].

Fig. 8. (a) Schematic diagram of homochiral MOF membrane synthesis on nickel net by in-situ growth. (b) Top and (c) cross-section SEM images of the Niy(l-
asp)o(bipy) membrane. (d) Schematic diagram demonstrating a ZIF-8 membrane deposition on polyacrylonitrile (PAN) substrates. Bare PAN was coated with a thin
layer of ZnO via sputtering to enhance ZIF-8 nucleation density. Reproduced with permission from Ref. [100] Copyright 2013 The Royal Society of Chemistry and ref.

[101] Copyright 2015 Elsevier B.V.
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2.1.2. Secondary (seeded) growth

The in-situ growth approach sometimes suffers from either a slow
rate of nucleation or non-uniform nucleation, causing defect formation
throughout the membrane. To overcome this issue, a secondary (seeded)
growth approach can be employed. In this approach, a layer of seed
crystals is deposited on a substrate followed by secondary growth in a
dilute precursor solution. The seed layer can trigger faster and more
uniform heterogeneous nucleation, forming a membrane with relatively
low defect density. Sometimes, a third or more growth are needed to
heal membrane defects and improve grain boundary structures. The
qualities of the seed layer, including crystal size, crystal orientation,
seed layer thickness, and seed-support adhesion, play important roles in
this approach. Thus, a plethora of seeding methods such as rub coating,
dip coating, spin coating, titration coating, electrospinning, and ther-
mal/microwave seeding was developed (Fig. 9).

Conventional seeding (e.g., rub coating, titration coating, dip
coating, and spin coating) followed by secondary growth method was
firstly employed by Tsapatsis et al. [70], who synthesized a continuous
Cu (4,4'-(hexafluoroisopropylidene)-bis(benzoic acid)) membrane in
2009. Basically, they used the rub coating method through which the
dry MOF particles were rubbed on an alumina substrate functionalized
by polyethyleneimine (PEI). The seeded substrate was then subjected to
secondary growth to form a continuous membrane. The titration
coating, dip coating, and spin coating are similar in which a layer of
colloidal seed rather than dry powder is applied onto the support. For
example, an NHp-MIL-53(Al) membrane was prepared by firstly coating
a thin layer of NH»-MIL-53(Al) seed colloidal solution onto a pre-treated
glass frit via titration. The wet layer was dried overnight at room tem-
perature, followed by a secondary growth at 150 °C for 3 days [103].
Spin coating and dip coating are more common for seeding. There are a
number of reported membranes such as ZIF-7, ZIF-8, and HKUST-1
prepared using either spin or dip coating methods [104,105]. Another
interesting coating method is electrospinning which was firstly used in
ZIF-8 membrane fabrication. In the electrospinning setup shown in
Fig. 10a, an automatic syringe was filled with a seed colloidal solution to
coat the surface of macroporous SiO2 support [106].

The seeding methods mentioned above were mostly conducted at
room temperature, which could result in loosely bound seeds due to
weak chemical bonds or purely physical attachment. To improve seed-
substrate adhesion, a microwave-induced thermal deposition (MITD)

Seed powder

A\

.

. Seed
suspension
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method was introduced by Jeong et al. [83] in 2009 (Fig. 10b). In this
method, the seed layer was in-situ grown on a graphite-coated a-alumina
disc by microwave heating for 1.5-2 min. After a secondary growth, a
continuous MOF-5 membrane was achieved. MITD method however
requires a conductive substrate to ensure a strong interaction between
substrate surface and microwave irradiation. A more generic method
was developed in which the seed layer was deposited under thermal
heating (Fig. 10c) [107]. The seed stability was found to be improved
after heat treatment, and a continuous HKUST-1 film was obtained after
secondary growth.

In general, both microwave and thermal heating improve the seed-
substrate adhesion by forming stronger chemical bonds at elevated
temperatures. To further increase this adhesion, the support can be
functionalized by organic or metal/metal compounds similar to the in-
situ method mentioned in Section 2.1.1.

2.1.3. Contra-diffusion

For in-situ and secondary growth approaches, reactant concentration
in the precursor reduces at the later stage of the synthesis. Consequently,
defects could be formed on the membrane due to a lack of reactants near
the support. To solve this problem, Wang et al. [71] first developed a
contra-diffusion approach for ZIF-8 membrane fabrication (Fig. 11a). In
this method, metal and ligand solution were placed inside two parallel
compartments separated by porous nylon support, allowing the crys-
tallization to take place on the support in a counter diffusion manner. As
a result, the reactants near the support could be replenished by the bulk
solution, improving the crystal growth rate on the support.

Later, a modified version named interfacial microfluidic membrane
processing (IMMP) was developed by Nair et al. [72] in 2014, who used
polymer hollow fibers as supports (Fig. 11b). In this approach, metal and
ligand source were dissolved in water and 1-octanol, respectively. The
aqueous metal source was introduced from the outer shell of the support,
while the ligand solution was supplied from the bore of the support via a
continuous pumping process. Since water and 1-octanol are immiscible,
a membrane was formed at the interface of the two solutions. IMMP
allows for positional control of membrane formation (inner or outer
shell) via controlling the sequence of the precursor supply and the so-
lution cycling place (inner or outer shell) [72,108-111]. Compared to
static growth, dynamic growth via solution cycling improved product
yield and crystallization rate [72,108]. This phenomenon was further
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Fig. 9. A symbolic summary of various seeding methods before membrane growth.
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Fig. 11. Schematic illustration of (a) contra-diffusion approach and (b) interfacial microfluidic membrane processing (IMMP) approach to prepare ZIF-8 membranes

on porous substrates. Reproduced with permission from Ref. [71] Copyright 2011 The Royal Society of Chemistry and ref. [72] Copyright 2014 American Association
for the Advancement of Science.

proved by in-situ TEM observation on ZIF-8 crystals [112]. Combining all 2.1.4. Layer-by-layer deposition

the advantages of contra-diffusion, this approach could be considered as The layer-by-layer (LbL) deposition was first reported by Woll et al.,

a versatile approach for the continuous production of MOF membranes. in 2007 to form surface-mounted MOFs (SURMOFs) [113]. An HKUST-1
film was successfully obtained by adopting this approach. In this
approach, the support is immersed into the metal and ligand solutions in
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a sequence to allow for the stepwise MOF growth. An organic layer
normally functionalizes the support with reactive functional groups (e.
g., -COOH, -OH, and -NHj3) that can coordinate with the metal ions.
Thus, the support is firstly immersed in the metal solution to form a layer
of coordination site followed by immersion in the ligand solution. Be-
tween each immersion, the support is washed with a solvent to remove
unreacted liquor. The thickness of the obtained MOF films can be tuned
by controlling immersion time and number of LbL cycles. Interestingly,
oriented SURMOFs can be formed using this method probably due to the
so-called ‘controlled reaction’ through which the thermodynamic
equilibrium is favored towards a certain crystal direction. This approach
has been used to synthesize a number of MOF films [103]. In 2013,
Eddaoudi et al. [73] extended this approach to fabricate MOF mem-
branes (Fig. 12) [73]. A (110) oriented ZIF-8 membrane with thickness
as thin as ~0.5 pm was obtained and tested for gas separations, showing
a relatively good sieving effect for the separation of Hy from larger
molecules such as CO,, Ny, CHy, and C3Hg.

2.1.5. Vapor phase synthesis

All the conventional methods discussed above were solution-based,
which could be a hurdle for scale-up production due to environmental
and cost concerns. A lot of reported syntheses used hazardous organic
solvents such as methanol or dimethylformamide (DMF), which could
potentially impose some risks to the environment. Furthermore, during
membrane synthesis, only a small portion of reactants is involved in
membrane formation, leaving many residuals to be either recycled or
disposed. Consequently, a high cost could be incurred for the post-
synthesis treatment and waste management. To overcome these disad-
vantages, the idea of vapor-phase synthesis was proposed in 2016.
Stassen et al. [114] were the first to demonstrate the deposition of ZIF
thin film on a silicon wafer via chemical vapor deposition (CVD). In this
work, ZnO was firstly deposited on the support via atomic layer depo-
sition (ALD), followed by a ligand vapor phase secondary growth. The
idea of vapor phase growth was later adopted by Jeong et al. [74] for
ZIF-8 membrane fabrications (Fig. 13a — c). A layer of seeds previously
deposited onto alumina support under microwave treatment was
exposed to a vapor environment composed of a mixture of water and
ligand, transforming the seed layer into membranes. Later, Li et al. [75]
established a sol-gel vapor deposition method to deposit ZIF-8 mem-
brane on the shell side of ethylenediamine-modified PVDF hollow fiber
in Fig. 13d. In this method, a layer of zinc gel, Zn(CH3COO),, was coated
onto the hollow fiber followed by 2-methylimidazole vapor treatment at
150 °C.

In 2018, Ma and Tsapatsis et al. [76] developed an all-vapor-phase
approach using the atomic layer deposition (ALD) technique as depic-
ted in Fig. 13e. Three steps were involved in this approach, as explained
in the following. Firstly, a macroporous a-alumina substrate was coated
by a layer of mesoporous y-alumina with a thickness ~5 pm. Secondly,
the coated substrate was subjected to a diethylzinc vapor in which the
metal source reacted with the hydroxyl groups of the y-alumina to form
hydroxylated ZnO in the presence of water vapor. The ZnO deposits

) A-alumina

(a) +  substrate
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could fully fill the mesopores of y-alumina by 10 ALD cycles, resulting in
a gas impermeable ZnO-y-alumina layer. Finally, the ZnO-y-alumina was
treated by ligand vapor using ALD, from which the ZnO deposit was
transformed to a ZIF-8 membrane. This all-vapor ALD-based method
eliminates use of solvent and can be a general approach for other MOF
membrane fabrications.

2.1.6. Electrochemical synthesis

Another novel development in recent years is the electrochemical
synthesis approach. In the past decade, this approach has been used for
MOF particulate or MOF film synthesis [115,116]. A number of MOF
films such as MOF-5, HKUST-1, UiO-66, and ZIFs were reported. The key
advantage of electrochemical-based synthesis is the ‘defect self-healing’
mechanism during membrane formation. A conductive electrode will be
covered by a non-conductive MOF layer during the synthesis, leaving the
uncovered surface to be continually deposited by MOF crystals. Mem-
brane growth will continue until the entire electrode surface becomes
non-conductive due to the full coverage by the MOF membrane. The
defects could be gradually healed by the electric current in this process,
forming a continuous membrane with relatively low defect density.

In 2018, Agrawal et al. [77] developed an electrophoretic nuclei
assembly approach referred to ENACT to grow ZIF-7 and ZIF-8 mem-
branes. They used electric current to deposit a layer of negatively
charged seeds on anodized aluminum oxide (AAO) support, followed by
a secondary growth for 10 h. Later on, Wang’s group [78] established a
“fast current-driven synthesis” (FCDS) to fabricate ZIF-8 membranes on
AAO discs. In this method, the anode and cathode were separated into
two compartments containing the same precursor solution prepared by
dissolving zinc acetate and 2-mIm in methanol. A macroporous mem-
brane separated the two compartments, with one located at the anode
and the other situated at the cathode. A continuous membrane was
obtained at the cathode under a current density of 0.7 mA cm 2. In
2019, Lai et al. [79] established an aqueous cathodic deposition (ACD)
approach. The authors used a simple apparatus set-up with only a beaker
and a power source, as shown in Fig. 14. A ZIF-8 membrane was suc-
cessfully fabricated in a precursor using water as a solvent. The authors
identified an optimal current density that ensures both rapid membrane
growth and low water hydrolysis. A continuous ZIF-8 membrane with
thickness of 500 nm was formed at cathode in 1 h under a current
density of 0.13 mA cm™2.

2.2. Development of polycrystalline ZIF-8 membranes for gas separations

2.2.1. ZIF-8 membrane fabrications

Chen et al. [117] firstly reported ZIFs followed by Yaghi et al. [64] in
2006. Among many ZIFs, ZIF-8 with sodalite (SOD) topology is most
extensively investigated for gas separations. ZIF-8 framework is built by
periodic coordination of zinc ions and 2-methyimidazoles (2-mIm). The
framework has a crystallographically defined six-membered ring aper-
ture of ~3.4 A (blue dashed line in Fig. 15a). This makes ZIF-8 a po-
tential candidate for carbon capture applications such as CO5/Ny and

Fig. 12. (a) Schematic representation of the liquid phase epitaxy (LPE) approach for the synthesis of ZIF-8 membrane. (b) Top and (c) cross-section view of SEM
images of the prepared ZIF-8 membranes. Reproduced with permission from Ref. [73] The Royal Society of Chemistry.
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CO4/CH4 separations as the aperture size perfectly sits between mole-
cule size of CO, and N,. However, it was found that ZIF-8 does not
exhibit a satisfactory sieving property towards these molecules [118,
119]. An adsorption study conducted by Li and co-workers [120]
showed that ZIF-8 is a suitable material for kinetic separation of C3Hg
from CgHg with an ideal diffusion selectivity of ~125 [120]. Later,
Zhang et al. [121] found that besides C3Hg (kinetic diameter: 4.03 i\)
and C3Hg (kinetic diameter: 4.16 A), even larger molecules (e.g., n-C4Hg,
i-C4Hg, n-C4H;, and i-C4Hj¢) can diffuse through ZIF-8. These findings
suggest that the aperture of ZIF-8 is not rigid and therefore can
accommodate larger molecules during gas adsorption. This phenome-
non was further studied by a computational simulation [119], showing
that the swing motion of 2-mIm linkers in ZIF-8 widen the six-membered
ring aperture size to ~4.0 A which is exactly sitting between the sizes of
C3H6 and C3H8.

Caro et al. [87] synthesized the first ZIF-8 membrane in 2009. They

11

demonstrated ZIF-8 membrane could be a good candidate for hydrogen
purification. In 2012, Lai et al. [122] first proved that ZIF-8 membranes
were promising for C3Hg/C3Hg separation with a selectivity of 45 and
C3Hg permeance of 61 GPU. The separation performance was shown to
have surpassed both polymer and carbon molecule sieve (CMS) mem-
branes (Fig. 16a — b). Since then, the majority of the research efforts on
ZIF-8 membrane have gravitated towards CsHe/CsHg separations.
Advancement in ZIF-8 membrane synthesis continues with the devel-
opment of a green synthesis protocol. Lai et al. [123] first reported ZIF-8
synthesis in an aqueous solution at room temperature and later applied a
similar concept for the fabrication of ZIF-8 membranes on the shell side
of ceramic hollow fibers (Fig. 16¢ — d). Since then, many reports have
adopted similar synthesis protocols, opening up more opportunities for
ZIF-8 membranes for other separations.

ZIF-8 membrane synthesis in the early studies before 2015 generally
used conventional methods, including in-situ, seeding and secondary
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Fig. 16. (a) Top and cross-section SEM images of the ZIF-8 membranes prepared by Lai and co-workers [122]. (b) C3Hg/C3Hg separation performances of the
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hollow fibers by Pan et al. [124] (d) Top and cross-section SEM images of the membranes. Reproduced with permission from Ref. [122] Copyright 2011 and ref.

[124] Copyright 2012 Elsevier B.V.

growth, and contra-diffusion. Caro et al. [87] were the first to adopt the
in-situ method to fabricate ZIF-8 membranes. They used titania as the
support with the synthesis assisted by microwave. Sodium formate was
added into the precursor to facilitate the deprotonation of 2-mIm linkers
[87,125]. The resultant membrane had a thickness of ~30 pm and
exhibited a selectivity of ~11 for Hy/CH4 gas pair. In-situ growth of
ZIF-8 membrane was also reported on SigN4 hollow fiber and the
resultant membrane had an Hy/CO3 selectivity of ~12 [126]. Various
ZIF-8 membranes for gas separations synthesized on modified supports
using covalent linkers such as 3-aminopropyltriethoxysilane (APTES)
[127,128], 3-(2-imidazolin-1-yl)propyltriethoxysilane (IPTES) [129],
polydopamine [95], and ZnO have been reported.

Secondarily grown ZIF-8 membranes on a-alumina supports by Lai
etal. [122] had a thickness of ~2.2 pm and displayed much higher C3Hg
permeance than its polymer and CMS counterparts as illustrated in
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Fig. 16a — b. Later, a (100) oriented ZIF-8 membrane on PEI-modified
alumina support was successfully fabricated using this approach
[130]. The membrane showed a sharp molecular sieving for Hy/C3Hg
gas pair with a selectivity of ~300. Seeding and secondary growth
method were also applied to hollow fiber supports [124,131-134]. For
example, a 2 pm thick ZIF-8 membrane was grown on the shell side of
yttria-stabilized zirconia (YSZ) hollow fiber (Fig. 16c — d) and achieved
high Hy permeance of 5077 GPU and Hy/C3Hg ideal selectivity of 500
[124]. In general, research works mentioned above mainly used stan-
dard coating methods (e.g., dip coating). In contrast, a ‘direct seed
synthesis’ method was reported by Jin et al. [110], who introduced the
seed precursor onto the bore of the hollow fiber and allowed the seeds to
grow on the support surface directly.

Contra-diffusion and its variance, interfacial microfluidic processing
previously discussed in Section 2.1.3 were firstly developed for ZIF-8
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membrane fabrications. Both of the resultant membranes were tested for
Hy/No and C3Hg/C3Hg separations, with the latter showed C3Hg/C3Hg
selectivity of ~12 [72]. Membrane selectivity and permeance can be
improved to ~70 and ~80 GPU, respectively, by tuning synthesis pa-
rameters such as nature of the metal salts and modulator (e.g., sodium
formate) to ligand ratio [135]. Later, a number of ZIF-8 membranes
fabricated using this approach were reported [136-139].

Membrane separation performances could be improved via sol-gel
vapor deposition method from which a ZIF-8 membrane with a thick-
ness of ~87 nm was achieved [75] and exhibited exceptional C3Hg
permeance of 836 GPU while maintaining a satisfactory CgHg/CsHg
selectivity of 67. The membrane thickness could be further downsized to
~17 nm, making it the thinnest membrane reported so far. The
ultra-thin membrane was tested by single gas permeation and exhibited
C3Hg permeance of ~2500 GPU with a selectivity of ~45. The
all-vapor-phase approach using atomic layer deposition (ALD) tech-
nique resulted in a ZIF-8 membrane with an excellent C3Hg/C3Hg
selectivity (~100) with high CsHg permeance (>300 GPU) [76]. The
membrane can sustain this separation performance up to 7 bars, making
it to be extremely attractive for industrial scale-up.

For electrochemical synthesis, ZIF-8 membrane obtained from elec-
trophoretic nuclei assembly approach by Agrawal et al. [77] exhibited
high C3Hg permeance of 298 GPU with a C3Hg/C3Hg selectivity of ~32.
The selectivity could be improved via “fast current-driven synthesis”
(FCDS), from which the obtained ZIF-8 membrane exhibited extremely
high CgHg/CsHg selectivity of ~305 (highest reported to date) while
maintaining good C3Hg permeance of ~52 GPU [78]. The extremely
high selectivity is attributed to distortion of ZIF-8 lattices by an electric
field which partially transformed ZIF-8 into a new polymorph (i.e.,
monoclinic Cm space group) with stiffer networks (Fig. 17a). This lattice
distortion decreased the pore aperture of ZIF-8 from 3.4 to 3.6 At 3.1
A, resulting in an improved sieving effect. This observation was sup-
ported by an online C3Hg/CsHg gas testing of a ZIF-8 membrane via
switching on and off the electric field at 500 V m'in Fig. 17b [140]. The
FCDS approach was later used to deposit a ZIF-8 membrane on poly-
propylene support [141]. The resultant ZIF-8 membrane exhibited a
C3Hg/C3Hg selectivity of ~122 with a permeance of ~16 GPU. A
bending test was performed to assess mechanical strength of the ZIF-8
membrane with an initial C3He/C3Hg selectivity of ~110 and CgHg
permeance of ~4 GPU (Fig. 18a). The membrane separation perfor-
mance was well maintained after bending with a curvature of <92 m™,
suggesting high flexibility and mechanical strength. This study provides
an insight to fabricate flexible ZIF-8 membranes for CsHg/CsHg sepa-
ration. Further research however is encouraged to improve CsHg per-
meance to make the membrane performance more competitive.

ZIF-8 membrane with stiff frameworks synthesized using the FCDS
approach could increase selectivity but come at the expense of
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permeance. Meanwhile, the aqueous cathodic deposition (ACD)
approach by Lai et al. [79] significantly improved the permeance of
C3Hg to 182 GPU while maintaining a high C3Hg/C3Hg selectivity of 142
(Fig. 18b - ¢). One important thing to highlight here is that the ACD
approach adopts water as the solvent and the synthesis is carried out at
room temperature in an open environment, enabling an environmen-
tally friendly synthesis protocol. Combined with a simple synthesis
setup, ACD could be a potential candidate for scale-up production of
MOF membranes.

2.2.2. Pushing separation limit of ZIF membranes for CsHg/CsHg
separation

There have been constant efforts to further improve ZIF-8 membrane
performances for C3He/C3Hg separation. It is worth mentioning that,
like any other gas separation membranes, ZIF-8 membranes also suffer
from a trade-off between selectivity and permeance. For selectivity
improvement, defect elimination is the first priority. This can be done
via support functionalization, delicate synthesis approach, secondary or
even tertiary growth, and post-synthetic treatment. The synthesis ap-
proaches discussed in the previous sections have demonstrated the
importance of the synthesis process to minimize defects. For the post-
synthetic treatment, one strategy to consider is to apply a thin layer of
polymer to seal membrane defects [142]. It has been proved that poly-
dimethylsiloxane (PDMS) coating could improve the CsHe/C3Hg selec-
tivity by up to ~20 times for ZIF-8 membranes [142].

Another strategy for selectivity improvement is to increase frame-
work rigidity (i.e., suppressing the linker swing motion). It has been
discussed in the previous section that this can be achieved by applying
an electric field. Another way is to use mixed metal or mixed ligand
approach. ZIF-8 and ZIF-67 are iso-structures with the same SOD to-
pology but with different metal centers (i.e., Co ions for ZIF-67 and Zn
ions for ZIF-8). ZIF-67 has a more rigid framework and slightly smaller
aperture size than ZIF-8, which could improve membrane selectivity.
Jeong et al. [143] employed this strategy to fabricate a composite
ZIF-8/ZIF-67 membrane (Fig. 19a — c). They used a heteroepitaxial
growth approach from which a layer of ZIF-8 seed was firstly deposited
on the substrate, followed by a secondary growth in the ZIF-67 precur-
sor. The resultant membrane underwent a tertiary growth in the ZIF-8
precursor to improve membrane grain boundaries. The formed ~1 pm
thick ZIF-8/ZIF-67 membrane exhibited an exceptional CgHg/CsHg
separation performance with a selectivity of ~200 and C3Hg permeance
of ~110 GPU.

This strategy is further explored by Caro and Wang et al. [144], who
mapped the relationship between Co/Zn ratio and C3Hg/C3Hg separa-
tion performances. They used the FCDS method to synthesize a series of
bimetallic ZIF-8 membranes with different Co/Zn ratios and compared
the resulting C3Hg/CgHg separation performances. They demonstrated
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Fig. 17. (a) Schematic illustration of ZIF-8 structural transformation from cubic I-43 to monoclinic Cm polymorph. (b) C3He/C3Hg separation performance induced
by switching on and off the electric field. Reproduced with permission from Ref. [78] Copyright 2018 and ref. [140] Copyright 2017 American Association for the

Advancement of Science.
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Fig. 18. (a) C3He/C3Hg separation performance of polypropylene supported ZIF-8 obtained from fast current-driven synthesis (FCDS) before and after bending test.
(b) Top and cross-section SEM images and (c) C3He/CgHg separation performance of ZIF-8 membrane obtained from aqueous cathodic deposition (ACD) approach.
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Fig. 19. (a) A schematic illustration of heteroepitaxial growth approach for ZIF-8/ZIF-67 membrane formation. (b) Cross-section SEM images and (c) energy-
dispersive X-ray elemental mapping of the membranes. (d) Schematic illustration of ZIF-78 membrane activation thorough slow drying approach. Reproduced
with permission from Ref. [143] Copyright American Chemical Society and ref. [145] Copyright 2012 The Royal Society of Chemistry.

that with the optimum Co/Zn ratio of 82/18, the hybrid membrane
could give a selectivity of 200 with a permeance of 42 GPU. The high
performance was believed to originate from the (100) oriented growth,
which increases the framework rigidity and reduces the grain boundary
defects.

Three strategies have been applied for permeance improvement: a)
thorough membrane activation, b) membrane thickness reduction, and
c) post-synthetic modification via linker exchange. The ZIF-8 membrane
obtained from solution-based synthesis usually requires activation to
remove the residual water and reactants within the pore. Otherwise, the
impurities could block the pore and significantly reduce the gas per-
meance. Our unpublished data suggest that the gas permeance could be
improved by 4-5 times after a careful membrane activation. The acti-
vation is usually conducted by immersing the membrane in a methanol
solution for a few days following by a drying process via heating, vac-
uum, or ambient condition evaporation. During drying, there is a large
concentration gradient of methanol between the pore and the sur-
roundings. Rapid diffusion of methanol could damage MOF structures,
creating defects. To avoid this, Jin et al. [145] developed a method in
which the membrane was slowly dried under a methanol vapor envi-
ronment (Fig. 19d). This method better preserved the quality of the
membrane, and hence its gas separation performance. The approach was
proven to be effective in improving gas separation performance of ZIF-8
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membranes [146]. The recently developed all vapor phase ZIF-8 mem-
brane synthesis can literally avoid the activation process. The membrane
showed a significant improvement in C3Hg permeance while maintain-
ing good CgHg/CsHg selectivity when compared to ZIF-8 membranes
prepared using the conventional solution-based approach [76,146].

Improving permeance through thickness reduction is the most
straightforward way used in many published works. It has been found
that seeding and secondary growth could reduce the membrane thick-
ness from ~30 pm [87] to ~2 pm [122]. Recently published works have
demonstrated that synthesizing an even thinner ZIF membrane (thick-
ness <1 pm) using a secondary growth approach is possible. For
example, Lee et al. [147] fabricated 800 nm thick ZIF-8 membrane on
the lumen side of Matrimid® 5218 hollow fiber using microwave
seeding followed by secondary growth. Vapor phase synthesis and
current-driven synthesis can produce even thinner ZIF membranes
(thickness <500 nm). These ultrathin membranes exhibited high C3Hg
permeance (>100 GPU) while maintaining a good selectivity (>30) [79,
144]. Recently, Zhong et al. [148] fabricated an ultrathin ZIF-8 mem-
brane (45-150 nm) via interface layer polarization induction as illus-
trated in Fig. 20a — c. The membrane was deposited onto a PDMS
modified polysulfone (PSF) (named ZIF-8-PDMS-PSF hereafter) and
exhibited an ultrahigh C3He permeance of 2000-3000 GPU and a
selectivity of 90-120.
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Fig. 20. (a) Schematic illustration of the interface layer polarization induction method. Electron micrographs of ZIF-8-PDMS-PSF: (b) top and (c) cross-section view.
(d) Schematic illustration of post-synthetic linker exchange strategy to tune the effective thickness of ZIF-8 membranes. (e) C3He/CsHg separation performances of
ZIF-8 membranes after Ica linker exchange. Reproduced with permission from Ref. [149] and ref. [148], Copyright 2018 and Copyright 2020, respectively,

Wiley VCH.

A post-synthetic strategy was brought onto the table to further push
the gas permeance beyond activation and synthesis. Jeong et al. [149]
developed a post-synthetic linker-exchange (PSLE) method to enlarge
the pore size of the ZIF-8 membrane after synthesis shown in Fig. 20d -
e. In this method, as-synthesized ZIF-8 membrane was immersed in a
methanolic solution of 2-imidazolecarboxaldehyde (Ica) to allow for
linker exchange followed by treatment with dodecylamine. After the
treatment, the membrane surface has linkers being exchanged by Ica and
become more hydrophobic due to condensation reaction between Ica
and dodecylamine. The membrane was then tested for CgHg/C3Hg sep-
aration and showed a 4-fold higher C3Hg permeance (~233 GPU) than
those without linker exchange without a significant decrease of mem-
brane selectivity (40).

In general, most of the ZIF-8 membranes have better C3He/C3Hg
separation performance compared to polymeric membranes. It is worth
mentioning here that performances of polymeric membranes are often
reported in permeability (Barrer) while MOF membranes are in per-
meance (GPU). To give a direct comparison, Smith et al. [10] introduced
a score metric system (named as ‘Smith score metric’ hereafter). The
authors first drew a Robeson upper bound in which the permeabilities of
polymeric membranes were converted to permeances by assuming that
the membranes are 100 nm in thickness. Then, each polycrystalline MOF
membrane was scored by comparing the perpendicular distance be-
tween the data point and the boundary line on the graph. A positive
value will be given if the data sit above the line. Fig. 21 plotted the
top-performing ZIF membranes. It is clear that the majority of data
sitting beyond the boundary (red line) are ZIF-8-based membranes,
which strongly indicates that ZIF-8 serves as a much better candidate for
C3Hg/C3Hg separation when compared to polymeric membranes.

2.3. Polycrystalline MOF membranes for other gas separations

While ZIF-8 membranes have been most extensively studied for
C3He/CgHg separation, they also remain the most popular candidate for
other gas separations. Beside ZIF-8, other types of MOFs including other
ZIFs (e.g., ZIF-L, ZIF-7, ZIF-9, ZIF-22, ZIF-67, ZIF-68, ZIF-69, ZIF-90, ZIF-
93, ZIF-94, and ZIF-100), HKUST-1 derivatives, UiO-66 derivatives, and
MILs were also studied for gas separations. A number of industrially
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Fig. 21. Top-performing ZIF-8-based membranes for C3Hg/C3Hg separations.
The Upper bound is drawn assuming a polymeric membrane thickness of 100
nm based on the data published by Smith et al. [10].

important gas pairs such as Hyo/COy, CO2/N3, CO2/CHy, No/CHy, and
N,/O, were studied. Recently, applications of MOF membranes have
also been extended to capture other gases such as Xenon from air [150]
and ammonia from Hy and/or Ny [151].

In this section, we briefly reviewed the reported MOF membranes for
H5/CO,, CO2/Ny, and CO,/CHy separations as they attracted the most
industrial and research attentions. We used the ‘Smith score metric’ [10]
as a reference and selected a range of typical MOFs that could represent
the separation performance within their associated material class.

2.3.1. Hy/CO; separation
By virtue of its small molecular size, hydrogen is relatively easy to be
separated compared with other gases. Fig. 22 shows the Hy/CO; sepa-
ration performances of the reported MOF membranes when compared to
polymeric boundary (red line) drawn based on the ‘Smith score metric’.
It is no surprise that ZIF-8 remains the top candidate for Hy/CO»
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separation due to its small pore size and well-designed membrane
structures. Wang et al. [152] fabricated a highly Hy-selective ZIF-8
membrane by growing membranes onto graphene oxide (GO) nano-
sheets via an alternate source immersion method. The GO was firstly
immersed to the Zn?* source to anchor the metal ions onto the GO
surface, followed by a secondary reaction in the ligand source. The
resulting membrane showed an excellent Hyo/CO, separation perfor-
mance with a selectivity of 406 and Hy permeance of 240 GPU [152].
Another high-performance ZIF-8 membrane (thickness of 100-200 nm)
was prepared on a CNT/PTA-coated alumina support, showing unprec-
edentedly high Hy permeance of 85,736 GPU with a selectivity of 14
[153]. High Hy permeance membrane could also be fabricated on an
APTES-modified alumina tubular support via contra-diffusion, showing
exceptional Hy permeance of 171,000 GPU with an Hy/CO- selectivity of
17 [154].

Support modification method was also extended to other ZIFs. For
example, Zhong et al. [155] fabricated a ZIF-9 membrane (thickness, 50
pm) on APTES-modified support, showing high Hy permeance of 22,200
GPU and selectivity of ~14. The high performance was attributed to the
APTES functionalized surface, which induced a pore size shrinkage from
4.3 A to 3.2 A, improving the sieving effects towards COs. To further
improve the selectivity of ZIF-9, a post-modification strategy could be
adopted. For example, the as-synthesized ZIF-9 membrane was coated
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by a layer of ionic liquid/CNT mixture, which improved the Hy/CO,
selectivity to 40 while maintaining satisfactory Hy permeance of 1627
GPU [156]. An APTES modified support was used for ZIF-95 membrane
synthesis, resulting in Hy permeance of 7340 GPU with an Hy/CO,
selectivity of 35 [157]. The Hy permeance is promising in light of the
relatively high thickness of the membrane (~30 pm). It is worth pointing
out that the ZIF-95 membrane has exceptionally high thermal stability
hence able to tolerate high temperatures up to 500 °C.

Other than ZIFs, NHp-MIL-53(Al) and NH,-Mg-MOF-74 are two po-
tential candidates with standout performances for Hy/CO5 separation.
Zhang et al. [103] fabricated a 15 pm thick NH,-MIL-53(Al) membrane
on a macroporous glass frit via a seeding and secondary growth
approach. The resultant membrane has an ideal Hy/CO; selectivity of
18.5, which could be further improved to 31 in a mixture gas separation.
The authors attributed this improvement to competitive gas adsorption.
The membrane on-stream stability study showed a ~20% reduction in
Hy/CO; selectivity when the temperature was increased from 25 °C to
80 °C. An NHy-Mg-MOF-74 membrane was fabricated on a MgO modi-
fied alumina support followed by a post-modification using ethyl-
enediamine as illustrated in Fig. 23a - c [158]. Diamine on the
functionalized surface imposes a ‘pore blocking’ effect and reduces CO,
mobility via COz-amino group interactions. Hy/CO2 selectivity of the
membrane was improved from 10.5 to 28 after post-modification. It is
somewhat counter-intuitive considering the pore aperture of MOF-74
a1 f\) is far beyond the CO, kinetic size (3.3 f\).

The membranes for Hy/CO, separation mentioned above are all
based on 3D MOFs. In recent years, there is a prolific development of 2D
MOFs for various applications. The potential of 2D MOF membranes for
gas separation has also been reported. Peng et al. [159] successfully
exfoliated Zny(bIM)3 nanosheets (thickness of 1.6 nm) via a top-down
approach using wet ball-milling and ultrasonication of 3D crystals
(Fig. 23d). A nanosheet suspension was then deposited onto a preheated
alumina support and dried at the same temperature for 1 h. The obtained
membrane showed a high Hy/CO- selectivity of 130 with Hy permeance
of 3136 GPU. The excellent performance is attributed to the pore size of
Zny(bIM)3 nanosheet, which has an aperture of 2.9 A perfectly sitting
between the kinetic diameters of Hy (2.89 Z\) and CO, (3.3 f\).

Another interesting 2D MOF is MAMS-1 which could be exfoliated
into 12-40 nm nanosheets in Fig. 24 [160]. The nanosheet has dual pore
apertures perpendicular to each other. One pathway (PW1) has a pore
size of ~2.9 A and is perpendicular to the basal plane, while the other
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Fig. 23. (a) A schematic representation of the fabrication method for NH,-Mg-MOF-74 membrane. (b) Top and (c) cross-section SEM images of the NH,-Mg-MOF-74
membrane. (d) Schematic illustration of the nanosheet exfoliation and membrane fabrication process of Zny(bIM);. Reproduced with permission from Ref. [158]

Copyright 2014 Elsevier B.V and ref. [159] Copyright 2017 Wiley VCH.
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Fig. 24. (a) An SEM image of MAMS-1. (b), (c), (d), and (e) illustrate the crystal structures of MAMS-1. All the images were reproduced with permission from

Ref. [160] Copyright 2017 Springer Nature.

(PW2) has a pore size of 5.0 A and is parallel with the basal plane. PW1
functions for Hy sieving while PW2 facilitates rapid gas redistribution.
The synergistic effects of the two channels make the MAMS-1 nanosheet
a promising material for high flux and high Hj-selective membranes.
The nanosheets were coated onto an AAO support to create a membrane
showing an exceptionally gas separation performance with a selectivity
268 and permeance of 800 GPU, which represents one of the best
Hy/CO, separation performances based on the ‘Smith score metric’ [10].
The MAMS-1 membrane also showed a thermal-switchable response up
to 100 °C towards Hy permeance due to structural flexibility. The per-
meance increased with temperature from —20 °C to 40 °C but decreased
with temperature from 40 °C to 100 °C. The H; permeance was partially
reversible when the temperature was reduced from 100 °C to 40 °C. In
contrast, CO, permeance remains stable at around 1-3 GPU. Overall, the
membrane demonstrates the best gas separation performance at 40 °C.

Based on the works we reviewed for Hy/CO, separation, the
following comments can be made:

e MOF membranes offer high Hy/CO, separation performances sur-
passing that of polymer membranes.

e The majority of the reported MOF membranes readily achieve a
satisfactory Hy permeance >200 GPU. This is because of two reasons.
Firstly, Hy has intrinsically high diffusivity owing to its small kinetic
size. Secondly, support functionalization by carbon-based materials
can improve Hy permeance, which has been observed in a number of
ZIF membranes [152,153]. This is somewhat expected since
carbon-based materials (e.g., GO, CNT, etc.) can facilitate molecular
diffusion which has been well-documented in liquid separations.
Kinetic-based gas separation is more attractive than equilibrium-
based separation for high-resolution Hy/CO, separation, as
observed in Zny(blM)3; and MAMS-1 membranes.

2.3.2. CO2/CH4 separation

Removal of CO5 from natural gas to meet pipeline specifications is an
important step before the gas is transported. Pursuing a MOF membrane
for COy/CH4 separation has been an interest in the membrane
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community. Fig. 25 shows the CO2/CH,4 separation performances of the
reported MOF membranes compared with polymer upper bound (red
line) drawn based on the ‘Smith metric score’.

Similar to Hy/CO; separation, ZIF-8 remains one of the most studied
MOFs for CO2/CH4 separation. However, the majority of reported ZIF-8
membranes showed COy/CHy selectivity of 3-10 and CO; permeance of
100-10,000 GPU, suggesting that the material is not a good candidate
for COo/CHy separation in terms of selectivity. To further explore its
potential, a post-modification strategy was adopted. For example,
Jomekian et al. [161] fabricated a ZIF-8 membrane on a poly-
phenylsulfone (PPSF) followed by a PDMS coating. They found that the
selectivity of CO2/CH4 could be improved from 6.4 to 14.1 while
retaining high CO, permeance of 925 GPU. In addition, they compared
the separation performances of ZIF-8 membranes prepared by different
approaches and demonstrated that the LbL approach resulted in a better
separation performance compared with the in-situ growth approach
[161]. Agrawal et al. [162] recently introduced a post-synthetic heat
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Fig. 25. Top-performing MOF membranes for CO,/CH4 separation. Upper
bound drawn assuming a polymeric membrane thickness of 100 nm based on
Smith et al. [10].
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treatment strategy that treated the as-synthesized ZIF-8 membrane at a
high temperature (~360 °C) for a few seconds. The heat-treated mem-
brane (hereafter, Heat-ZIF-8) exhibited a significant improvement in
CO4/CH4 separation with the COy/CH4 selectivity increased from 3 to
30. The CO; permeance decreased from 4876 GPU to 120 GPU after the
heat treatment. The authors attributed the improved gas selectivity to
the stiffened ZIF-8 framework induced by the heat treatment.

Another strategy to improve the CO,/CHy separation performance of
the ZIF-8 membrane is through a mixed-linker approach. Wang and co-
workers [163] incorporated benzimidazole (bIm, ZIF-7 ligand) to ZIF-8
precursor and fabricated a ZIF-7/ZIF-8 hybrid dual-linker membrane
(hereafter, ZIF-7-8) on AAO support. ZIF-8 membrane with 22% bIm
incorporation in the framework (i.e., ZIF-725-87g) exhibited a CO5/CH4
selectivity of 25 with CO2 permeance of ~45 GPU, which is a significant
improvement compared with its original selectivity (~3.4). Yeo et al.
[164] fabricated a ZIF-8/Zeolite T hybrid membrane via seeding and
secondary growth approach. A layer of ZIF-8 seed was firstly coated onto
alumna support, followed by a secondary growth of zeolite T. The ob-
tained composite membrane exhibited a COy/CHy selectivity of 181
with COy permeance of 163 GPU. This hybrid material is the second
MOF-based membrane and the only ZIF-8-based membrane sitting
beyond the polymer boundary for CO2/CH4 separations, as clearly
shown in Fig. 25.

Other ZIF-based membranes, including ZIF-9, ZIF-22, ZIF-93, ZIF-94,
etc., were also reported, but the majority of them suffer from low
selectivity (<5). Among them, the ZIF-94 membrane fabricated by
Cacho-Bailo et al. [165] exhibited slightly better performance. The
membrane was grown on a P84 hollow fiber via a microfluidic approach
followed by a post-modification using nonylamine. The membrane after
post-modification showed a CO5/CHy4 selectivity of 27.8 with a signifi-
cant improvement in the CO5 permeance (15.7 GPU) compared with its
unmodified counterpart (3.5 GPU). The permeance improvement was
attributed to the enhanced CO5 sorption capacity in the alkyl-modified
membrane in which ZIF-94 underwent a topological transformation
from SOD to RHO. This transformation could weaken the CO»-aldehyde
interaction owing to the relatively less dense RHO framework.

Other MOFs besides ZIFs were also extensively studied for CO2/CHy4
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separation. Among them, HKUST-1, MIL-53-NH,, CAU-1, UiO-66, and
IRMOF-1 are highlighted here owing to their relatively better CO2/CH4
separation performances. HKUST-1 membrane with a thickness of ~40
pm was fabricated onto a hollow alumina fiber using a contra-diffusion
approach [166]. The resultant membrane had a high CO,/CH4 selec-
tivity of 40.7 but suffered from a relatively low CO5 permeance (7.32
GPU). Similar to ZIFs, separation performances of the membranes can be
improved by synthesizing hybrid materials. For example, MIL-53-N-
Hjy(Al)/organosilica hybrid membrane with a thickness ~100 nm was
fabricated onto silica-modified ceramic support [167]. An
as-synthesized MIL-53-NHjy(Al) was firstly mixed with organosilica fol-
lowed by a dip coating onto support. The coated support underwent a
heat treatment at 300 °C under N5 atmosphere. The membrane obtained
was further coated by another layer of organosilica followed by drying
and calcination. The resulting composite membrane exhibited a good
CO2/CH4 separation performance with a CO2/CHy4 selectivity of 18.3
and CO, permeance of 430 GPU. A CAU-1 membrane was fabricated via
a seeding and secondary growth approach, as shown in Fig. 26a —
d [168]. Energy dispersive X-ray (EDX) elemental mapping shows the
alumina support provides some aluminum source during secondary
growth, improving the adhesion between the membrane and the sup-
port. The obtained membrane has high CO2 permeance (3940 GPU) with
a COy/CHy4 selectivity of 14.8. High selectivity was due to increased CO4
sorption and diffusion in the CAU-1 frameworks compared to other
gases.

Compared with CAU-1, a UiO-66 membrane modified by polydop-
amine (named as UiO-66/PDA hereafter) presented in Fig. 26e — g had a
better CO2/CHy4 selectivity (51.6) while maintained good CO; per-
meance (1115 GPU) [169]. This membrane was fabricated by depositing
a layer of PDA on an as-synthesized membrane supported on the AAO
disc. The improved CO5/CH4 separation performance, compared with
pure UiO-66, was attributed to a combination of preferred CO»
adsorption and the defect healing effect of PDA. The membrane was also
tested under humid gas conditions and showed consistent performances
attributable to high intrinsic hydrothermal stability of UiO-66.

An IRMOF-1 membrane was fabricated via seeding and secondary
growth approach on alumina support (Fig. 27) [170]. The resulting
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Fig. 26. (a-b) SEM image of the surface and cross-section of the CAU-1 membrane. (c—d) EDX elemental mapping of the membrane and alumina tubes (green = C and
red = Al). Images were taken from Ref. [168] Copyright 2014 The Royal Society of Chemistry. (e) A schematic representation of the fabrication method for
UiO-66/PDA membrane. SEM images of UiO-66 membrane (f) before and (g) after PDA modification Reproduced with permission from Ref. [169] Copyright 2019
American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Sum

membrane has a CO2/CHjy4 selectivity below 10 when the feed mixture
has CO; content below ~60%. Surprisingly, membrane selectivity was
increased to a maximum of 328 with CO5 permeance of 761.2 GPU when
CO, content was increased to ~80%. Further increasing CO> content
towards 100% gradually decreased the selectivity from 328 to ~100.
This phenomenon was attributed to an adsorption-diffusion mechanism.
At lower to moderate CO; content, the strong adsorption of CO; on the
pore walls reduces the concentration gradient of CHg, thus, its associated
diffusivity. The lower diffusion rate of CHy4 also reduces the CO diffu-
sion rate due to multicomponent effects. At higher CO5 content, a higher
amount of CO4 adsorption occurs within the pores, significantly block-
ing the diffusion path of CH4. As a result, the CO2/CH4 selectivity
increased sharply. Further increase in CO5 content weakened the driving
force of the concentration gradient, reducing the CO diffusivity. As a
result, CH4 diffusivity increased due to multicomponent effects,
lowering the CO2/CH4 selectivity [170]. The phenomenon observed was
not reported for other IRMOFs, demanding further study to understand
the mechanism fully. Since the IRMOF-1 membrane requires the feed gas
of high CO, content, it is a potential candidate for low-grade COy
upgrading.

Table 1 shows all the top-performing MOF membranes mentioned
above, along with their associated CO,/CHy4 separation performances.
Based on the data and scientific content reviewed in this section, the
following comments can be made.

e Most of the reported COy/CH4 separations are based on adsorption
selectivity.

Table 1
A summary of CO,/CH4 separation performance of top-performing MOF
membranes.

Journal of Membrane Science 640 (2021) 119802

Fig. 27. SEM images and EDX of the
IRMOF-1 membrane: (a) top, (b-c) cross-
section, and (d) EDX elemental mapping of
membrane cross-section in (c), color code:
green = Zn, red = Al (e) Gas transport
mechanism through IRMOF-1 membranes
under low CO, content and high CO, con-
tent. Reproduced with permission from
Ref. [170] Copyright 2016 John Wiley and
Sons. (For interpretation of the references to
color in this figure legend, the reader is
referred to the Web version of this article.)

Pure ZIF-8 membranes without post-modification are not capable to

provide a satisfactory performance for COy/CH4 separation.

e IRMOF-1 and ZIF-8/Zeolite-T composite are the only two reported
membranes that sit beyond the Robeson boundary based on the
‘Smith score metric’ so far.

e CAU-1 membrane is a potential candidate to compete with the

commercially available polymeric membranes (selectivity of ~10

and permeance of ~100 GPU) in its pure form.

UiO-66/PDA serves as the best candidate for CO,/CH4 separation

considering its ease of fabrication and high hydrothermal stability.

2.3.3. Carbon capture (CO2/N3)

Carbon capture has become an increasingly important topic with the
rising awareness of climate change. Driven by the global demand, MOF
membranes for CO,/Ny separation have also drawn an extensive
research effort. Fig. 28 shows the CO3/Ng separation performance of the
reported MOF membranes when compared with polymeric boundary
(red line) drawn based on the ‘Smith metric score’.

Similar to CO5/CH4, pure ZIF-8 membranes without post-
modifications are unable to provide satisfactory CO2/Ny separation
performances. Post-modification or hybrid strategy can be adopted to
improve performances of the membranes. Owing to the relatively
similar kinetic size of N5 (3.64 10\) and CH4 (3.8 [o\), some of the reported
ZIF-8 membranes (e.g., Heat-ZIF-8, ZIF-7-8) that showed excellent sep-
aration performances for CO2/CH4 gas pair also performed well for COy/
N3, gas pair. The CO2/N3 separation performances of the top-performing
MOF membranes are summarized in Table 2. To further improve the

1000

MOF Films  CO, CH,4 CO,/CH,4 2Smith Metric Ref.
(GPU) (GPU) Selectivity Score Ranking

IRMOF-1 761.2 2.3 328 1(+) [170]

ZIF-8/ 163 0.9 181.1 2(+) [164]
zeolite T

UIO-66/ 1115 21.6 51.6 3(-) [169]
PDA

Heat-ZIF-8 140.3 4.8 28.8 4(-) [162]

ZIF-7-8 45 1.8 25 5(-) [163]

CAU-1 3940 266 14.8 6(—) [168]

ZIF-8/ 925.4 65.7 14.1 7(-) [161]
PDMS

MIL-53- 430.1 23.6 18.2 8(-) [167]
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The ranking is based on Smith Metric Score; the ‘+’ and -’ in the bracket indicate
the data point sits on the upper (+) or the lower (—) of the Robeson boundary
shown in Fig. 25.

Fig. 28. Top-performing MOF membranes for CO,/N, separation. Upper bound
drawn assuming a polymeric membrane thickness of 100 nm based on Smith
et al. [10].
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Table 2
A summary of COy/N, separation performance of top-performing MOF
membranes.

MOF Films CO, Ny CO,/N, 2Smith Metric Ref.
(GPU) (GPU) Selectivity Score Ranking
IRMOF-1 614.9 1.50 410 1(+) [170]
ZIF-8@carbonic 24.20 0.10 169 2(-) [171]
anhydrase

ZnTCPP 2070 62.7 33.0 (-) [172]
CAU-1 3940 150 26.3 (=) [168]
UiO-66/PDA 1115 21.6 28.9 5(-) [169]
Heat-ZIF-8 140.3 4.60 30.6 6(-) [162]
ZIF-7-8 45.00 2.20 20.0 7(-) [163]
HKUST-1 7.300 0.20 33.3 8(-) [166]

The ranking is based on Smith Metric Score; the ‘+ and ‘-’ in the bracket indicate
the data point sits on the upper (+) or the lower (—) of the Robeson boundary
shown in Fig. 28.

CO9/Nj selectivity, Zhang et al. [171] fabricated a composite membrane
by embedding carbonic anhydrase enzymes into ZIF-8 frameworks
(ZIF-8@carbonic anhydrase). The membrane was fabricated via an
in-situ growth approach in which the enzyme reactants were directly
mixed with ZIF-8 precursors. PAN modified with a layer of halloysite
nanotube served as the support. The resultant membrane was tested
under humid gas conditions and showed an exceptional CO3/N; sepa-
ration performance (COy/Ny selectivity of 165.5 and CO5 permeance of
24 GPU). The authors attributed the impressive CO2/Ny separation
performance to an enzyme-H»O assisted process involving continuous
CO3 hydration and conversion.

For other MOF-based membranes such as HKUST-1, CAU-1, and
IRMOF-1, the detailed synthesis and associated separation mechanism
have already been discussed in Section 2.3.2. The associated CO2/N2
separation performances of the membranes were tabulated in Table 2.
One interesting MOF to be highlighted here is ZnTCPP (zinc(II) tetrakis
(4-carboxy phenyl)porphyrin) nanosheets which were fabricated as a
gutter layer to facilitate the gas transport of a polymeric membrane, as
shown in Fig. 29 [172]. The resulting bilayer membrane exhibited good
CO4 permeance of 2070 GPU and CO»/Nj selectivity of 33. The high CO4
permeance was attributed to the gutter layer of ZnTCPP, which could
significantly enhance the gas transport rate compared with its PDMS
counterpart. The ZnTCPP could also improve the structural integrity of
the membrane under mechanical stress, enabling the membrane to
remain intact after bending [172].

In summary, though some reported MOF membranes have shown
good CO2/Nj separation performances, it seems that there is no reported
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MOF membrane with attractive CO,/N5 separation performance for
post-combustion carbon capture (CO; permeance >1000 GPU and COy/
N selectivity >30). While a ZnTCPP gutter membrane seems to meet the
requirement, the membrane is technically a polymer membrane.

3. Engineering challenges and prospects of polycrystalline MOF
membranes

Technological advances in MOF membrane synthesis especially
using vapor phase and electrochemical syntheses over the recent years,
are nothing short of promising. Membrane scientists have been making
great strides in combining conventional approaches and various post-
synthetic modifications to prepare better performing MOF membranes.
However, the majority of the reported membranes are limited to labo-
ratory scale synthesis with a membrane area of several square centi-
meters only. Significant research efforts should be targeted at the
refinement of the membrane processing towards larger scale synthesis
for commercial applications. Despite much enthusiasm over the
impressive performances of MOF membranes, in particular ZIF-8
membranes for CsHg/CsHg separation, we might not see the mem-
branes find their way to the commercial market unless membrane scale-
up challenges are successfully addressed. After reviewing recent devel-
opment in the synthesis and applications of MOF membranes for gas
separations, we identify several focus areas requiring immediate
attention.

In this section, we provide perspectives concerning membrane scale-
up and membrane stabilities under realistic conditions and discuss
where the research focus should be directed in the near future. Note that
a large portion of the discussion will be on the ZIF-8 membranes and
their hybrids, given their large volume of scientific work.

3.1. Processing convenience and cost attractiveness

Cost attractiveness and ease of processing are the barriers that hinder
further development of inorganic membranes. Ideally, large scale
membrane manufacturing should be robust, inexpensive, continuous,
and reproducible. For scaling up, one important question that we must
ask ourselves is whether we can take advantage of the existing tech-
nologies without requiring significant changes in the setup to prepare
large area MOF membranes. This is where mixed matrix membrane
(MMM) approach has the upper hand. MOF-based MMMs combine the
spinnability properties of pure polymer with the excellent transport
properties of MOF fillers [173]. One can take advantage of the already
mature polymer hollow fiber spinning technology (e.g., single-layer and

Fig. 29. Schematic illustration of the synthesis process of ZnTCPP membrane. Reproduced with permission from Ref. [172] Copyright 2018 American Chemi-

cal Society.
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dual-layer spinning) to fabricate hollow fiber MMMs, provided that
MOF/polymer dope solution formulation is adequately stable. Several
works have demonstrated the formation of MOF-based (i.e., ZIF-8)
asymmetric hollow fiber MMMs using single- and dual-layer spinning
technology showing improved performances for C3Hg/C3Hg and CO2/Ny
separations [174,175]. While MOF-based MMMs display inferior sepa-
ration performances than that of pure MOF membranes, the manufac-
turability of MMMs is more straightforward with fewer defect
generations. However, it should be noted that MOF-based MMMs are not
without their own engineering challenges, such as interfacial defects,
particle agglomeration and sedimentation, accurate filler positioning,
and filler loading limit, among others [173]. For the sake of brevity,
these challenges will not be discussed in detail here.

The proposed MOF membrane synthesis protocol would be
commercially attractive if it uses a similar manufacturing setup found in
the industries and does not require complex state-of-the-art equipment.
For current-driven MOF membrane synthesis, we envisioned the mass
production of the membrane would use a similar electrolysis bath setup
typically found in electroplating plants. Counter-diffusion is among the
simplest method to prepare MOF membranes. However, the setup re-
quires membrane sealing and resealing before and after synthesis
rendering them unattractive for upscaling [176].

Despite all the excitement surrounding the developments in MOF
membranes reported in the past years, the currently reported methods
still possess several notable drawbacks preventing commercial scale
deployment of the technology. For instance, MOF membrane syntheses
still use toxic and environmentally harmful organic solvents that can be
troublesome from waste management standpoint. Synthesis of impor-
tant SOD-type ZIFs such as ZIF-7 and ZIF-90 often require polar aprotic
solvents such as dimethylformamide [177-181]. In this case, vapor
phase membrane synthesis is attractive as one does not have to deal with
hazardous waste management. MOF membrane synthesis also involves
the large consumption of expensive precursors. Reported aqueous-based
synthesis of ZIF-8 nanocrystal requires Zn>*:2-methylimidazole molar
ratio as high as 1:70 [123]. Commercial MOF membrane synthesis
protocol should be simple and involve fewer steps as possible. Using a
facile synthesis setup, performing the reaction at room temperature,
precursor recycling, and switching to more readily available solvents
may help make the process more cost attractive.

MOF membrane processing is a complex, low-yield, non-continuous
batch process with long synthesis hours, making them unattractive for
scale-up. For example, Huang and co-workers [170] obtained contin-
uous ZIF-95 membranes on a-AlyO3 supports only after growing the
membranes for 7 days. While there have been significant improvements
in reducing membrane synthesis time from several days to just a few
minutes, they are mostly limited to ZIF-8 membranes and their hybrids
[182]. Lastly, some of the proposed synthesis protocols use advanced
and specialized tools that require a significant capital investment [181].
Specialized equipment including ALD, CVD, and magnetron sputtering
allow for uniform and conformal thin film deposition of metal pre-
cursors on supports for the preparation of MOF membranes. However,
they are relatively expensive and mostly used for specific applications
(e.g., deposition of high-k dielectric, gate oxide, and thin metal films for
microelectronic applications) [183,184].

In large scale gas separation plants, especially those in the refineries,
membrane cost represents only 10-25% of the overall plant cost [185].
The rest is the cost associated with running large gas compressors. Even
though membrane cost is smaller relative to compressor operating cost,
one should not underestimate the capital investment saving if the cost of
inorganic membranes is significantly reduced. Based on the estimated
cost and current performances of MOF membranes, the application of
the membranes on a commercial scale does not seem cost attractive.
Macroporous and mesoporous inorganic membranes (e.g., zirconia,
titania, and alumina) have already been commercialized as membrane
filtration elements for wastewater treatment, pharmaceutical, food
processing, pharmaceutical, and chemical production [186]. These
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membranes are relatively expensive, marketed at a current market price
of $400 — $2000 m™2 [186]. Growing inorganic zeolite/MOF/CMS
membranes on these supports for gas separations would result in a
higher membrane price. Lin et al. [186] estimated that such membranes
would cost $1000 — $5000 m 2, one- or two-order of magnitude higher
than polymer membranes. Tsapatsis and co-workers [76] conducted a
process-scale evaluation and economic feasibility studies of ZIF-8
membranes for C3Hg/C3Hg separations using the Aspen Plus process
simulation package. A conservative estimate of the application ZIF-8
membranes with C3Hg permeance of 100 GPU and C3Hg/C3gHg separa-
tion factor of 50 at 7 bar in a hybrid C3He/C3Hg single-stage mem-
brane-distillation system producing ~2.5 x 10° tonnes of polymer grade
C3sHg (99.7 mol%) annually revealed that a membrane with a cost of
$130 m™2 is required to just breakeven with distillation system. Mean-
while, an acceptable price ceiling for the membrane system in petro-
chemical industries is ~$200 m™> [187]. Based on the estimated
inorganic membrane cost, it is unlikely that the membranes to be used as
a membrane-distillation hybrid for commercial C3Hg/C3Hg separations.

ZIF-8 membranes are better off being applied as membrane recovery
units as the process permits higher membrane cost while maintaining
healthy process economics. Recovering unreacted C3Hg from a chemical
reactor (e.g., polypropylene, iso-propyl alcohol, and cumene) purge
stream is a practical short- or medium-term goal for ZIF-8 as purity
requirement and scale of separation is much lower. CsHg purity as low as
70-90 mol% is acceptable to be recycled back into the chemical reactor
[76,188]. An estimation of the required ZIF-8 membrane area for
membrane recovery unit installed in a typical size polypropylene plant
producing ~50 x 10° tons of polypropylene is just 250 m? [76]. Note
that the estimation is based on ZIF-8 performances with C3Hg permeance
of 100 GPU and selectivity of 5. Simulation result revealed that ZIF-8
membrane with a whole module cost of $1000 m™2 could result in a
payback period of less than one year and net present value (NPV profits)
of $1.5 million and $2.2 million in the second and the third year of
deployment, respectively. For this application, the industry might be
able to tolerate a higher membrane cost. A significant reduction in
membrane cost needs to be achieved for a broader target, such as ret-
rofitting the membrane into a conventional Cy or Cs splitter columns.

Initial cost to set up inorganic membranes for gas separations should
not be expensive and neither do their replacement cost [189]. Lin et al.
[186] performed a simple estimation of membrane area-saving when
inorganic membranes (i.e., CMS) is used, compared to polymer mem-
branes. An estimated CMS membrane area to process 15,000 m®> h!
refinery gas was found to be six times smaller (i.e., 2200 mz). Despite
requiring a smaller membrane area, overall cost of CMS membrane is
still higher due to high membrane cost and low module packing density.
Experts believe that a true solution to address high cost of inorganic
membranes is productivity/throughput increase to a point where the
cost to process a unit of gas is as attractive as polymeric membranes or
other competing technologies.

Competitive performances of inorganic membranes can be achieved
from fabrication of thinner membranes, ideally to sub-100 nm thickness.
Tsapatsis [190] even argues that for certain applications inorganic
membrane thickness need to be further downscaled to 50 nm. Theo-
retically, one can achieve a 10-fold increase in gas flux by reducing
membrane thickness by a similar ratio, for example, from 1 pm to 0.1 pm
thick. Focusing on CgHg/CsHg separation, there are many published
works on the synthesis of sub-100 nm thick ZIF-8 membranes exhibiting
unprecedentedly high C3Hg permeance available in literature and a few
have already been discussed in the earlier section. Switching to a more
permeable nanoporous material is another option to consider but one
may face an issue of finding material with a proper aperture to effi-
ciently isolate gas species of interest. Also, crystalline nature of MOF
provides high molecular sieving effect but at the same time limit its
usability and effectiveness to a specific gas mixture only. In some cases,
material with superior permeability and selectivity might be available
but difficult to be processed into ultrathin and defect-free layer.
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Inorganic membrane throughput can also be increased by upgrading
intrinsic permeability of current membrane materials. Nair et al. [191]
proposed a unique “all nanoporous hybrid membrane” (ANHM) concept
to provide access to higher permeability and selectivity, unattainable
when using single phase nanoporous materials. ANHM is a borrowed
membrane concept from the conventional polymer-based mixed-matrix
membrane (MMM) but using nanoporous crystalline material as a
continuous phase as oppose to organic polymer. Different performance
improvement routes (e.g., increased permeability, increased selectivity,
or both) can be achieved from different combinatorial scheme between
the dispersed phase and continuous phase as illustrated in Fig. 30a. MFI
is a medium pore zeolites (5.5 A) possessing high CsHs permeability of
8085 Barrer but not selective towards C3Hg. Incorporation of MFI zeo-
lites into pure phase ZIF-8 (C3Hg permeability of 390 Barrer) enable
performance limit of ZIF-8 for C3Hg/CgHg separation to be surpassed.

This new membrane concept does not require an entirely new
membrane processing. ZIF-8/MFI MMM with thickness of 9 pm was
successfully prepared on the lumen side of macroporous poly(amide-
imide) hollow fiber using the IMMP method reported in their earlier
work [72]. C3Hg permeability of ZIF-8/MFI MMM containing 12.9 vol%
of MFI backcalculated using the Maxwell equation was 548 Barrer; 45%
higher than that of single phase ZIF-8 as shown in Fig. 30b — c. An even
simpler method to prepare ZIF-8/MFI nanoporous hybrid membranes on
alumina discs based upon simple dip coating and subsequent evapora-
tive membrane crystallization was also reported [192]. Separation
performances of ANHM consisting of 2D MFI nanosheets, MFI nano-
particles, and ZIF-8 were superior compared to ZIF-8 membrane pre-
pared using a similar method. The hybrid membranes displayed CsHe
permeance and selectivity of 66 GPU and 72, respectively. These works
provide insights into the fabrication of next generation nanoporous
crystalline membranes with improved permeability and selectivity,
resulting in membranes with higher throughput.

A more straightforward approach to decrease inorganic membrane
cost is to just switch to inexpensive and more readily available polymer
supports. Porous polymeric supports can be fabricated either as flat
sheet or hollow fibers at low cost; $10-100 m 2 and $2-5 m™2 for hollow
fiber and spiral wound, respectively [185]. That said, membrane re-
searchers are recommended to develop an innovative solution to pre-
pare highly productive membranes and continue developing
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polymer-supported MOF membrane technology.

3.2. Transitioning from basic plate-and-frame to spiral wound or hollow
fiber module

One important area that deserves further attention is transitioning
from planar to hollow fiber geometry. Future works should be dedicated
to demonstrate MOF membrane fabrication on porous hollow fiber,
capillary, or tubular supports. It is worth mentioning that 4 out of 5
(80%) of the total installed gas separation membrane modules are based
on hollow fiber geometry. The remainder is shared between spiral-
wound and plate-and-frame modules, in which the former is a more
popular option [185]. Polycrystalline MOF membranes are inherently
brittle and inflexible; unlikely to be packaged into spiral-wound mod-
ules. This leaves hollow fiber modules as the most practical choice. In
terms of engineering design, hollow fibers provide a high accessible
surface area [186,193]. Hollow fiber-supported MOF membranes with
an outer diameter of 2 mm can achieve a high packing density as high as
2000 m? m™, resulting in membrane units with smaller footprints.
However, growing MOF membranes on hollow fibers is not straight-
forward as compared to growing the membrane on planar supports.

To date, a large body of works reported ZIF-8 membranes on various
planar supports (e.g., ®-Aly03, AAO, and metal nets), where the standard
22 mm diameter a-Al;O3 discs being the most popular choice. There are
only a few works on ZIF-8 membrane fabrication on polymer (e.g.,
Torlon®, Matrimid®, polysulfone, and PVDF) and inorganic hollow fi-
bers (e.g., a-Al,03, ZnO, Zn0-Al,03, yttria-stabilized zirconia, and car-
bon) [72,110,133,194-200]. To increase membrane packing density,
one might consider using ceramic multichannel monolith, but then one
has to face the challenges associated with membrane synthesis on the
bore space of the monolith. Moreover, the geometries of the multi-
channel monolith may result in additional mass transfer resistance of
gases through the supports.

It is critical not to underestimate the difficulties in preparing MOF
membranes on hollow fiber modules, especially on the lumen side.
Similar membrane synthesis protocol performed on planar supports may
not work as well on hollow fiber due to mass transfer limitation and
curvature effects. Tran et al. [201] found that ZIF-8 did not form a
coherent layer when grown on the bore side as opposed to the shell side
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Fig. 30. (a) Schematic illustration of ANHM concept to transcend limitation of single phase nanoporous materials. (b-c) Permeability and selectivity of pure phase
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of a-alumina tubes with an outer diameter of 12 mm. This produced
ZIF-8 membranes that were not CsHg-selective. The authors posit that
confined spaces and negative surface curvature of the bore of the
a-alumina tubes limit the mass transfer of ZIF-8 particles onto the solid
surfaces. As one transition to supports with smaller diameters (i.e., tubes
— capillary — hollow fibers), membrane growth is limited by local in-
homogeneity and reactant availability [72]. These effects are expected
to be even more pronounced when developing full-size industrial
modules rather than laboratory-scale modules [202]. Brown et al. [72]
found that ZIF-8 membrane growth on the bore of Torlon® hollow fibers
under static conditions produced non-continuous ZIF layers, suggesting
inadequate reactant concentration to sustain film growth. Continuous
replenishment of growth nutrient using a pump helped to maintain a
similar reactant concentration throughout for consistent film growth.
Also, the effect of fluid dynamics and precursor flow protocol inside the
hollow fibers on ZIF membrane microstructures is worthy of investiga-
tion as one might see some interesting phenomena along the way.

We should mention here that our reservation with packaging poly-
crystalline MOF membrane into spiral wound modules stem from
requirement of having to grow a continuous membrane layer on support
surface and inherent brittleness of the layer. Spiral wound modules is
basically a variation of plate-and-frame module. Packaging MOF mem-
branes into spiral wound modules requires robust and mechanically
flexible membranes because the membranes, along with feed and
permeate spacers need to be wrapped around a permeate collector tube.
As mentioned before, growing MOF membrane on flat substrate is more
straightforward compared to hollow fiber but designing a robust and
mechanically flexible membrane require an innovative solution. Hess
et al. [203] proposed an elegant way to prepare a highly flexible ZIF-8
membrane composite by growing the crystals within the pore of poly-
mer support. The method involves plugging of poly(ether sulfone) pores
by ZnO seeds followed by solvothermal treatment in 2-methylimidazo-
late ligand solution to form ZIF-8 islands inside the pores. Exposing
the composite membrane in dimethylacetamide vapor allow the poly-
mer molecules to rearrange and fused around ZIF-8 crystals forming a
mechanically flexible self-supporting ZIF-8 membrane. In addition,
ZIF-8 crystals within the pores are somewhat protected from any me-
chanical accidents resulting in a more robust membrane.

It is worth to mention that this patent-pending technology has
already been commercialized by UniSieve®. UniSieve® is a clean-tech
start up company founded in 2018 and is headquartered at the Swiss
Federal Institute of Technology (ETH Zurich) [204,205]. UniSieve®
molecular sieve membranes are in a form of spiral wound. Among the
applications offered by UniSieve® are chemical purifications, biogas
upgrading, gas sensing, and liquid-liquid separations. This clearly in-
dicates that in addition to hollow fibers, spiral wound configuration can
also be a reasonable choice for membrane scale up. Since growing a
continuous and compact membrane layer on the surface of hollow fibers
is technically more challenging, membrane researchers are recom-
mended to look into the possibility of adopting a similar method to
prepare MOF molecular sieve membranes on hollow fibers. One simple
approach that we can suggest is a simple dip coating of metal gel fol-
lowed by heat treatment to transform the metal gel into metal oxide
prior to solvothermal treatment in ligand solution. A selection of sub-
strates with proper pore sizes is critical to prevent infiltration of metal
gel throughout the entire substrate cross section.

3.3. Large area membrane synthesis and membrane modulation

Among the different MOFs and ZIFs explored, ZIF-8 has the greatest
potential to be commercialized as a C3Hg membrane recovery unit in a
petrochemical reactor purge stream. Freeman and co-workers [11]
argue that membranes with selectivity as low as 5 can recover 90% of
the CsHg reactant at reactor purge stream that would otherwise be lost if
not recovered and recycled back into the reactor. Moreover, the required
membrane area for this application is 100-fold smaller than the area
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required for a membrane-distillation hybrid system for CgHg/CsHg
separations. The industry may keen to invest in this particular applica-
tion as it incurs a lower capital cost, but membrane scientists must first
demonstrate large area membrane synthesis and identify several tech-
nical challenges associated with making one.

For practical separations, we envisioned tens of thousands of MOF
polycrystalline membranes in hollow fiber geometry packaged inside a
rigid cylindrical shell to provide high membrane surface area. For plate-
and-frame module, the membrane sets are stacked together in a
sandwich-like manner for flat substrates with membrane sides facing
each other and sealed inside a frame [206]. The majority of research
activities in this area still focus on single hollow fiber or single disc
synthesis with laboratory scale dimensions. Large area membrane syn-
thesis and packaging them into a module received very little attention as
evidenced by the limited scientific works available in the literature [72,
75,207]. Fabrication approaches for large area MOF membrane demand
further development. Moving away from laboratory scale means higher
chances of generating microdefects and cracks, compromising mem-
brane transport properties. The key to make MOF membrane scale-up
possible, at least at this stage, would be a feasible fabrication
approach on large supports accompanied by a reproducible separation
performance at industrial conditions.

Li and co-workers [75] demonstrated the largest area hollow fiber
ZIF-8 membrane for gas separation to date. As depicted in Figs. 31a and
30 polysulfone hollow fibers 19 cm in length were coated with a ZIF-8
ultrathin layer yielding a module with membrane area of 340 cm?. In
another work, Ma et al. [182] synthesized ZIF-8 membranes on com-
mercial ceramic flat substrates (8 cm x 8 c¢cm) and assembled several
membrane sets into a homemade membrane module. As shown in
Fig. 31b, several ZIF-8 membrane sets were stacked together inside a
prototypical plate-and-frame module with an effective membrane area
of 300 cm?. An average C3Hg/CgHg separation factor of the module was
38, much lower than those individually grown on smaller substrates. As
a comparison, the reported C3Hg/C3Hg separation factor of similar ZIF-8
membranes but grown on a smaller a-Al;03 disc 1.8 cm in diameter was
165. The finding suggests that synthesizing a high-quality ZIF-8 mem-
brane over large area is not straightforward as it incurs more defects.
Nonetheless, the works mentioned above present a significant step for-
ward towards the commercialization of ZIF-8 membranes.

Modulation of MOF membranes can be cumbersome considering the
fragile nature of polycrystalline membranes. Certain substrates, partic-
ularly ceramic hollow fibers, are prone to fracture, therefore requiring
delicate handling and can fail easily under practical conditions [209].
Inorganic membrane sealing or potting during membrane modulation is
one of the aspects that are rarely discussed in membrane communities.
Fig. 31c shows examples of different sealing technology for inorganic
tubular membranes. During membrane modulation, it is critical to
assemble sealing materials without damaging membrane surfaces [208].
In this case, growing MOF membranes on the bore of the tubes/hollow
fibers is beneficial as there is no direct contact between the membrane
layer and sealing materials. This minimizes the possibility of generating
defects during module assembly process.

The ability to form large area MOF membranes inside preformed
membrane modules is beneficial as it eliminates major issues associated
with membrane modulation. In this case, the membrane module itself
will serve two purposes: a) a container/reaction vessel for MOF crys-
tallization b) a gas separation module. Nair et al. [72] fabricated a
prototype reactor module to house several Torlon® hollow fibers and
hold inorganic solvent during ZIF-8 membrane synthesis. Upon the
completion of membrane synthesis, the solvent can be removed from the
module, and the module is ready for gas testing. If polymer hollow fibers
were to be used as substrates, swelling of the polymers in solvents could
be a concern. Park et al. [210] observed the folding of polysulfone
hollow fibers inside a preformed membrane module during membrane
synthesis, resulting in damage to the selective skin layer. Selecting
appropriate solvent, switching to inert inorganic substrates, or
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Fig. 31. Successful demonstration of large-area membrane synthesis for (a) hollow fiber module and (b) plate-and-frame module. (c) A variety of membrane sealing
materials to seal inorganic ceramic tubes (e.g., (a) support, (b) membrane with glazed ends, (c) Viton O-ring, (d) silicon ferrule, (e) cylindrical graphite ferrule, (f)
conical graphite ferrule, (g) assembled membrane, and (h) cut-away of the assembled membrane. Adapted from Ref. [75] Copyright 2017 Springer Nature, ref. [182]
Copyright 2020 Wiley VCH and ref. [208] Copyright 2014 American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

implementing solvent-free synthesis may help to minimize the issue.

3.4. Improving membrane reproducibility and suppressing defect
formation

Like zeolites, MOF membranes are polycrystalline in nature. In other
words, MOF membrane layer will always possess grain boundaries with
channel sizes several times larger than the pore aperture of the MOF
itself. Using molecular dynamics simulation, Zhu and co-workers [211]
recreated an interface between two ZIF-8 crystal grains and found that
the grain boundary channels (8.2 A and 3.8 A) along two crystal planes
are much larger than the six-membered ring aperture of ZIF-8 (~3.4 ;\).
Membrane grain boundaries are considered microscopic defects because
the channels provide a non-selective transport pathway for gas pene-
trants through the membranes [212]. This would mean that separation
performances of membranes with grain boundary will be lower
compared to those without grain boundary (e.g., MOF glass membranes
or single-crystal MOF membranes). Moreover, MOF membranes also
suffer from mechanical instability due to the structure’s intrinsic brit-
tleness, which could induce grain boundary defects and cracks in the
membrane. The defects are non-identifiable by the naked eyes. Though
fluorescence confocal optical microscopy could be a technique to iden-
tify these defects, it does not solve this fundamental problem [213].
Tightening or blocking membrane grain boundary defects through
post-synthetic modification or delicate membrane processing can
improve MOF membrane selectivity close to the material intrinsic
selectivity.

Another consequence of membrane grain boundary is membrane
properties are highly dependent on how the membrane is processed.
Different MOF membrane processing will result in different membrane
thickness, crystal orientation, grain size, defect density, etc., all affecting
membrane transport properties. Reproducibility issues are among the
concern in MOF membrane processing as the defect density of poly-
crystalline membranes is hardly controllable. Even after careful
manipulation of synthesis conditions, one may end up with membranes
with drastically different performances.

A simple caulking method can be adopted to improve membrane
reproducibility and minimize grain boundary defects. Henis and Tripodi
first developed the caulking technology in the late 1970s, and the
technique has been widely practiced in the industry to repair pinholes
and other defects of polymer membranes [214]. Covering MOF mem-
brane layers with caulking materials such as silicone rubber (e.g., PDMS)
can improve separation performances of the membranes. Pure PDMS has
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high CgHg permeability of around 7169 Barrer but low CgHg/CsHg
selectivity of 1.1 [142,215]. For C3Hg/C3Hg separation, coating a thin
layer of PDMS on top of the ZIF-8 membrane layer will not severely
retard gas flux of the membranes. Li et al. [142] improved reproduc-
ibility and C3He/C3Hg separation factor of 12 different ZIF-8 membrane
samples synthesized from different batches by coating the membranes
with PDMS. Selectivity of defective ZIF-8 membranes (initial selectivity
of 2) increased to at least 40 after PDMS coating step. PDMS coating
penetrated into the underneath of polycrystalline layer and blocked the
inter-crystalline grain boundary defects, resulting in improved separa-
tion performances. A recently published work by Hua et al. [216] found
that applying vacuum during PDMS coating step promotes infiltration of
the PDMS into inter-crystalline region of ZIF-8 and increase interfacial
contact between PDMS and ZIF-8. This resulted in higher and more
consistent selectivity improvements.

In addition to defect minimization, hydrophobic nature of PDMS
provides high water repellency, which improves membrane hydrolytic
stability. Separation performances of the PDMS-coated ZIF-8 mem-
branes remained unaltered for at least 7 days of operation under humid
state feed gas at 35 °C and 6 bar transmembrane pressure compared to
those without coating [217]. Other than PDMS, different polymers have
also been used to plug polycrystalline membrane defects. Caro and
co-workers [218] coated a thin Matrimid® layer on UiO-66 membranes
and observed Hy/CHy4 selectivity improved from 12 to 80. The author
attributes the selectivity improvement to pore narrowing from the
infusion of Matrimid® into UiO-66 frameworks and plugging of mem-
brane microdefects. However, Hy permeances of the UiO-66/Matrimid®
composite membranes severely dropped due to the low Hy permeability
of Matrimid®.

The membrane can also form defects during handling resulting in
deterioration in membrane performances. Given the fact that MOF
membranes eventually form defects, it is desirable for the membrane to
be in-situ healed or sealed without disassembling them from membrane
modules. Hamid et al. [133] improved the C3Hg/C3Hg separation factor
of ZIF-8 membranes pre-assembled into membrane module from 2 to 55
by passing a dilute PDMS solution through the bore of the hollow fibers.
In this case, ZIF-8 membranes grown on the bore of the hollow fibers are
beneficial as it allows for more straightforward defect sealing via a
simple flow processing. Defect healing of the ZIF-8 membranes grown on
a-Aly03 discs has also been demonstrated but has never been performed
on hollow fibers or planar supports that are pre-assembled in modules
[219]. Kwon et al. [219] performed ZIF-8 membrane defect healing by
subjecting defective ZIF-8 membranes to Zn and 2-methylimidazole
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precursor solutions in a counter-diffusion manner inside a custom made
diffusion cell. After defect healing, inter-crystalline gaps of the mem-
branes were filled with ZIF-8 crystals. Unfortunately, the performances
of healed ZIF-8 membranes were not fully restored to their original
values due to insufficient healing.

Other than caulking method, membrane community is urged to look
for innovative strategies to heal and seal MOF membrane defects,
especially after module assembly. Another option to consider for future
research is the fabrication of MOF glass membranes to completely
eliminate membrane grain boundary issues. MOF glass membranes have
steadily captured interest from the scientific community. MOF glass
membranes are fabricated by solid-liquid transition followed by
quenching the liquid MOF. Several ZIFs, including ZIF-62 and ZIF-4,
were found to show this behavior [220]. Wang et al. [220] fabricated
ZIF-62 glass membranes on alumina support showing high Hy/CH,4 and
CO2/Nj; selectivities owing to the absence of the non-selective grain
boundaries. However, one of the concerns in this growing area is the
limited number of ZIFs showing similar behavior.

3.5. Membrane performances under the relevant industrial conditions

Membrane performances under elevated pressure need to be care-
fully evaluated considering that most of the gases to be processed are
pressurized. For example, pipeline pressure at purge stream of the
chemical reactor (application area: CsHg/CsHg membrane recovery
unit) or the outlet of hydrocarbon cracker in the refinery (application
area: C3Hg/CsHg membrane-distillation unit) is at high pressure of 20
bar [221,222]. For post-combustion CO5 capture application using
membrane, flue gas pressure needs to be raised to 5-10 bar to provide a
sufficient driving force [3,45]. Similarly, H, mixtures from a methane
reforming unit (Hy/CHy), an ammonia reactor (Hy/N2), and a water gas
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shift reactor (Hy/CO>) are all under high pressure. For these applica-
tions, high-performance MOF membranes must show steady perfor-
mances under high-pressure conditions throughout the entire membrane
service life (3-5 years) [48]. Despite a considerable body of published
works on MOF membranes in the past years, investigation of long term
performances of MOF membranes under high pressure conditions is
inadequate.

In most studies, gas permeation measurements of MOF membranes
were mostly limited to room temperature conditions under atmospheric
pressure. Based on our review, the highest transmembrane pressure
tested for ZIF-8 membranes for Hj purification and C3Hg/C3Hg separa-
tions is at 9 bar [223,224]. Eum et al. [223] observed a steady decline in
C3Hg permeance from 55 GPU to 27 GPU and in C3Hg/C3Hg separation
factor from 180 to 90 when transmembrane pressure was raised to 9 bar.
Nonetheless, the membrane performances were still attractive for
commercial applications. In another study, Li et al. [75] found that C3Hg
permeance and C3Hg/CsHg separation factor of ZIF-8 membranes grown
on PVDF hollow fibers decreased by 25% and 70%, respectively, as the
feed gas pressure was increased to 9 bar shown in Fig. 32a. Hou et al.
[144] reported a significant decrease in C3Hg/CsHg separation factor by
89% when testing bimetallic Co;g-Znge-ZIF-8 membranes under feed
pressure of only 2.5 bar. Based on the above studies, deterioration in
ZIF-8 membrane performances at elevated pressure is an issue that needs
to be dealt with.

Reduction in C3Hg permeance and C3Hg/C3Hg selectivity under high-
pressure conditions was due to ‘swing effects’ of 2-methyimdazole (2-
mIm) linkers and structural changes of the frameworks [119]. The
‘swing effects’ induce methyl groups of 2-mIm linkers to rotate from
inside towards outside the aperture window, allowing larger molecules
(i.e., C3Hg) to diffuse into the cages under high pressure [119]. Also,
there will be fewer absorbed C3Hg and C3Hg on the ZIF-8 surface due to
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Fig. 32. (a) Binary C3He/C3Hg permeances and selectivities of ZIF-8 membranes on PVDF hollow fibers as a function of pressure. (b) Hy and CO, single gas per-
meances and selectivities of ZIF-8 membranes on PVDF hollow fibers as a function of pressure. Long-term stability of ZIF-8 membranes on (c) PVDF hollow fibers and
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[225] Copyright 2016 Wiley VCH and ref. [223] Copyright 2016 American Chemical Society.
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the non-linear adsorption of the gas penetrants in ZIF-8 frameworks
[119,226]. A performance decline presents a huge concern, especially
when transitioning to a pressure condition much closer to the industrial
requirements. For non-condensable gases such as Hjy, gas permeances
through ZIF-8 membranes appear to be less sensitive to feed gas pres-
sure. Hy permeance and Hy/CO; selectivity reduction of 3% and 10%,
respectively, were observed upon increasing feed gas pressure to 10 bar
[224].

Pressure-induced reorientation of 2-mIm ligands of ZIF-8 can be
suppressed by coating the membrane with a caulking layer. This helps to
mitigate unwanted pressure effects and minimize deterioration in ZIF-8
molecular sieving properties [119]. At feed pressure of 7 bar, Li and
co-workers [217] observed C3Hg/C3Hg separation factor increased from
93 to 105 (~11% increase) for the PDMS-coated ZIF-8 membranes as
oppose to ~80% decrease in C3Hg/CgHg separation factor for the un-
coated membranes. High C3Hg/C3sHg selectivity of 100 was maintained
at 7 bar feed pressure for 60 days suggesting that the effect is
long-lasting. The increase in CgHg/CsHg separation factor for the
PDMS-coated ZIF-8 membranes at higher feed pressure was opposite to
the general observation of polycrystalline membranes permeation
behavior with respect to pressure. They speculated that ZIF-8 frame-
works at the outermost layer that was in direct contact with PDMS
behaved as if they were rigid, therefore, not affected by the feed gas
pressure. PDMS coating was also applied to ZIF-8 membranes grown
a-Al,O3 tubes. The coated membranes showed similar permeation
behavior to those reported by Li and co-workers [142,217] (Fig. 33). The
results were encouraging. Nonetheless, enabling the ZIF-8 membrane to
be operated at high pressures (~15-20 bar) still demands more research
attention.

Ideally, commercial MOF membranes should exhibit steady perfor-
mances during service throughout the entire membrane lifetime of three
to five years [48]. As depicted in Fig. 32c, separation performances of
ZIF-8 membranes for Hp/CO, were relatively stable under a continuous
operation of up to 30 days [225]. Similarly, C3Hg/C3Hg separation
performances of ZIF-8 membranes prepared by Nair’s group [223]
remained unchanged for 30 days (Fig. 32d). Meanwhile, C3Hg/C3Hg
selectivity of PDMS-coated ZIF-8 membrane by Li et al. [217] remain
constant at 100 for 2 months at a feed pressure of 7 bar. Recently, Li and
co-workers [182] found that ZIF-8 membranes grown on flat a-Al;O3
substrates maintained a consistent performance for 6 months (4350 h).
The as-prepared ZIF-8 membranes were first subjected to continuous
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permeation testing at 25 °C and 1 bar for 900 h. The membranes were
then stored at room temperature for 2880 h. After that, the membranes
were tested again at a temperature of 50 °C and pressure of 7 bar for 64 h
and finally at a temperature of 25 °C and pressure of 1 bar for 570 h
[182]. The membranes did not show any deterioration in separation
performances throughout the entire test. Long term stabilities of the
prepared ZIF-8 membranes were promising for scale-up.

For the gas separation test, the Wicke-Kallenbach setup is the most
commonly used method to measure performances of the prepared MOF
membranes. In a typical binary test, a 50/50 mixture of gases is intro-
duced in the feed side while a sweep gas (e.g., Ar, He, and N3) feeds in
the permeate side. In most cases, the pressure on both sides is main-
tained at ~1 bar. A purging gas is required to sweep away permeating
gas for analysis and prevent excessive gas build-up, ensuring transport
property measurements are carried out at the linear adsorption region of
MOFs. While the Wicke-Kallenbach setup is indispensable for funda-
mental studies, membrane researchers should recognize the limitation
of the setup in industrial gas separation because gas purging is needed.
The idea of having purge gas to improve membrane separation perfor-
mances in a commercial-scale membrane unit is possible only when the
permeated gas is not a product and has no real value, and exists at a low
concentration in the feed gas. Li et al. [227] studied the effect of purging
gas in the CO, removal process. A three-component gas mixture of Oy
(56%), N3 (40%), and CO2 (4%) was passed through a silicone flat sheet
membrane. Ny was used as purging gas at the permeate stream. Exper-
imental data and mathematical modeling results showed the introduc-
tion of purge gas at the permeate side improved CO depletion from the
feed gas significantly when running the system at a pressure ratio of 10.

If the permeated gas holds a commercial value, purging gas cannot
be used, and without them, a departure from ideal separation perfor-
mance will occur. This was observed in a study by Li et al. [142].
Without purging gas, the measured C3Hg/C3Hg selectivity of the mem-
brane was only 26, which is significantly lower than those tested with
purging gas (C3Hg/C3Hg separation factor of 76). This phenomenon is
regarded as concentration polarization, where a buildup of C3Hg at the
permeate side reduces the concentration gradient of C3He. It is clear that
the use of sweep gas can result in an overestimation of the true perfor-
mance of ZIF membranes. When it comes to the process design of the
membrane system, it would be more meaningful to use a more realistic
performance indicator instead of ideal membrane performance.

The majority of works still focus on single and binary gas permeation
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measurements to access MOF membrane performances. However, it
should be noted that industrial feed gases are much more complex. For
example, flue gas from post-combustion normally contains moisture and
a trace amount of acidic gases (e.g., SOz, NOq, etc.). For C3Hg/C3sHg
separation, gases in the downstream of a refinery cracker also contain a
mixture of other gases (e.g., Hy, HoO, CoHy, CoHg, C4 mixture, etc.).
Thus, multicomponent permeation testing of the membrane under a
practical condition demands more research attention. For a starter,
membrane communities are suggested to pay attention to ternary/qua-
ternary mixture during separation measurements to observe any devi-
ation in membrane selectivity and permeance. Ma et al. [182]
investigated the effect of other components on the performances of ZIF-8
membranes. The membranes remained C3Hg-selective under coking dry
gas feed stream (i.e., C3Hg (20.3%), CsHg (49.6%), C4Hg (10.1%),
n-C4H;¢ (16.0%) and i-C4H1 (4.0%)) with C3Hg/C3Hg selectivity of 160
which are extremely attractive for commercial applications.

Major efforts should also be directed toward exploring the effects of
minor impurities and water vapor in the feed stream and looking for
possible mitigation strategies. Unlike zeolites, MOF suffers from poor
hydrothermal stability. Most of the reported MOFs to date cannot sur-
vive at high humidity, and some cannot even exist under the inert
environment [228]. For example, MOF-5 readily transforms to an
amorphous phase under ambient humidity. ZIF-8, on the other hand, is
relatively stable at high temperatures and atmospheres with moderate
humidity [229,230]. Take C3He/C3Hg separation as an example, ZIF-8
membrane is quite robust at both on-stream (35 °C, 1 bar) and
off-stream storage conditions (relative humidity: 15.6-18.3%, temper-
ature: 23-24 °C) [231]. The membrane, however, suffers from crystal-
linity loss in aqueous conditions [232-234]. For post-combustion CO2
capture application, flue gas of coal-fired power plant contains a rela-
tively high amount of water vapor (15%), along with CO2 (13%), Na
(69%), O3 (2.4%), and a trace amount of SOy and NOy, all available at a
pressure of 1 bar and temperature of 57 °C [235]. In addition to being
COq-selective, the MOF membranes must also show good long-term
stabilities under humid acidic conditions. As previously mentioned,
ZIF membranes appear to be relatively stable under dry room temper-
ature conditions. However, as stated in a number of publications, ZIF
crystals and membranes are not particularly stable under hydrothermal
or humid CO5 and SO, conditions [234,236-238]. The formation of
sulfurous-sulfuric acid complexes attacks the Zn-N coordination bonds
of ZIFs, which results in a loss in porosity [237,238]. Support surface
properties under humid conditions can also affect the stabilities of ZIF
membranes.

According to Kim et al. [239], ZIF-7 membranes on a-Al,O3 discs
experienced structural degradations under mild hydrothermal condi-
tions attributable to the surface acidity of the supports. Acidic metal
oxide surfaces under humid conditions catalyzed the breaking of
Zn-benzimidazole coordination bonds resulting in structural degrada-
tions of ZIF-7. In another work, it is found that the presence of a trace
amount of SO, could significantly reduce the CO5/Nj selectivity of the
ZIF-68 membrane [240]. Unless mitigation protocols are proposed, the
applications of MOF membranes are likely to be limited to those feed
gases with a trace amount of water vapor. Once again, we must remind
the membrane communities to take into consideration the
above-mentioned aspect of the membranes as we begin to transition to
more realistic industry conditions.

3.6. Mechanical property evaluation of MOF-based membranes

Like any other membranes, eventually, the prepared MOF mem-
branes must be assembled into modules. During the module assembly
process, mechanical accidents may occur and damage the hollow fiber
membranes. On a commercial scale, damaged membranes can result in
product loss and/or product with insufficient purity. The membranes
need to be handled carefully during the module assembly process.
Bending of the membranes should be avoided as both MOF and support
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layers have different mechanical properties [141]. This may not be a big
issue for membranes grown on ceramic tubes because they are rigid and
possesses excellent mechanical properties. For instance, Sun et al. [124]
used commercial porous ceramic tubes to grow ZIF-8 membrane that
possesses radial crushing strength greater than 40 MPa.

However, membranes grown on flexible polymer substrates may
need high flexibility to tolerate a high degree of bending without
damage. Several groups have evaluated the mechanical properties of
MOF membranes grown on polymeric supports. Mechanical testing of
MOF membranes is performed by subjecting the supported MOF mem-
branes to a simple bending and/or elongation. This is followed by gas
separation measurements and membrane microstructure evaluation
[141]. The degree of bending is represented by bending curvature (K =
1/r), which can be defined as a reciprocal of bending radius (r). MOF
membranes are considered to possess excellent mechanical properties if
they do not show any deformation, detachment, crack formation, and
maintain similar separation performances after the bending/elongation
test.

Chen and co-workers [225] investigated the mechanical properties
of ZIF-8 membranes supported on PVDF hollow fibers. The membrane
Hy/CO; separation performances were not altered after bending the
membrane to curvature of 77 m'. The integrity of the membrane is
well-preserved after 3% elongation, which corresponds to the tensile
stress of 3.5 MPa. Meanwhile, polysulfone-supported ZIF-8 membranes
by Ma et al. [241] and polyethersulfone-supported ZIF-8 membranes
Zhang et al. [242] showed good separation performances after bending
with a curvature of ~36 m ™' and ~46 m™!, respectively. However, these
studies focused on the separation of small molecules (e.g., Hy/CO2 and
CO3/CH,4) where differences between molecule sizes are large. In this
case, the existence of microcracks and the worsening of inter-crystalline
gaps due to bending may not make a significant difference. It may not be
the same for the separation of C3Hg from C3Hg, where the size difference
between the molecules is only 0.2 A. In this case, even tiny defects can
result in a sharp decline in separation performances.

Recently, Wang and coworkers [141] reported
polypropylene-supported ZIF-8 membranes exhibiting a high degree of
flexibility under compressive or tensile stress. Porous polypropylene was
selected as substrates for ZIF-8 membranes synthesis for having a rela-
tively similar Young’s modulus to that of ZIF-8. This allows for greater
flexibility, thus minimizing unwanted defect formation during the syn-
thesis, handling, and module assembly process. No visible cracks were
observed after bending the membrane with a curvature of 333-666 m™.
Cracks, however, began to appear when bending curvature was
increased to 1000 m™'. The C3Hg/CsHg separation factor remained un-
changed at 105 up to a bending curvature of 92 m™'. Excellent me-
chanical properties of polypropylene-supported ZIF-8 membranes are
highly desirable for industrial applications. The study also provides an
important insight into the fabrication of flexible MOF membranes,
which opens the possibility of packaging the membrane into
spiral-wound modules.

4. Conclusions

In the past decade, numerous research efforts have gravitated to-
wards MOF-based gas separations membranes, particularly ZIF-8.
Compared with other MOFs, it seems ZIF-8 is the best candidate for
C3He/C3Hg separation and a competitive candidate for other gas sepa-
rations as well. ZIF-8 has largely surpassed polymeric membranes in
terms of performances for C3He/C3Hg separation. The majority of other
MOF-based membranes cannot provide comparable performances not
only for C3Hg/C3Hg separation but also other types of separations. A
constant research effort has pushed the performances of ZIF-8 mem-
branes for C3Hg/CgHg separation in terms of both selectivity and per-
meance to a point where the technology can be seriously considered as
an attractive candidate to replace Cg distillation. However, engineering
challenges with respect to membrane scale-up demands further
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research. Among the major barriers preventing a commercial scale
deployment of the technology is the difficulty of implementing a
continuous processing to fabricate a large area membrane with good
reproducibility. The difficulty is exacerbated when developing a full
module with hollow fiber geometry cost-effectively. For future research,
a systematic study on the scale-up production of MOF membrane is
suggested as the primary research focus rather than continually pushing
the laboratory scale separation performances, which requires a collab-
orative effort between academia, government agencies, and industries.
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