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Abstract

In the last decade, zeolitic imidazolate frameworks (ZIFs) have been studied
extensively for their potential as selective separation membranes. In this re-
view, we highlight unique structural properties of ZIFs that allow them to
achieve certain important separations, like that of propylene from propane,
and summarize the state of the art in ZIF thin-film deposition on porous sub-
strates and their modification by postsynthesis treatments. We also review
the reportedmembrane performance for representativemembrane synthesis
approaches and attempt to rank the synthesis methods with respect to poten-
tial for scalability. To compare the dependence of membrane performance
on membrane synthesis methods and operating conditions, we map out
fluxes and separation factors of selected ZIF-8 membranes for propylene/
propane separation.Finally,we provide future directions considering the im-
portance of further improvements in scalability, cost effectiveness, and stable
performance under industrially relevant conditions.
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MOF: metal–organic
framework

ZIF: zeolitic
imidazolate framework

HmIM:
2-methylimidazole

1. INTRODUCTION

Metal–organic framework (MOF)membranes are an emerging class of separation agents that hold
promise for demanding separations in which other membrane types, such as polymer, facilitated
transport, and carbon molecular sieve, have performance limitations (1–10). Zeolitic imidazolate
frameworks (ZIFs), a subset of MOFs consisting of more than 200 characterized structures, have
been studied for a range of applications, most notably for olefin/paraffin separations (11–21).
Short-chain olefins—mainly ethylene, propylene, and butenes—are used as monomers in more
than half of US plastics production, and separation from their (saturated) paraffin analogs is
typically accomplished via distillation because it is a well-understood and reliable separation
process that can achieve high product purity and recovery (12, 22, 23). However, distillation
of these mixtures is energy intensive owing to the proximity of the species’ relative volatilities,
requiring columns that can contain 200 stages and operate at large reflux ratios, resulting in
accordingly high capital and operating costs (22, 24–26).

Certain membrane-based separation processes can exploit differences in species’ diffusivities
to efficiently drive a separation and operate in a single phase under a pressure gradient. It has been
argued that given their lower energy requirements, hybrid membrane/distillation systems using
high-performance MOF, carbon molecular sieve, or facilitated transport membranes could lower
the energy used for olefin/paraffin separation (12, 27).

ZIF-8, consisting of Zn centers bridged by 2-methylimidazole (HmIM) ligands, as shown in
Figure 1, has been targeted for propylene/propane separations owing to a propylene diffusiv-
ity that is more than 100 times greater than that of propane (19, 20, 28, 29). Despite ZIF-8’s
crystallographically measured pore aperture size of 3.4 Å, the rotation of HmIM ligands allows
molecules with kinetic diameters of up to 6.7 Å to diffuse throughout the framework (30, 31).
However, a sharp drop-off in diffusivity for molecules with kinetic diameters of greater than
4.0 Å—considered the effective aperture size of ZIF-8—enables separation of propylene from
propane (19, 29, 30).

In this review, we discuss important structural features of ZIF-8 and other ZIFs as they re-
late to their membrane performance. We also review many methods that can be used to make
ZIF membranes and discuss issues regarding their scalability. In addition, we discuss permeation
performance at conditions relevant to industrial use.

2. STRUCTURAL FEATURES OF ZIFS

ZIFs are made of divalent transition metal centers (mostly Zn2+ and Co2+) tetrahedrally coor-
dinated with imidazolate-based linkers (28, 32). Given the similarity in the M-Im-M bond angle
of ZIFs to the Si-O-Si bond angle in zeolites, ZIFs tend to form in zeolitic topologies, hence
the term zeolitic imidazolate frameworks. Through judicious choices of transition metal centers
and imidazole linkers, ZIFs with diverse topologies have been synthesized (28, 32) (Figure 1a–c).
In this section, we present key structural and functional features of ZIFs, including framework
flexibility and tunable properties enabled by choice of linkers and metals.

2.1. Framework Flexibility

The 6-membered ring window of ZIF-8 is responsible for its molecular sieving ability. The imida-
zole rings around the window define the aperture size.The imidazolate linker can swing relative to
the 6-membered ring plane, effectively enlarging the aperture to ∼4.0 Å (33, 34) (Figure 1d). The
flexibility of ZIF-8 is reflected on two distinct timescales: the above-mentioned dynamic vibration
of the linker around its central position on the timescale of a picosecond and the guest-induced,
quasi-static rotation of the equilibrium position itself.
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Figure 1

Selection of (a) metal elements and (b) organic linkers of ZIFs presented in this review. (c) Representative ZIF structures used for the
powder synthesis and membrane fabrication for gas separation applications. (d, left) Flexibility of ZIF-8 structure with an effective
aperture size of ∼4.0 Å, larger than that (∼3.4 Å) defined by crystallographic analysis. (Right) Schematic illustration of selective pass of
propylene (∼4.0 Å) over propane (∼4.2 Å) by size through flexible ZIF-8. Abbreviations: HabIM, 2-aminobenzimidazole; HbIM,
benzimidazole; HdcIM, 4,5-dichloroimidazole; HIca, imidazole-2-carboxaldehyde; HIM, imidazole; HmbIM, 2-methylbenzimidazole;
HmIM, 2-methylimidazole; ZIF, zeolitic imidazolate framework.

Li et al. (20) first observed the remarkable difference between the adsorption kinetics of
propane and propylene in ZIF-8 powders, despite the species having almost identical equilibrium
isotherms and adsorption enthalpy. This discovery motivated simulations suggesting the imida-
zolate ring swings relative to the plane in an empty framework or an infinitely dilute adsorbate
environment (33–35). The finite possibility of such swinging to the high angles (and thus larger
aperture) accounts for the diffusion of large molecules through the aperture, which would be for-
bidden in a rigid framework model. The aperture can also be further braced open transiently to
let larger molecules go through during intercage transport. The pore size and stiffness related
to swinging are affected by the metal of the framework (36). Krokidas et al. (29) calculated the
diffusivities of various gas molecules through ZIF-8 and ZIF-67 (i.e., ZIF-8 with cobalt centers).
They found that the diffusivity behavior is correlated with the expansion ratio, i.e., the maximum
aperture size in the intercage transition state versus penetrant molecular size. Note that the linker
vibrates on a picosecond timescale or terahertz frequency (37) and thus is not probed directly by
crystallography or equilibrium adsorption measurements.
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HbIM: benzimidazole

PDMS:
polydimethylsiloxane

When guest species are present in the framework, in addition to the vibrational swinging
effect, the imidazolate linkers can rotate to new equilibrium positions with a nonzero torsion
angle. The linker rotation is often accompanied by the expansion of the unit cell dimensions as
the uptake increases. Depending on the context, such a transition is termed interchangeably as
gate opening, ambient pressure/high pressure (34, 38–40), or low/high loading (41, 42). Likewise,
the gate opening transition in ZIF-7 [a ZIF for which the HmIM linker of ZIF-8 is replaced by
benzimidazole (HbIM)] is called narrow/large pore transition (11, 43, 44).Moggach et al. (38) first
reported the structural change in ZIF-8 under 1.47 GPa hydrostatic pressure using a mixture of
methanol/ethanol to compress ZIF-8 single crystals. At 1.47 GPa, the uptake of guest molecules
in the framework increases significantly owing to the twisting of the imidazolate. Gate opening
transition also results in a step in N2 adsorption isotherm under 0.02 bar pressure (39) at 77 K
and corresponds to a 26%N2 uptake increase owing to the rearrangement of adsorbed molecules
and the linker rotation, which opens up new adsorption sites near the 4-membered ring window.

Regarding diffusion, such gate opening can easily induce the high angle configuration, facili-
tating the passage of relatively large guest molecules (compared to the crystallographically deter-
mined pore openings) through the aperture. At high loading/pressure, the gate opening can be
detrimental or beneficial to the selectivity for molecule pairs near the critical size of the aperture.
As Du et al. (44) demonstrated via in situ X-ray diffraction experiments for ZIF-7 during alcohol
adsorption, ethanol adsorption opens up the structure, compromising its ability for kinetic separa-
tion of 1-pentanol/ethanol. Another simulation study (45) suggests that the ZIF-8 unit cell keeps
shrinking under pressures up to 1 GPa, and the aperture size is reduced by 0.3 Å at 1 GPa, leading
to improved diffusion selectivity of propylene over propane, although the vibrational swinging
amplitude remains the same (±1 Å).

The gate opening phenomenon is affected strongly by an interplay of guest species, pressure,
and temperature. O2 adsorption experiments (40) in ZIF-8 show that the gate opening effect is
temperature dependent. In ZIF-7, the pressure of the gate opening transition was also found to
increase at a higher temperature for CO2 and CH4 (43). Simulation results confirm that hydro-
carbon adsorption does not promote the gate opening transition near room temperature (33),
whereas the vibrational fluctuation amplitude of the aperture determining the maximum penetra-
ble molecule size is temperature dependent (36).

ZIF-8 structural flexibility also depends on crystal size, adding to the complexity of its adsorp-
tion behavior. Zhang et al. (46) compared N2 adsorption isotherms of bulk and nanosized ZIF-8.
The transition pressure for gate opening increases significantly as the crystal size decreases ow-
ing to destabilized adsorption in the surface layer rather than structural differences. In contrast,
Tanaka et al. (47) measured adsorption isotherms of Ar, N2, and 1-butanol and concluded that
the increased transition pressure for nanocrystals was due primarily to the suppressed framework
flexibility of the outer layers. Tian et al. (48) observed, in addition to the upshifting transition
pressure, a widening adsorption/desorption hysteresis loop in nanocrystals, suggesting a higher
energy barrier for structural transition. A recent nanoindentation study (49) also found stiffness
differences between nanosized ZIF-8 and microcrystals.

Sheng et al. (50) coated polycrystalline ZIF-8 membrane with polydimethylsiloxane (PDMS)
and tested propylene/propane separation performance.They suggested that penetration of PDMS
into the membrane blocks intercrystal defects and hinders the framework flexibility under high
pressure so that the membrane selectivity of 100 is maintained at a cross-membrane pressure
difference of 6 bar.

ZIF flexibility adds complexity and uncertainty when considered for practical membrane ap-
plications because, depending on membrane microstructure (e.g., grain size, porous support con-
finement, ZIF–support interface), feed and permeate composition, temperature, and pressure, the
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SOD: sodalite

HIca: imidazole-2-
carboxaldehyde

CdIF: cadmium
imidazolate framework

effective pore openings can be altered from their nominal crystallographic values. This sensitivity
to structure and operation conditions could also be viewed as an opportunity to optimize mem-
brane performance.

2.2. Tunable Properties

ZIFs with a sodalite (SOD) topology, such as ZIF-7, ZIF-8, ZIF-9, ZIF-67, ZIF-90, ZIF-91, and
ZIF-92, have been studied extensively for their gas separation applications owing to their relatively
small effective aperture sizes (i.e., 3–5 Å), which make them suitable for the kinetic separation of
relatively small penetrant gases and light hydrocarbons. Because the properties of SOD-ZIFs (also
called ZIF-8 isostructures) depend on types of metal centers and linkers (51–53), we discuss how
the properties of ZIF-8 isostructures—in particular, gas adsorption and diffusion—can be affected
by different metal centers and/or linkers and can ultimately be tunable upon introduction of mixed
metal centers and/or linkers.

2.2.1. Linker effects. Pore aperture size, framework flexibility, and affinity for adsorbate
molecules in ZIF-8 isostructures (Figure 1) are strongly dependent on linkers. For example,
the surface area of ZIF-90 (SBET = 1,270 m2/g) was reduced to SBET = 1,010 m2/g upon
conversion to ZIF-91 with ∼80% reduction of the imidazole-2-carboxaldehyde (HIca) linkers
to their alcohol derivative, whereas ZIF-92, containing ethanolamine groups in place of the
carboxaldehyde groups of ZIF-90, displayed negligible N2 adsorption, indicating that the bulkier
linkers substantially reduced the aperture sizes (54). Both effective and nominal aperture sizes
of ZIFs increase in the order of ZIF-7 < ZIF-8 < ZIF-90, although each structure shows
different molecular sieving effects owing to the extent of attractive and repulsive forces between
neighboring linkers (55, 56). For example, the gate opening of ZIF-90 occurred in a single step
and at a higher relative pressure (i.e., P/P0 = ∼0.4) than that of ZIF-8 (cf. the two-step gate
openings of ZIF-8 at P/P0 of ∼0.005 and ∼0.02, respectively) (54, 57), which was attributed to
the reduced linker swinging owing to steric hindrance and different guest–host interactions (53,
58). Additionally, ZIF sorption capacity can be altered by chemical functionalization to improve
guest–host interactions. CO2 sorption capacity on ZIF-8, for example, can be increased by adding
electron-donating amino groups (–NH2) (59).

2.2.2. Metal center effects. Studies on the effects of metal centers have been less common
owing to the poor stability of ZIFs containing metals other than Zn, Co, and Cd (32, 60, 61).
However, the transition metal centers significantly affect the pore aperture size and linker swing
motion. For the HmIM-based ZIFs with SOD topologies, the effective aperture sizes increase in
the order of ZIF-67 (Co) < ZIF-8 (Zn) < CdIF-1 (Cd) (62–64), which is ascribed to the metal–
linker bond length and stiffness (62). These factors contributed to the absence of distinct gate
opening in the N2 adsorption at 77 K for ZIF-67 and CdIF-1 (63, 65). For SOD ZIFs with HbIM
linkers, the pressure-responsive phase transition behavior (i.e., pore breathing) of CdIF-13 (Cd)
differed remarkably from that of ZIF-7 (Zn) and ZIF-9 (Co), likely owing to an increased flexi-
bility with longer metal–linker bonds (66).Whereas a phase transition occurred at less than 1 bar
for ZIF-7 (Zn) and ZIF-9 (Co) for CO2 adsorption at ambient temperature, CdIF-13 (Cd) expe-
rienced a phase change at a significantly increased pressure of ∼11 bar and demonstrated a unique
double-stepped pore-breathing phenomenon at higher temperatures (66).

2.2.3. Multicomponent effects. Hybrid ZIFs (also known as multicomponent ZIFs) contain
multiple types of linkers and/or metals and can provide more systematic tunability of properties
by controlling the composition ratios of linkers and/or metals (67, 68). Unlike the general
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SALE: solvent-assisted
linker exchange

DMF:
dimethylformamide

mixed-metal/linker ZIFs, which share a topology with parent ZIFs, metal/linker-doped ZIFs
involve unsuitable secondary components, which alone cannot form the topologies of resulting
multicomponent ZIFs (69, 70). Multicomponent ZIFs prepared via the in situ approach, in which
both metal and linker species are present in the initial synthesis solution, have an even distribution
of metal/linker components throughout the crystals and are referred to as homo-centered ZIFs.
The postsynthetic approach involves placing as-formed single-component ZIFs in solutions
containing either linkers or metals not present in the parent ZIFs (64). This process is referred
to as solvent-assisted linker exchange (SALE) or postsynthetic ligand/metal exchange (71), which
results in a core-shell structure in which the outer layers have had linkers or metals exchanged
while the interior remained as the parent ZIF structure. In comparison to the single-component
ZIFs (i.e., ZIF-8 and ZIF-90), ZIF-8–90 [Zn(mIM)x(Ica)2−x] prepared via the in situ approach
exhibits gas adsorption and diffusion reflecting homogeneously changed pore characteristics
(55, 57, 72). In contrast, the gas adsorption and diffusion properties of ZIF-8–90 prepared via
the postsynthetic approach on ZIF-8 were comparable to those of a physical mixture of ZIF-8
and ZIF-90 owing to their segregated structure (i.e., ZIF-8-rich core and ZIF-90-rich shell)
(72–74). These findings demonstrate that the spatial distribution of different linkers depends on
the method used to synthesize the multicomponent ZIF, and frameworks with the same linker
fractions could have different gas diffusivities (75, 76).

3. ZIF SYNTHESIS

ZIF crystallization is usually performed in batch systems and follows typical nucleation and growth
curves (77).To control the nucleation and the growth steps, diverse ZIF synthesis routes have been
investigated (78–80). Solvent,metal/ligand precursor type and concentration, reaction conditions,
and the presence of additives collectively determine ZIF properties such as shape, size, yield, pu-
rity, and crystallinity (81–84). Several ZIF preparation strategies, including solvo-/hydrothermal,
ionothermal, mechanochemical, sonochemical, and microwave methods, have been inspired from
similar approaches used successfully to make zeolites (85). Conventional solvo-/hydrothermal
methods have been used most commonly for ZIF synthesis because they are convenient and high
throughput and allow for precise control through the variation of synthesis parameters (e.g., tem-
perature, time, solvent, precursor,modulator, and concentration) (32). In addition, electrochemical
and vapor-phase methods that have not been applied to zeolite synthesis have been developed for
ZIF synthesis. In the following discussion, we focus primarily on the synthesis of ZIF-8.

3.1. Conventional Solvothermal (Nonaqueous) Synthesis

Organic solvents, typically methanol or dimethylformamide (DMF), are commonly used for ZIF
synthesis (28, 86). Although DMF serves as a structure-directing agent of ZIFs and provides rela-
tively high yields (28, 78), alcohol-based synthesis can be performed at relativelymild temperatures
and requires easier activation processes (removal of solvent from pores) than DMF-based synthe-
sis (78, 87). In a methanolic ZIF-8 synthesis, Cravillon et al. (88) used in situ small- and wide-angle
X-ray scattering to observe small clusters made of Zn2+ and HmIM in the early stages of the syn-
thesis that later formed ZIF-8 particles, although the transition from cluster to nuclei is still not
well understood. In a separate study using in situ light scattering for methanolic ZIF-8 synthesis,
the same group observed that more basic modulating ligands increased the nucleation rate, result-
ing in a higher number of nuclei and a smaller average nucleus size than ZIF-8 synthesized using
less basic modulating ligands (83).

In methanolic ZIF-8 synthesis, an increase in linker concentration was found to increase the
number of nuclei and decrease the average nucleus size (89).This result was attributed to increased
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deprotonation of HmIM groups bound to M2+ (Co or Zn) ions, allowing the HmIM ligands to
bind to a neighboring metal ion to produce oligomers that can later form ZIF nuclei (89). Higher
synthesis temperatures increased the average particle size while not affecting the particle density,
indicating that temperature influences a crystal growth rate but has little effect on the nucleation
rate (89).

3.2. Conventional Hydrothermal Synthesis

Aqueous ZIF synthesis is desirable for (a) environmental benefit, (b) mild and fast synthesis, and
(c) high yield (90). It was first accomplished by the Lai group in 2011 (91). Jian et al. (82) performed
a systematic investigation of the effect of important synthesis parameters and proposed a mecha-
nism for ZIF-8 growth in a water-based system, consisting of (a) coordination, (b) deprotonation,
and (c) ligand exchange (Figure 2a). The first step is proposed to involve Zn ions coordinating
with HmIM to form Zn(HmIM)n2+ (1 ≤ n ≤ 4, pKa = 10.3) units. The bound HmIM groups in
these Zn(HmIM)n2+ units must then be deprotonated before they can undergo ligand-exchange
reactions to form larger species that will result in nuclei (83). The basic HmIM molecules
(pKa = 14.2) can remove a proton from a neighboring water molecule, forming H2mIM+ (pKa =
7.0) molecules that can no longer coordinate to free Zn2+ atoms or deprotonate Zn(HmIM)n2+

units.Therefore, aqueous ZIF-8 synthesis requires a large excess ofHmIM to form a basic solution
in which there is a large concentration of the unprotonated HmIM, as shown in Figure 2b.

N N

N NHN NH2

OH–

HmIM
(pKa = 14.2)

H2mIM+

(pKa = 7.0)

ba

HmIM H2mIM+

NH2NH2O+ +

+

NHN

mIM–

mIM–

ZIF-8 crystal
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Figure 2

(a) Sequence of steps involved in the formation of ZIF-8 crystals in water. L indicates ligands that could be present, such as auxiliary
modulating ligands, H2O, NO3

−, and MeOH. (b) Relative concentration of HmIM-based species (i.e., HmIM, H2mIM+, and mIM−)
as a function of pH in water in the absence of any other species. Abbreviations: H2mIM+, protonated 2-methylimidazolate; HmIM,
2-methylimidazole; mIM−, deprotonated 2-methylimidazolate; ZIF, zeolitic imidazolate framework.
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L/M: linker-to-metal

CVD: chemical vapor
deposition

ZnO: zinc oxide

ALD: atomic layer
deposition

MUV-3: Materials of
University of Valencia

VPLE: vapor-phase
linker exchange

At relatively low linker-to-metal (L/M) ratios, zinc hydroxide and basic zinc nitrate are formed
owing to insufficient deprotonation of HmIM (92–95). Pan et al. (91) reported the first synthe-
sis of ZIF-8 in an aqueous solution, using an L/M ratio of 70. Diverse basic modulators have
been employed for hydrothermal ZIF synthesis to enhance linker deprotonation (96–99), allow-
ing phase-pure ZIF-8 to be synthesized at L/M ratios of 4:1 and 2:1 by using triethylamine (97)
and ammonium hydroxide (98), respectively.

3.3. Unconventional Solid- and Liquid-Phase Synthesis

Despite the simplicity and controllability of conventional solvo-/hydrothermal ZIF synthesis, the
reaction provides low yields and is challenging to scale up (100). Additional external energies, such
as mechanical force, ultrasound, microwave, and electric field, have been newly adopted for ZIF
synthesis to overcome the limitations of conventional synthetic methods; these are well described
in previous review papers (78, 80, 90, 100).

3.4. Vapor-Phase Synthesis

Vapor-phase ZIF synthesis is an emerging technique, providing unique features compared to
liquid-phase counterparts.

3.4.1. Dry-gel conversion. The dry-gel conversion (steam-assisted conversion) method was
one of the first attempts to avoid the use of organic solvents in synthesizing ZIFs. Shi et al. (101)
reported that ZIF crystals were grown bywater vapor–mediated reorganization of gel-phase eutec-
tic mixtures of metal and ligand precursors. This synthesis technique offers shorter reaction times
and high yields and minimizes, or completely avoids, the use of organic solvents (102). Whereas
small amounts of vaporized water molecules were beneficial, excessive water generated undesir-
able dense phases (101).Chen et al. (103) used zeolites as a medium for solvent recovery to prevent
the formation of undesirable impurities.

3.4.2. Chemical vapor deposition. Stassen et al. (104) introduced ZIF synthesis using chemical
vapor deposition (CVD). They achieved the complete transformation of zinc oxide (ZnO) films
less than 10 nm thick deposited by atomic layer deposition (ALD) toZIF-8 via vapor–solid reaction
of sublimated HmIM with the ZnO film (104). Owing to the different volumes per Zn atom
within ZnO and ZIF-8, a substantial volume expansion has been observed upon conversion of
ZnO to ZIF-8 (47, 104). Stassen and colleagues (105) also developed an integrated ALD–CVD
process that produced ZIF films in a single reactor.Huang et al. (106) developed a direct synthesis
approach called steam-assisted CVD using a flow-through reactor wherein Ar carrier gas was
used to supply vapors of HmIM, cobalt acetylacetonate, and water to a sapphire substrate to grow
thin films of ZIF-67. Steam-assisted CVD allowed for greater control over film orientation, grain
size, and surface morphology than vapor-phase conversion of ZnO to ZIF (106). López-Cabrelles
et al. (107) performed a direct vapor-phase synthesis of ZIF-8 by heating HmIM and a volatile
Zn precursor under vacuum. They also synthesized Fe-ZIF-8 (referred to as MUV-3) using an
analogous route (107).

3.4.3. Vapor-phase linker exchange. More recently, a postsynthetic ligand-exchange ap-
proach, wherein as-synthesized ZIFs in powder or film form are exposed to organic ligand vapors
[i.e., vapor-phase linker exchange (VPLE)], has been developed as an alternative to SALE (108,
109). In contrast to the diffusion-limited SALE, vaporized linker diffusion through ZIF pores was
not a rate-determining step, and there was no dissolution and recrystallization during the linker
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exchange (108). The pore properties of ZIFs were effectively tuned via VPLE, while their origi-
nal topologies were preserved (109, 110). In addition, the versatility of VPLE with diverse organic
linkers was demonstrated, although an optimal combination of linker pKa and vapor pressure is
required to succeed in the exchange process (108, 110).

4. ZIF MEMBRANE FORMATION

A wide range of ZIF membranes, supported on porous ceramic or polymeric substrates with di-
verse geometries, have been reported and have shown potential for separating gas mixtures by
molecular sieving or sorption selectivity (111, 112) (Figure 3,Table 1). To be exploited success-
fully in a membrane system, a supported ZIF layer must not only be well intergrown and defect
free to minimize nonselective transport channels but also be very thin, desirably less than ∼1 μm,
to provide a high-throughput separation (113).Over the past decade, diverse and creative methods
have been developed to fabricate high-performance ZIF membranes (114). In addition, postsyn-
thetic treatments of as-formed ZIF membranes with organic linkers (109, 115), metal-containing
precursors (116), or a short electron beam irradiation (117) have been developed recently to ef-
fectively modify ZIF membrane performance.

4.1. Support Effects

A range of innovative synthetic methods have been developed to improve the integration of ZIF
layers into ceramic and polymeric supports for membrane preparation (Figure 3 and Table 1).

4.1.1. Ceramic. Given their outstanding resistance to chemical, thermal, and mechanical stress,
as well as their high porosity, porous ceramic supports, mostly made from Al2O3, TiO2, SiO2, or
ZrO2, have been used widely to form ZIF membranes (118). However, the thermal expansion
coefficient mismatch between the ceramic support and the ZIF membrane layer could lead to
substantial film cracking during the synthesis process, which limits the selection of membrane
materials (119). The high manufacturing cost for ceramic supports compared to that of polymeric
supports also restricts the use of ceramic ones to particular applications where polymeric compo-
nents cannot be deployed (120).

In 2009, Bux et al. (31) showed promise with the first ZIF-based membrane for H2/CH4 sep-
aration by growing ZIF-8 directly on asymmetric TiO2 (rutile and anatase compound) disks via a
microwave-assisted solvothermal approach. Based on microwave dielectric heating (121) coupled
with conventional heating (Figure 3b), the synthesis process facilitated rapid growth (∼4 h) of
a dense polycrystalline ZIF layer on the porous support. Although direct growth of ZIFs on
unmodified support is a relatively simple process, it induces poor film continuity and membrane-
layer delamination, responsible for nonselectivity in gas separation performance (122) owing to
the unfavorable ZIF nucleation on the chemically inert supports. This also leads to undesirable
ZIF crystals homogeneously grown in a liquid phase, generating costly precursor wastage (111).
Surface modification of the porous supports with covalent linkers can increase the density of het-
erogeneous nucleation sites for ZIFs and enhance the interfacial compatibility between the ZIF
layers and the supports (113), improving membrane quality and reducing the use of precursors.
For instance, α-Al2O3 and TiO2 disks, functionalized with 3-aminopropyltriethoxysilane via an
imine condensation reaction, enable robust adhesion of well-intergrown ZIFs including ZIF-8,
ZIF-7, ZIF-22 (123), and ZIF-90 (124) to the modified supports. Seeding with ZIF crystals
or reactive precursors (i.e., metal precursors or organic ligands) (125) has been employed as
a facile in situ route to promote heterogeneous ZIF nucleation and growth, yielding contin-
uous ZIF membranes. α-Al2O3 supports seeded with as-synthesized ZIF crystals by an in situ
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CD: counterdiffusion

RTD: rapid thermal
deposition

DCTC: dip coating–
thermal conversion

LIPS: ligand-induced
permselectivation

AAO: anodized
aluminum oxide

Figure 3 (Figure appears on preceding page)

(a) Type of supports that have been used for ZIF synthesis. Schematic of representative ZIF membrane synthesis methods: (b) Solvo-/
hydrothermal; (c) liquid-phase epitaxy; (d) counterdiffusion; (e) rapid thermal deposition; ( f ) dip coating-thermal conversion;
(g) electrochemical deposition; (h) interfacial microfluidic membrane processing; (i) gel-vapor deposition; and ( j) ligand-induced
permselectivation. Abbreviations: DEZ, diethylzinc; DMAc, dimethylacetamide; PVDF, polyvinylidene fluoride; ZIF, zeolitic
imidazolate framework.

microwave-assisted method (126, 127) or by simple slip-coating (6) have successfully reduced
homogeneous nucleation and promoted the growth of thin and crack-free ZIF layers that are
strongly adhered to the support. Kwon et al. (9) fabricated the first high-quality ZIF-67 mem-
branes with sub-1-μm thickness through the heteroepitaxial solvothermal growth of ZIF-67 on
ZIF-8 seed layers predeposited on α-Al2O3 disks via rapid microwave-assisted seeding. It was
substantiated that dense ZIF-8 seed components, firmly anchored to the supports, enable the
formation of a well-intergrownZIF-67 layer; without the seeds, a defective ZIF-67 layer is formed.

The liquid-phase epitaxy approach, adopted by Shekhah et al. (128), enables the growth of
a continuous and relatively thin (less than 1.5 μm) ZIF-8 layer on porous α-Al2O3 supports at
room temperature, with the film thickness controlled simply by the number of the liquid-phase
epitaxy cycles (Figure 3c). This room-temperature technique prevents crack formation in the
ZIF-8 film, which generally occurs upon heating–cooling processes in the conventional synthesis
method owing to the difference in thermal expansion coefficients between the support and the
film. However, there are certain drawbacks, such as the long processing time and the solution
contamination as the deposition cycle is repeated.

The counterdiffusion (CD) concept as a sole method allows multiple uses of the expensive pre-
cursor solutions for synthesizing well-intergrown ZIF membranes with excellent microstructure
or healing as-formed membranes with poor film continuity (129) (Figure 3d). Xie et al. (130)
created a continuous ZIF-8 membrane by adopting a new strategy, in which chemically modified
α-Al2O3 particles are densely deposited onto a macroporous α-Al2O3 tube (average pore size of
3 μm), followed by a CD membrane synthesis in liquid phase at elevated temperature.

Themembrane synthesis mechanism for the rapid thermal deposition (RTD) (131) (Figure 3e)
and the dip coating–thermal conversion (DCTC) (132) (Figure 3 f ) methods is based on
evaporation-induced crystallization (133), wherein the flow of the precursor solution is driven
from inside the porous support to outside at an elevated temperature, which induces well-
intergrown ZIF-8 membrane in less than 15 min. This rapid synthesis protocol offers excellent
potential, including reducing cost and waste and enhancing scalability.

Ma et al. (12) fabricated the ultrathin ZIF-8 nanocomposite membranes by using an all-vapor-
phase processing method, called ligand-induced permselectivation (LIPS), wherein the ALD-
deposited ZnO layer transforms into the ZIF-8 layer by employing the ligand-vapor treatment
(Figure 3 j). The distinct feature of the ZIF-8 layer made in this approach, compared to those
prepared by other synthesis techniques, is that the selective layer is physically confined within the
top 200 nm of the mesoporous (2–5-nm) γ-Al2O3 layer coated on the base α-Al2O3 support. This
solvent- and seed-free approach performed in the all-vapor-phase shows promise in scalability.

In addition to an archetypical ZIF-8, Hao et al. (134) prepared continuously intergrown
ZIF-67 and ZIF-90 membranes at sub-1-μm thickness in 8 min at room temperature via a CUSP
(crystallization using sustained precursors) route (Table 1). As two peristaltic pumps continu-
ously supply each precursor solution into a mixing chamber containing anodized aluminum oxide
(AAO) substrates seeded with ZIF nuclei, a high growth rate is maintained while precluding
Ostwald ripening, which typically occurs in conventional batch reaction systems. The same group
also reported the rapid deposition of continuous and ultrathin ZIF films (i.e., ZIF-7 and ZIF-8) on
various untreated substrates using a novel and potentially scalable electrophoretic nuclei assembly
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ENACT:
electrophoretic nuclei
assembly for
crystallization of
highly intergrown thin
films

HF: hollow fiber

PSF: polysulfone

PAN: polyacrylonitrile

for crystallization of highly intergrown thin films (ENACT) approach (135) (Figure 3g). In this
process, the electric field induces the assembly and transfer of the charged ZIF nuclei toward
the nonconductive AAO support positioned on the cathode, leading to the formation of highly
permselective ZIF-based membranes. Similar methods with slight modifications, such as a fast
current-driven synthesis (136) and an aqueously cathodic deposition (137), have been developed
recently to synthesize bimetallic Zn(100−x)Cox-ZIF and ZIF-8 membranes, respectively, with
improved propylene/propane separation performance (138).

4.1.2. Polymeric. Using polymeric rather than ceramic materials for making supports has ad-
vantages, including high processability, lower costs, and lower energy consumption (139). Sup-
ports with a hollow-fiber (HF) geometry, for example, can be assembled into compact modules
with large membrane surface areas suitable for industrial gas separation applications (140). The
main challenge with polymeric substrates, however, is that they easily experience uneven swelling
during liquid-phase chemical modification or ZIF integration into the substrates, deteriorating
the continuity of ZIF layers on polymeric supports (141).

Not until Yao et al. (142) demonstrated ZIF-8 membrane growth on flexible fibrous nylon
membrane supports in 2011 did porous polymer-supported ZIF membranes emerge. The cyclic
CDmethod (Figure 3d) performed at room temperature keeps the polymeric support stable dur-
ing synthesis, leading to a continuous and dense but quite thick (∼16-μm) ZIF-8 layer. The con-
ventional solvothermal seeded approach has also been applied directly to asymmetric polysulfone
(PSF) porous sheets for the in situ integration of ZIF-8membranes (143).Given its good chemical
resistance and high service temperature (∼150°C), the flexible PSF support acts as a stable plat-
form on which a compact and intergrown ZIF-8 layer is grown in a methanolic solution at 90°C.
Owing to precursor infiltration deep into the porous substrate, the ZIF-8 layer adheres strongly
to the support but has a thickness of ∼35 μm.

To promote stable ZIF layer integration, chemical modification of polymer supports must be
tailored to the reactive groups present within the polymer. Polyacrylonitrile (PAN) possesses am-
ple nitrile groups (–CN) that can be hydrolyzed into carboxylic acid groups (–COOH) in the pres-
ence of NaOH (144), whereas primary amines can ammoniate nonpolar polyvinylidene fluoride to
generate amino groups (–NH2) (145). The produced chemical functional groups provide a poly-
mer surface with dense and adhesive heterogeneous nucleation sites for ZIF growth. As an added
benefit, the polymermacromolecules crosslinked during the synthesis reduce the swelling and flex-
ibility of the polymeric substrate, preventing substantial structural distortion in the ZIF layer un-
der hydrostatic compression. A vapor-phase chemical modification with ethylenediamine at room
temperature has been implemented for an asymmetric bromomethylated poly(2,6-dimethyl-1,4-
phenylene oxide) support, giving rise to not only a reduction in substrate pore size but also a high
density of nucleation sites, both of which are necessary for the formation of a thin and pinhole-free
ZIF layer (146, 147). Neelakanda et al. (122) sputtered ∼90 nm of ZnO film onto PAN porous
supports, followed by dipping the samples into aqueous precursor solution at room temperature
to synthesize ZIF-8 membranes. The precoated ZnO components function as nucleation sites
and a metal source to realize continuous and thin ZIF-8 films with reduced penetration into the
supports. Surface pretreatment is no longer necessary, however, if the pure polymeric component
interacts strongly with precursors for membrane growth. A poly-thiosemicarbazide, which has an
innate ability to chelate or bind a wide range of metals, is an excellent example of support with no
need for surface pretreatments. Barankova et al. (148) demonstrated that a highly dense, crack-
free, and thin ZIF-8 layer can be integrated directly onto the bare porous poly-thiosemicarbazide
support via a simple CD synthesis.
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IMMP: interfacial
microfluidic
membrane processing

GVD: gel-vapor
deposition

C3H6: propylene

Macroporous HFs, consisting of chemically and mechanically resistant poly(amide-imide)
Torlon®, prepared by a fiber-spinning process, have been successfully coated with molecular siev-
ing layers of ZIF-8 (7) using seeded growth and interfacial microfluidic membrane processing
(IMMP) (Figure 3h). By dissolving the metal precursor and linker in separate immiscible sol-
vents and maintaining the interface between the solvents on the inner surface of the fiber, IMMP
enables the formation of thin defect-free ZIF membranes with correspondingly high permeance
and selectivity. Potentially, this approach can position the ZIF layer even at the outer surface
or in the bulk of the fiber by controlling the precursor and solvent locations, which influences
the membrane performance. Su et al. (149) first introduced metal-based gels deposited on the
polymeric HF support to synthesize continuous and stiff ZIF/polymer composite membranes.
The Zn-based gel, impregnated in the porous substrate, transforms into ZIF during solvothermal
treatment, ensuring robust adhesion between the ZIF layer (∼20 μm) and the support. Li et al.
(150) demonstrated the Zn-based gel transformation into ZIFs under a solvent-free environment
using a gel-vapor deposition (GVD) method (Figure 3i), leading to a significant reduction in
ZIF layer thickness down to less than 20 nm. The versatile method also works well with a range
of polymeric substrates, such as PAN, polyvinylidene fluoride, PSF, and polyethersulfone HFs,
exhibiting an excellent gas separation performance.

4.2. Synthesis–Microstructure–Performance Relationship

In the traditional in situ solvothermal approach, in which ZIF association and dissociation oc-
cur simultaneously, it is challenging to control microstructural components of the selective layer,
such as thickness, orientation, grain boundary defects, and rigidity (112, 114). Controlling these
microstructures is critical, however, as it dictates membrane performance. Solution-based mem-
brane synthesis methods relying on support modification (151), seeded growth (2, 6, 126, 152), and
CD (129, 153–156) have improved membrane continuity while simultaneously limiting mem-
brane thickness, thus enhancing membrane performance relative to in situ methods (Figure 3
and Table 1). Some membranes relying on modified forms of ZIF-8, such as confined solvent
molecules (132), ZIF-67 layers heteroepitaxially grown from ZIF-8 seed layers (9), and a stiffer
ZIF-8 phase (136), have achieved much higher selectivities than standard ZIF-8 membranes and
are discussed in greater detail in Section 5 (Figure 3 and Table 1). Vapor-phase syntheses have
been developed wherein permselective ZIF layers have been formed via conversion of imperme-
able layers consisting of Zn-based gels (150) or ALD ZnO deposits (12) to produce very thin
membranes with minimal defects that display accordingly high selectivities and fluxes (Figure 3
andTable 1).Membranes with selective layers confinedwithin the support (12, 157) or coatedwith
PDMS (50, 158) have maintained stable performance at elevated feed pressures, whereas mem-
branes with selective ZIF layers grown out of the porous support (not confined) have typically
performed poorly at these operating conditions, as is discussed in depth in Section 5 (Figure 4).

5. C3 SEPARATION BY ZIF MEMBRANES

5.1. C3 Separation by Membranes

Propylene (C3H6) is an important building block for many chemicals, including polypropylene;
with an annual production of approximately 108millionmetric tons in 2020, it is the second largest
chemical commodity, following ethylene (159). Currently, most propylene is produced by steam
cracking of naphtha and catalytic cracking of gas oils, both of which produce several chemicals,
including ethylene, and subsequently require a series of separations, including ethylene/ethane
and propylene/propane separations. Propylene and propane are separated in fractional distillation
columns (called C3 splitter). Owing to their close boiling points, the C3 splitter requires a large
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Figure 4

Representative ZIF-8 membrane performance including elevated feed pressure (1–9 bar). (a) Aggregate data.
(b) Data collected using a sweep gas on permeate side. (c) Data collected using vacuum on permeate side.
(d) Measurements obtained with 1 bar undiluted permeate. PDMS refers to ZIF membranes coated with a
PDMS layer. All other initials correspond to the synthesis methods depicted in Figure 3 [PDMS coating
(left-pointing triangle, 50; right-pointing triangle, 158); seed solution dip-coating (up-pointing triangle, 2);
IMMP (down-pointing triangle, 157); DCTC (diamond, 132); ZnO seed layer sputter-coating (square, 168); in
situ ligand doping (hexagon, 178); GVD (pentagon, 150); LIPS (circle, 12)]. Abbreviations: DCTC, dip
coating–thermal conversion; GVD, gel-vapor deposition; IMMP, interfacial microfluidic membrane
processing; LIPS, ligand-induced permselectivation; PDMS, polydimethylsiloxane; ZIF, zeolitic imidazolate
framework; ZnO, zinc oxide.

number of trays (150–250) with a high reflux ratio (15–25), resulting in high capital investment
and energy costs (1, 160). Membrane-based C3 separation has been studied extensively as a cost-
effective and energy-efficient alternative to the conventional distillation process.

5.2. C3-Selective ZIF-8 Membranes

Li et al. (20) reported a pioneering work on the kinetic uptakes of propylene and propane in ZIF-8
and its derivates and showed that propylene diffuses two orders of magnitude faster than propane.
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C3H8: propane

GPU: gas permeance
unit; 100 GPU =
3.35 × 10−8 mol/m2 s
Pa

Cm: monoclinic
crystal system

I-43m: cubic crystal
system

DZIF-8: defective
ZIF-8

Molecular sizes of C3H6 and propane (C3H8) are ∼4.0 Å and ∼4.2 Å, respectively. Though the
crystallographically defined aperture size of 6-membered rings in ZIF-8 is 3.4 Å, the swing mo-
tion of the linkers makes its effective aperture substantially larger (Figure 1d). Zhang et al. (161)
estimated the effective aperture at 4.0–4.2 Å based on experimental observations.

In 2012, Lai and his coworkers (6) reported the first propylene-selective ZIF-8 membranes.
The membranes showed an average propylene permeance and C3 separation factor of ∼50 GPU
(100 GPU = 3.35 × 10−8 mol/m2 s Pa) and ∼35, respectively. Shortly after, Jeong’s group
(126, 129, 131, 153) reported a series of propylene-selective ZIF-8 membranes with an aver-
age propylene permeance of ∼90 GPU and a C3 separation factor of ∼50, respectively. Later,
the same group demonstrated that ZIF-67 membranes showed a much enhanced C3 separation
factor of ∼209 with propylene permeance of ∼50 GPU (9). The increased C3 separation fac-
tor of ZIF-67 membranes was attributed to the tempered linker rotation resulting from stiffer
Co-N bonds. In 2018, Zhou et al. (136) reported a fast current-driven synthesis strategy to pre-
pare ZIF-8 membranes with ultrahigh propylene selectivities. They found that under fast current,
ZIF-8 crystalizes in a monoclinic (Cm) system rather than in a typical cubic (I-43m) system. The
linkers in ZIF-8_Cm are less likely to rotate than those in ZIF-8_I-43m, thereby showing a signif-
icant increase in the propylene/propane separation factor of ∼300 with a propylene permeance of
∼50 GPU.

To process a large volume of gases, it is highly desirable to have membranes of high propylene
permeance. As such, there is great interest in preparing membranes that are as thin as possible.
For reference, commercial polymer membranes have thin selective skin layers of less than 200 nm.
For polycrystalline membranes, whether zeolite or MOF membranes, thickness is determined by
the chemistry of materials, the physicochemical properties of supports, and the processing meth-
ods. To prepare ultrathin (i.e., sub-500-nm) ZIF membranes, researchers have used supports with
smooth surfaces, such as AAO. For example, He et al. (135) prepared ultrathin ZIF-8 membranes
on AAO disks using the ENACT method. The resulting membranes were ∼500 nm thick and
showed a C3H6 permeance of ∼300 GPU with a C3H6/C3H8 separation factor of 32. Wei et al.
(137) prepared ZIF-8membranes on AAO disks using the cathodic depositionmethod.Themem-
branes showed a C3H6 permeance of ∼180 GPU and a C3H6/C3H8 separation factor of ∼140.

Recently, vapor-phase synthesis of ZIF membranes has gained significant research interest.
Note that vapor-phase synthesis used for ZIF membranes so far is, strictly speaking, vapor-phase
transformation of ZnO films to ZIF membranes. Tsapatsis’s group (12) reported vapor-phase
synthesis of ultrathin amorphous ZIF membranes supported on γ-Al2O3-coated α-Al2O3 sub-
strates that displayed a propylene permeance of ∼480 GPU and a propylene/propane separation
factor of ∼75 with stable on-stream performance over 10 days up to the feed pressure of 7 atm. Li
et al. (150) prepared ZIF-8 membranes using gel-vapor transformation with a C3H6 permeance
of ∼830 GPU and a C3H6/C3H8 separation factor of ∼70 owing to their thin selective layers
of ∼87 nm. Most recently, Qiao et al. (162) presented one of the thinnest ZIF-8 membranes
supported on commercial ultrafiltration PSF filters, using interface layer polarization induction.
The resulting defective ZIF-8 (DZIF-8) membranes were 45 nm thick and showed a record-high
propylene permeance of ∼3,000 GPU and a propylene/propane separation factor of ∼90. The
high C3 separation factor of the DZIF-8 membranes was attributed to abundant open metal sites
capable of forming π bond interactions with propylene molecules.

Lee et al. (115) prepared highly permeable ZIF-8 membranes with an effective thickness of
250 nm using a SALE strategy. ZIF-8 linkers (HmIM) of micron-thick ZIF-8 membranes were
partially exchanged with ZIF-90 linkers (HIca). Because ZIF-90 has a greater effective aperture
than ZIF-8, the resulting ZIF-90/-8 hybrid membranes showed a fourfold increase in propylene
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permeance (∼230 GPU) while preserving the propylene/propane separation factor (∼40). Based
on increased propylene permeance, the effective thickness of the ZIF-8 layer was estimated at
∼0.25 μm.

It is critically important to use scalable supports for ZIF membranes. Ceramic HFs and tubes
as well as polymer HFs are more scalable than planar supports. Huang et al. (163) reported ZIF-8
membranes on yttria-stabilized zirconia HFs, achieving a propylene/propane separation factor of
∼140 with a relatively low propylene permeance of ∼16 GPU. Lee et al. (164) prepared ZIF-8
membranes on Al2O3 tubes using microwave-assisted seeding and secondary growth. The mem-
branes showed a propylene permeance of ∼50 GPU and a propylene/propane separation factor
of ∼200.

Compared to ceramic HFs/tubes, polymer HFs are more attractive as low-cost scalable sup-
ports. Eum et al. (157) were the first to report highly propylene-selective ZIF-8 membranes sup-
ported on poly(amide-imide) HFs (Torlon) using the IMMP method. The membranes exhibited
a propylene permeance of ∼45 GPU and a propylene/propane separation factor of ∼180 at 1 bar
and 25°C. The membranes showed stable performances even after continuous operation over
30 days. Lee et al. (165) reported sub-1-μm-thick ZIF-8 membranes on Matrimid® 5218 HFs
showing a propylene permeance of ∼5 GPU and a propylene/propane separation factor of ∼46.
Recently, Rashidi et al. (166) reported polycrystalline Mobil-type five (MFI)-type zeolite/ZIF-8
hybrid membranes on polymer HFs. Owing to the presence of more permeable MFI, the hy-
brid membranes exhibited a high propylene permeance of ∼61 GPU with a propylene/propane
separation factor of ∼150.

The majority of ZIF-8 membrane articles have used mixed propylene/propane feed streams at
atmospheric pressure (1 bar) with sweep gas on the permeate side, whereas commercial C3H6/

C3H8 gas separation will require feed pressures of up to 15 bar and will not use a sweep gas (167).
As shown in Figure 4, methods that localize the selective ZIF layer within the support (12, 157),
as opposed to on the support surface, or that coat the membrane surface with PDMS (50, 132,
158) maintained high selectivities at high pressure, possibly owing to enhanced rigidity from the
confinement of the ZIF structures. In contrast, some supported ZIF membranes showed a sharp
decline in selectivity at increased pressures owing to increased propane permeance (150, 168).
Ma et al. (132) prepared ZIF-8 membranes using a DCTC method that demonstrated an ∼25%
increase in selectivity as feed pressure was increased from 1 to 7 bar owing to dimethylacetamide
molecules confined within the pores of the ZIF. As shown in Figure 4d, membrane separation
factors aremuch lower inmixed-gas testing with permeate that does not use sweep (Figure 4b) and
is not under vacuum (Figure 4c). As feed pressure is increased, all membranes shown in Figure 4
exhibit a decrease in permeance. However, the increase in the pressure differential across the
membrane from increased feed pressure more than offsets the decrease in permeance, resulting
in a net increase in flux for all membranes.

6. FUTURE OUTLOOK

It has been shown by process scale assessment that the current propane/propylene separation per-
formance of ZIF-8 membranes meets the level required for industrial use (see detailed analysis
presented in supporting information of Reference 12). First, it is important to note that distilla-
tion cannot be replaced by a single-stage ZIF-8 membrane of current performance, and although
multistage membrane configurations like the ones disclosed by Colling et al. (169) may provide
the ability to reach desirable purity and recovery, their competitiveness with distillation is not
yet established. A feasible industrial use for ZIF-8 membranes is a hybrid membrane-distillation
combination that can allow debottlenecking of existing distillation columns. A membrane with
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a permeance of 100 GPU and separation factor of 50, when operated at 7 bar feed and 1 bar
undiluted permeate, can accomplish a 35% increase in productivity (12). LIPS and GVD mem-
branes have already demonstrated this level of performance, as shown in Figure 4d. Even for a
50% reduction of the reboiler duty provided by heat integration (internal to the column or with
the rest of the plant), such membranes can achieve ∼25% savings in energy requirements com-
pared to heat-integrated distillation. Although these potential energy savings are substantial, they
represent less than 1% of the cost of polymer-grade propylene.

For this reason, energy savings may not be a sufficient incentive for industrial adaptation. Sig-
nificant capital cost savings could enhance the likelihood of adapting this membrane technol-
ogy. For a membrane with 100 GPU permeance and a separation factor of 50, operated at 7 bar
feed and 1 bar permeate, the break-even capital cost can be achieved at an installed membrane
cost of ∼$130/m2 (12). Operation at 15 bar feed, assuming that the 100-GPU permeance is re-
tained, allows a membrane cost of ∼$330/m2. This cost limit and the need for large membrane
areas (∼5,000 m2 to 10,000 m2 to achieve production of 250,000 tonnes/year) point to scalable
and low-cost production as a key for commercialization. Another attractive potential use of the
propylene-selective membranes, the recovery of propylene that is lost in the purging process in
polymerization plants, has also been analyzed (12, 170). This is a much smaller-scale and far less
demanding application, which allows for installed membrane costs of up to∼$1,000 to 10,000/m2

and may serve as an entry point for ZIF-8 and other propylene-selective membranes.
ZIF-8 membranes can be fabricated using a wide range of conditions. This remarkable flexi-

bility in choosing synthesis methods enables compatibility with various meso- and macroporous
substrates and is an advantage toward scale-up and industrial development. Currently, none of the
methods shown in Figure 3 has been demonstrated to scale. We attempted to rank them with
respect to potential for scalability in Table 1. In our view, the GVD membranes currently com-
bine the required high-flux performance with potential for scalability, whereas other methods like
DCTC and RTD, although meeting the scalability criterion, require significant improvements in
flux. The LIPS method produces high-performance membranes, but its scalability relies on the
scalability of ALD for thin-film formation in porous substrates (171), which is not yet established.
Zhuang et al. (172) recently reported on an ALD reactor modeling study addressing this issue,
revealing some of the potential challenges that have to be addressed at the ALD reactor level.

Compared to competing membranes like carbon molecular sieve (173) and polymeric mem-
branes (174, 175), ZIF-8 is a material sensitive to moisture and other impurities like H2S that may
be encountered in industrial streams. H2S exposure is expected to alter the separation perfor-
mance of ZIF-8 membranes based on findings of H2S surface reactions with ZIF-8 crystals (176).
Because ZIF-8 is soluble in water (177), any contact with condensed water can be detrimental.
Therefore, when applications are considered, one must carefully account for impurities and pre-
treatment methods for removing them before encountering the membrane. Other impurities that
may be present in the membrane propane/propylene feeds depend on the membrane’s placement
in the separation sequence and include acetylene, methylacetylene, and propadiene, as well as C4
and C5 components (173). The performance of ZIF-8 membranes in the presence of such impu-
rities should be evaluated and compared with that of other recently reported MOF membranes
that are more stable, but also more difficult to fabricate (181).

7. CONCLUSION

ZIFs, and especially ZIF-8, are fundamentally fascinating materials owing to their structure and
framework flexibility. The wide range of processing conditions that allow formation of thin films
on various substrates have provided opportunities for innovative uses, with C3 separation being
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the most prominent. Despite the progress achieved in meeting industrial flux and selectivity
targets for use in hybrid membrane-distillation processes, scalable low-cost fabrication and stable
performance in the presence of industrial feed-stream impurities have not been demonstrated.
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