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A B S T R A C T

In response to global efforts to combat climate change, many research efforts have contributed to upgrading
cryogenic distillation, an energy-intensive petrochemical operation, especially for olefin/paraffin separation.
Metal-organic framework (MOF) membranes can be a competitive candidate for this purpose. In this work, we
reviewed the main progress of MOF membranes for olefin/paraffin separations, with the main focus on the po-
tential of ZIF-8 for C3H6/C3H8 separation. Membranes of other potential materials, including covalent organic
framework (COF) for olefin/paraffin separation, were also reviewed in detail. We then projected our views on
searching for next-generation materials for high-performance olefin/paraffin separations. Finally, a guide of
future research perspectives was provided to enable the first membrane of olefin/paraffin separation to be
commercialized.

1. Introduction

1.1. Importance of light olefin

In the past century, technology development and industrialization
have reached unprecedented levels. The resultant spikes in the global
population and elevated living standards have driven a huge demand
for various products primarily manufactured from raw materials and
base chemicals. Among them, ethylene and propylene account for more
than 50% of global base chemical consumption (Fig. 1a) [1]. The two
olefins are mainly used in the industry of packaging, construction,
textiles, consumer products, and transportation, etc. (Fig. 1b) [2],
which contributed to more than 80% of the global olefin market in
terms of valuation (253.8 billion in 2022). Specifically, the ethylene
market is expected to grow from $113 billion in 2021 to $125.02 billion
in 2022 at a compound annual growth rate (CAGR) of 10.6% (Fig. 1c)
[3]. At the same time, the propylene market is expected to grow from
$96.47 billion to $102.37 at a CAGR of 6.1% (Fig. 1c) [4]. The value
growth of both chemicals is expected to continue to 2026 at a CAGR of
6.6% (ethylene) and 4.6% (propylene), respectively (Fig. 1c) [3,4]. The
valuation may not reflect the actual demand due to the bloated com-
modity inflation triggered by Covid-19. The uptrend of actual quantity

demand worldwide for ethylene and propylene (Fig. 1d) tells the truth
of the story. In 2021 solely, ~172 million tons of ethylene [5] and ~130
million tons of propylene [6] were consumed. All these statistics
highlight the importance of the two olefins in our daily life, and they
will continuously play important roles in humanity advancement to-
wards the near future.

1.2. Olefin production and energy consumption

Steam cracking (SC) and fluid-catalytic cracking (SCC) account for
more than 90% of olefin production (Fig. 2a) [7]. The feedstocks for
ethylene and propylene range from paraffins (ethane, propane) to pe-
troleum liquids (naphtha and distillate fuel oil). However, the current
cracking technology yields are not high, resulting in products containing
~ 5–30% paraffin [8] which is far below the downstream industry
requirement of olefin purity [9]. A purity of �95 mol% is needed for
chemical-grade olefin production. For monomer grade, an ethylene pu-
rity of �99.9 wt% and a propylene purity of �99.5 wt% are required for
polyolefin production. These requirements demand delicate separation
processes to achieve up to standard purity.

Fig. 2b gives a flow chart for a typical olefin production and separation
process used in the petrochemical industry. The feed is fed into a cracking
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furnace to crack the hydrocarbon into lighter molecules. The cracked
product was sent to a quench column to remove the water and pygas,
mainly containing aromatic naphtha range intermediate. The remaining

gas is compressed and sent to a caustic scrubber to remove H2S and other
acid species, followed by a depropanizer to separate lighter hydrocarbons
from C4 (butanes, butene) and heavier components. The separated light

Fig. 1. (a) Global consumption of base chemicals in 2019. Data obtained from Ref. [1]. (b) Downstream products using olefin as the base chemicals. Data obtained
from Ref. [2]. (c) Current and estimated market values of ethylene and propylene. Data obtained from Ref. [3] for ethylene and Ref. [4] for propylene. (d) Global
capacity and demand for ethylene and propylene from 2015 to 2022. Data obtained from Ref. [6].

Fig. 2. (a) Olefin production routes using hydrocarbons as feedstocks. Data obtained from Ref. [7]. (b) A typical flow chart of olefin production and separations from a
petrochemical cracker. (c) Breakdown of the U.S. total energy consumption in 2016. Data obtained from Ref. [10]. (d) Relative energy consumption of all types of
separation technologies in the industry. Data obtained from Ref. [11].
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components are then fed into a demethanizer to separate H2 and CH4 from
a mixture of C2 (ethylene/ethane) and C3 (propylene/propane). The tail
stream is then sent to the deethanizer where C2 and C3 are separated.
Finally, olefin/paraffin separations are conducted in the C2 splitter and C3
splitter. Among the separation columns shown in Fig. 2b, the grey high-
lighted columns are operations that have the potential to incorporate other
advanced separation technologies such as heat pump distillation, adsorp-
tion, membrane, etc. [12].

The petrochemical distillation units listed in Fig. 2b, together with its
upstream and downstream operations, have accounted for more than
~90% of distillation energy consumption in the industry [11]. Based on
energy statistics of U.S. in 2016 (Fig. 2c) [10], energy consumption by
industry is ~30% among which ~15% was claimed by separation. In the

separation units, distillation accounts for ~50%. If we assume U.S. sta-
tistics can be a projection of the world energy consumption, ~7.5% of
global energy is claimed by distillation. It is also the most
energy-intensive separation process compared with other approaches
such as drying, evaporation, etc. (Fig. 2d) [11]. Among all the distillation
processes, the energy consumption for olefin/paraffin separations is
~6% [11] using which we can estimate it claims ~0.45% of global en-
ergy. The primary global energy consumption in 2020 is ~600 quadril-
lion Btu [13], meaning that olefin/paraffin separations (C2 splitters and
C3 splitters in Fig. 2b) consume ~2700 trillion BTU which equals to
~70% of one-year energy consumed by Singapore. Such a huge energy
consumption reflects the fact that the separation of these two pairs is very
challenging and requires a considerable number of column trays (>120)

Fig. 3. Conceptual design of a membrane-
distillation hybrid separation process. (a) a
general separation process where a feed is
separated into a permeate stream and a
retentate stream. (b) (b) Five possible con-
figurations of a membrane-distillation pro-
cess. (c) a diagram showing the minimum
practical separation energy (MPSE) versus
C3H6/C3H8 selectivity at various pressure
ratios in different separation configurations.
To plot the diagram in (c), a feed mixture of
C3H6/C3H8 at F ¼ 100 mol/s, xA ¼ 0.5, T ¼
50 �C, and P ¼ 20 bar is used. C3H6 purity yA
in the permeant is required to be 0.96 while
C3H6 concentration rA in the retentate stream
is kept at 90%. Based on these parameters,
permeate flow rate G (mol/s) and retentate
flow rate R (mol/s) can be calculated
accordingly. For the five possible configura-
tions shown in (b), E is the energy con-
sumption of the system, S is membrane
selectivity, γ is the pressure ratio, τ is the
stage-cut, Fz/Fo is the flow rate of side stream
to feed stream, and xz/xA is the composition
ratio of side stream to feed stream. By tuning
the value of Fz/Fo and xz/xA, the middle
configuration can be converted to all other
configurations and thus is considered as the
superstructure of the hybrid system. Emin is
the minimum energy optimized over τ, Fz/Fo
and xz/xA. The diagram in (c) is reproduced
with permission from Ref. [15].
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and high reflex ratios (~2.5–4 for C2H4/C2H6 and 12–20 for C3H6/C3H8)
in order to meet the specifications of polymer-grade purity [14].

1.3. Potential energy saving through membrane technology

1.3.1. Conceptual design of membrane processes
Membrane technology is one of the most energy-efficient separation

methods. It can save up to 90% energy compared to the thermal distil-
lation method [10]. To understand how a membrane process can help
reduce the energy consumption of a separation process, we conducted a
conceptual design using membrane-distillation hybrid structure (Fig. 3a
and b) as a model system [15]. The hybrid structure can ensure the
minimum separation target regardless of the membrane performance. In
the case of C3H6/C3H8 separation, for instance, a minimum purity of 96%
is required for producing chemical grade C3H6. The designed hybrid
structure has three possible configurations in which the membrane can
be placed before, within, or after the distillation. It was found that the
membrane installed within the distillation (highlighted in red in Fig. 3b)
could be converted into not only the other two hybrid configurations, but
also a pure distillation and a pure membrane process. Hence, this high-
lighted hybrid configuration can be considered as the ‘superstructure’ of
the system. To minimize the energy consumption of the system, mem-
brane selectivity and pressure ratio (feed pressure/permeate pressure)
were found to be critical parameters. By tuning these two parameters, the
corresponding minimum practical separation energy (MPSE) were ob-
tained and plotted into a diagram as shown in Fig. 3c. This diagram was
divided into three regions based on the membrane selectivity. The first
region corresponds a membrane selectivity below 10 with which negli-
gible energy reduction can be achieved, indicating the membrane process
does not contribute into lowering energy consumption. The second re-
gion corresponds a membrane selectivity ranging from 10 to 100 within
which MPSE is monotonically decreased by up to 60%. The third range
corresponds a membrane selectivity greater than 100 with which a sharp
energy decrease is occurred. In this region, membrane selectivity is high
enough to achieve the separation target, so that the distillation is no
longer needed, leading to a pure membrane process. The energy con-
sumption in this case is less than 10% of the pure distillation process,
which confirms the conclusion drawn in the previously published work
[10] that the 90% of distillation separation energy can be saved by a
membrane process. It is worthy to mention that, in the above simulation,
simplified models were used for both membrane and distillation

processes. The membrane process was simulated by a well-mixed model
while the distillation process was modeled using a short-cut approach. As
a result, the adopted membrane selectivity more or less deviate from the
real industrial situations. The selectivity would be also affected by the
feed composition (a 50:50 mixture was used in the simulation) and
separation target. Nevertheless, these results are still valuable to provide
a guidance for a membrane process performance.

1.3.2. Potential membrane materials
Bearing the optimism that membrane technology would ultimately

reduce the energy consumption of olefin/paraffin separation, extensive
studies have performed for membrane research from which several types
of membranes have been developed as shown in Fig. 4. One of the major
efforts was contributed to developing polymeric membranes using aro-
matic polyimides that contain hexafluoro isopropylidene diphthalic an-
hydride (6FDA) and diaminomesitylene (DAM) moieties. Membranes of
6FDA-DAM and their derivatives have shown promising performance
in C3H6/C3H8 separation but overall performed poorly in C2H4/C2H6
separations [16,17]. In addition, polymers always suffer from mechan-
ical/chemical vulnerability under conditions of high pressure or tem-
perature, plasticization, physical aging, and low permeance [16,17].

To improve the separation performance of polymeric membranes, one
effective approach is to incorporate carrier agents to form facilitated
transport (FT) membranes [18]. The carrier agents selectively interact
with the targeted molecules in a reversible manner, providing a driving
force for the molecules to quickly diffuse through the membrane
[19–21]. Taking the most reported carrier agent Agþ as an example, the
cation can form reversible π-complexations with the olefin, rendering fast
transport of C2H4 or C3H6 with impressively high selectivities against
their associated paraffins. The same idea has also been extended exten-
sively to other matrix materials such as carbon molecular sieve (CMS)
and zeolites, etc. Hence, it is not surprising to see that the majority of the
current research efforts (~53%) have been dedicated to this type of
membranes. However, the loss of activity of metal ions during long-term
operation or hash chemical environment remains a big hurdle for FT
membranes to be realized industrially [19–21]. Thus, substantial further
research to solve the Agþ deactivation is still needed.

Pure CMSwithout anymetal ions doping is another type of membrane
that have drawn considerable research efforts for olefin/paraffin sepa-
ration. CMS can be an extension of polymeric membrane as it is mainly
fabricated by subjecting the polymeric membrane to high temperatures

Fig. 4. Reported types of membranes for olefin/paraffin separation. Data obtained from Ref. [18].
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for carbonization. The formed CMS membrane typically has higher
thermal and chemical stability but worse processibility than its polymer
counterpart. 6FDA-based CMS membranes have shown good perfor-
mance in olefin/paraffin separations [22,23]. However, high fabrication
cost, poor mechanical strength, and chemical/physical aging are still
crucial challenges to prevent CMS from commercialization in its current
status [23].

Crystalline microporous materials including zeolites, metal-organic
frameworks (MOFs) and covalent organic frameworks (COFs) have
shown much higher separation performances than amorphous materials.
These materials are comprised of uniform 2D or 3D interconnected
channels with aperture size at molecular level and are capable to
differentiate molecules with size difference down to 0.02 nm. FAU is so
far the only zeolite structure that can separate C3H6 from C3H8. However,
the separation performance is relatively poor due to larger pore size of
FAU (~0.7 nm) which is far beyond the kinetic size of both C3H6 and
C3H8 [24]. MOFs have a hybrid structure linked by nodes of metal
clusters and organic ligands. The organic ligands can be easily designed
and manipulated, enabling a high population of framework structures
with different topology and pore size. Two types of MOFs, ZIF-8 [25] and
Zr-fum-fcu-MOF (or MOF-801) [26] are found very effective in
C3H6/C3H8 separation. COFs share similar advantages with MOFs in
terms of structure flexibility with a higher chemical stability. However,
most reported COFs have pore sizes above 1 nm which is beyond the
upper limit of gas molecule size (~0.6 nm). Hence, it is desired to narrow
down the pore size in sub-nanometers in order to achieve good gas
separation performances. Nevertheless, crystalline microporous mem-
branes desire much more research efforts since the research outputs on
MOF membranes accounts only 7% of total publications, while for zeo-
lites and COFs, the number is negligible (Fig. 4).

Taking advantages of the high olefin/paraffin separation performance
of MOFs and the facile processability of polymers, an increasing interest
is to make mixed matrix membranes (MMMs). MMMs of ZIF-8 [27] and
Zr-fum-fcu-MOF [26] with polymers such as 6FDA-DAM have showed
much improved C3H6/C3H8 separation performances compared with
their pure polymeric counterparts. However, the complexity in mixing
and the intrinsic drawbacks of polymer materials remain a big concern.

Guided from the conceptual design, Fig. 5 shows the energy saving
potential of different types of membranes based on their reported state-
of-the-art performance. FT-based and MOF membranes are capable of
saving more than 90% energy. Zeolite, MMM, and CMS membranes must
be integrated with distillation to achieve up to 60% of energy saving.

Pure polymeric membranes are not as attractive as other materials to be
integrated into a distillation process due to the lower selectivity.

FT-based membranes have been studied extensively and many
excellent review papers can be found in literature. However, as a rela-
tively new research field, MOF membranes are still in the fast develop-
ment stage. Hence, in the following of this review, we will summarize the
research status of MOF- and COF- membranes on olefin/paraffin sepa-
rations. In particular, the review focus will be on the progress of ZIF-8
towards commercialization to reflect the fact that more than 90%
research efforts in this field are associated from different aspects to this
type of membranes and hence can provide a comprehensive under-
standing. Other associated materials that show good olefin/paraffin
separation performances will be reviewed in detail as well. Then we will
give our views and a general guideline on the further research directions
in this field.

2. MOF membranes for olefin/paraffin separations

2.1. C3H6/C3H8 separation

Though MOFs have been extensively studied in recent two decades,
few were qualified for membrane-based olefin/paraffin separations. Up
to date, only ZIF-8 and Zr-fum-fcu-MOF (or MOF-801) demonstrated
satisfactory performance in C3H6/C3H8 separation. It could be due to
similar kinetic size and physical/chemical properties between C3H6 and
C3H8 (Table 1), demanding a porous material that can impose a large
diffusivity difference between the two molecules. Luckily, ZIF-8 was
identified to be a good candidate. The milestones of ZIF-8 membrane
research for C3H6/C3H8 separation are summarized in Fig. 6. To make the
comparison clearly, the mentioned gas separation performance in the
discussion was obtained from Wicke–Kallenbach technique at 1 bar and
room temperature (RT) or specifically clarified if not otherwise.

2.1.1. ZIF-8 membrane
ZIF-8 has a SOD type of zeolite structure with a window size of 0.34

nm (Fig. 7a). In 2009, Li et al. first discovered that ZIF-8 could be a
potential candidate for C3H6/C3H8 separation due to the kinetic diffu-
sivity of C3H6 within the pores of ZIF-8 is 125 times larger than C3H8
(Fig. 7a). This discovery triggers enthusiastic research efforts in mem-
brane society as it can be an excellent material for membrane-based
separation for C3H6/C3H8 [25]. Three years later, in 2012, the first
ZIF-8- MMM [27] and polycrystalline membrane [31] were developed
and demonstrated to be capable for separating C3H6 from C3H8. Since
then, the door was opened for a burst of research publications on ZIF-8
membranes for C3H6/C3H8 separations.

The first ZIF-8 MMM for C3H6/C3H8 separation was fabricated using
6FDA-DAM filled with nanoparticles of ~200 nm [27]. The resultant
membrane (59.5 vol% ZIF-8 loading) had a thickness of ~60 μm and
exhibited a C3H6 permeability of ~56 Barrer with a C3H6/C3H8 selec-
tivity of ~31. The push of separation performance for MMM is more or
less stagnant until 2022, when Kim et al. fabricated a ZIF-8 MMM using
6FDA-DAM filled with nanoplates (Fig. 8) [32]. The nanoplate has a
thickness of ~275 nm and a lateral length of ~8 μm, which gives an
aspect ratio of ~20. The authors found the permeability was positively
correlated with the aspect ratio of the filler particles. The fabricated
MMM (~45 μm in thickness) with ~40 wt% nanoplates loading had a
C3H6 permeability of ~118.2 Barrer with a C3H6/C3H8 selectivity of
~26.2, which surpassed the MMM upper bound up to date.

The first polycrystalline ZIF-8 membrane for C3H6/C3H8 separation
was published by Lai et al., in 2012 [31]. The membrane was fabricated
by seeding & secondary growth approach on an α-alumina disc. The
resultant membrane (~1 μm in thickness) had C3H6 permeance of ~61.5
GPU with a C3H6/C3H8 selectivity of ~45. After that, numerous research
publications were generated to push the ZIF-8 polycrystalline membrane
for industrialization.Fig. 5. Energy saving potential of reported membranes for C3H6/C3H8

separations.
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2.1.1.1. Membrane fabrication methods. Table 2 summarizes the chro-
nological progress of the ZIF-8 membrane fabrication approach for C3H6/
C3H8 separation up to date. The first polycrystalline ZIF-8 membrane
[31] was fabricated by seeding & secondary growth approach on an
α-alumina disc. One year later after 2012, the method of rapid thermal
evaporation was developed by Jeong et al. (Fig. 9a) [33]. In this
approach, the α-alumina disc was slip coated by a layer of precursor
followed by subjecting the disc to rapid thermal evaporation at 200 �C for
15 min. The obtained membrane (~1 μm in thickness) exhibited C3H6
permeance of ~80.9 GPU with a C3H6/C3H8 selectivity of ~41. In 2014,
Nair et al. [34] developed a dynamic contra diffusion approach in which
the zinc ion solution and ligand solution were fed into the bore and shell
of the hollow fiber, respectively, allowing the membrane to grow at the
interface of the two solutions (Fig. 9b). As such, the membrane position
can be controlled by controlling the locations of the precursor solutions.
The resultant membrane (~9 μm in thickness) had a C3H6 permeance of
~36 GPU with a C3H6/C3H8 selectivity of ~12.5.

From 2014 to 2017, approaches associated with vapor synthesis were
developed in a row. In 2016, Jeong et al. [35] subjected a microwaved
seeded alumina disc to vapor treatment by heating an aqueous solution of
2-MIM ligand at 150 �C. After ~9 h, one of the formed membranes
exhibited C3H6 permeance of ~37.5 GPU with a C3H6/C3H8 selectivity of
~122.5 (Fig. 10a). One year later, the gel-vapor approach was developed
by Li & Zhang et al. [36]. In this approach, the authors coated a poly-
vinylidene fluoride (PVDF) hollow fiber with a layer of Zn(CH3COO)2
gel, followed by treating the coated substrate under solid 2-MIN vapor at
150 �C for 2 h (Fig. 10b). The thickness of the resultant membrane can be
downsized to ~17 nm by carefully controlling the gel coating time. The
membrane (thickness ~ 87 nm) had C3H6 permeance of ~836 GPU with
a C3H6/C3H8 selectivity of ~73.4. In 2018, an all-vapor synthesis

approach was developed by Tsapatsis et al. (Fig. 10c) [37]. In this
approach, a layer of ZnO was coated onto a γ-alumina disc via atomic
layer deposition (ALD), followed by treating the coated disc under 2-MIM
vapor at 125 �C for 24 h. The resultant membrane (thickness ~140 nm)
exhibited C3H6 permeance of ~209 GPU with a C3H6/C3H8 selectivity of
~49.

From 2018 onwards, the synthesis approaches were advanced to
employ electric current for ZIF-8 membrane fabrications. Agrawal et al.
[38] developed a seeding approach that uses electricity for electropho-
retic deposition of a nuclei layer onto an anodized alumina (AAO) disc.
The seeded disc was then subjected to membrane growth at 30 �C for
~10 h. The formed membrane had C3H6 permeance of ~296 GPU with a
C3H6/C3H8 selectivity of ~32. Later, a purely current-driven approach
was developed by Wang et al. [39]. The ZIF-8 membrane was electrically
deposited onto an AAO disc in a methanol solution. After ~20 min, a
membrane with a thickness of ~200 nm was obtained. The membrane
had C3H6 permeance of ~52 GPU with a C3H6/C3H8 selectivity of ~305.
In 2019, an aqueously cathodic deposition approach (ACD) was devel-
oped by Lai et al. (Fig. 11) [40]. In this approach, the membrane was
deposited in pure water solution onto an AAO disc at the cathode side.
The deposition was carried out at a very low current density to avoid
excess H2 bubbling while allowing the released OH� to assist Zn-ligand
complex deprotonation. The resultant membrane exhibited C3H6 per-
meance of ~182 GPU with a C3H6/C3H8 selectivity of ~142.

Looking at all the developed approaches, a ZIF-8 membrane with low
defect density could be easily synthesized and downsized to a thickness
at a sub-micron level which is advantageous for high C3H6 permeance
(>50 GPU) in C3H6/C3H8 separation. In terms of operational consider-
ation, their associated advantages and disadvantages are listed in
Table 3. Synthesis set-up, time, temperature, and after-synthesis

Table 1
The physical properties of propylene and propane molecules [28–30].

Molecule L-J size (Å) Kinetic size (Å) Dipole moment ( � 1018/e.s.u cm) Polarizability ( � 10�25 cm�3) Boiling point (�C)

X Y Z

C3H6 4.20 5.30 6.40 4.68 0.366 62.6 �47.15
C3H8 4.20 4.60 6.80 4.30–5.11 0.084 62.9–63.7 �42.15

Fig. 6. Milestones of ZIF-8 membrane research from 2012 to 2022.
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Fig. 7. (a) The left two images show the SOD framework and pore opening of ZIF-8, respectively. The right graph shows the kinetic adsorption curves of C3H6 and
C3H8 [25]. (b) The left two SEM images show the front view and side view of the first ZIF-8 MMM using 6FDA-DAM polymer as the substrate. The right graph shows
the C3H6/C3H8 separation performances of the MMM [27]. (c) The left two SEM images show the front view and side view of the first ZIF-8 polycrystalline membrane.
The right graph shows the C3H6/C3H8 separation performances of the membrane [31]. Reproduced with permission from Ref. [25] Copyright 2009 American
Chemical Society, Ref. [27] and Ref. [31] Copyright 2012 Elsevier B⋅V.

Fig. 8. (a) Top image illustrates the bar-coating process of the ZIF-8 nanoplates. The bottom images show the side view of the nanoplate ZIF-8 nanoplate/6FDA-DAM
MMM and the associated EDS mapping of Zn and C elements, respectively. (b) C3H6/C3H8 separation performance of the ZIF-8 nanoplate/6FDA-DAM MMM.
Reproduced with permission from Ref. [32] Copyright 2022 American Association for the Advancement of Science.
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treatment are the key points that dictate the characteristics of each
approach. For liquid-based synthesis, the ZIF-8 membrane can be easily
obtained in water or methanol solution under mild or ambient condi-
tions. The synthesis time could be shortened to less than 1 h if using
electrochemical deposition approach. However, excessive ligand or

solvent usage might be a problem for recycling or purification consid-
ering the potential adverse effects on environment or economic sus-
tainability. The contra-diffusion or vapor-based approaches might be a
solution to this problem as the ligand and zinc source can be recycled or
reused. However, prolonged synthesis time or high temperature could be
disadvantages compared with electrochemical deposition. Another
interesting approach is the rapid thermal evaporation which can obtain a
membrane within 15 min, but the high-temperature synthesis and
excessive post-synthetic precursor treatment could be potential draw-
backs. At the current status of knowledge, it is very difficult to select the
best fabrication approach for a potential industrial scale-up. It is sug-
gested to conduct a comprehensive energy & cost assessment before any
approach is adopted.

In order to further improve the combined performance of permeance
and selectivity, a number of works have been devoted to manipulating
the developed approaches as listed in Table 2 using mixed-metal
(Fig. 12a and b) or mixed-ligand methods (Fig. 12b). For the mixed-
metal method, it is known that ZIF-67, an isostructure of ZIF-8, can be
co-formed if Co existed in the precursor solution. Built on this basis,
Jeong et al. [41] fabricated a composite ZIF-8/ZIF-67 membrane using a
heteroepitaxial growth method. In this method, a ZIF-8 membrane was
firstly synthesized, followed by a secondary and a third growth of ZIF-67
and ZIF-8, respectively. The resultant membrane (~1 μm thickness) had
C3H6 permeance of ~110 GPUwith a selectivity of ~200. Later, Caro and
Wang et al. [42] mapped out the optimum composition of Co and Zn for
membrane formation and suggested the [100] orientation increased the
framework rigidity while reducing the grain boundary defects. With an
optimum Co/Zn ratio of 82/18, the membrane could give C3H6 per-
meance of ~42 GPU with a C3H6/C3H8 selectivity of ~200. For the
mixed-ligand method, Jeong et al. post-treated the formed ZIF-8 mem-
brane with 2-imidazolecarboxaldehyde (Ica) solution to allow some of
the 2-MIM to be exchanged by Ica (Fig. 12c) [43]. The ligand-exchanged
membrane had four times higher C3H6 permeance (~233 GPU) than its
original counterpart without a dramatic decrease in C3H6/C3H8 selec-
tivity (~40). This impressive permeance improvement was mainly
attributed to the enlarged pore size of the ZIF-8 framework after ligand
exchange.

Looking at the fabrication development of the ZIF-8 membrane
above, it is clear that research efforts have been heavily gravitated

Table 2
Synthesis approaches of ZIF-8 membrane developed for C3H6/C3H8 separation.

Fabrication Method Support Thickness Synthesis
time

Synthesis
temperature

Solvent Publication
year

Reference

Slip coat seeding&
secondary growth

α-alumina disc ~1 μm 360 min 30 �C Water 2012 [31]

Precursor slip coating &
rapid thermal
evaporation

α-alumina disc ~1 μm 15 min 200 �C Mixture of N,N-
dimethyl acetamide
(DMA) & water

2013 [33]

Dynamic contra
diffusion

Torlon hollow fibre ~9 μm 560 min 30 �C Water and 1-octanol 2014 [34]

Microwave seeding &
ligand vapor treatment

α-alumina disc 5–20 μm 540 min 150 �C Methanol for
seeding & water for
vapor treatment

2016 [35]

Gel-vapor deposition Polyvinylidene
fluoride (PVDF)
hollow fibre

<100 nm 240 min 150 �C Ethanol 2017 [36]

All vapor deposition γ-alumina disc ~200 nm 1440 min 120 �C No solvent 2018 [37]

Electrophoretic
deposition

Anodic aluminium
oxide disc

~500 nm 600 min 30 �C Water 2018 [38]

Current driven
deposition

Anodic aluminium
oxide disc

~250 nm 20 min 25 �C Methanol 2018 [39]

Aqueously cathodic
deposition

Anodic aluminium
oxide disc

~500 nm 60 min 25 �C Water 2019 [40]

Fig. 9. Schematic diagrams demonstrating the synthesis approaches of (a) rapid
heat evaporation [33] and (b) dynamic contra diffusion [34]. Reproduced with
permission from Ref. [33] Copyright 2013 from American Chemical Society,
Ref. [34] Copyright 2014 American Association for the Advancement of Science.
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towards polycrystalline membranes compared with MMMs. This phe-
nomenon is within expectation as polycrystalline membranes showmuch
higher C3H6/C3H8 separation performances compared with MMM
counterparts. Thus, we will focus our review on the research advance-
ment on polycrystalline membranes of ZIF-8 or other materials for olefin/
paraffin separations hereafter.

2.1.1.2. Membrane thickness. Only under special situations, such as
adsorption, free-standing membrane, etc., a thick membrane may be
useful. Otherwise, a thinner membrane is typically preferred as it is the
most effective way to increase flux. Among the synthesis methods,
membranes made by seeding and secondary growth are typically thinner
than that by in-situ crystallization. For example, the thickness of ZIF-8
membrane can be reduced from ~30 μm to ~2 μm via changing the
synthesis from microwave-assisted solvothermal protocol [44] to

hydrothermal-based seeding and secondary growth [31]. The seeding
and secondary growth approach can further reduce the membrane
thickness to sub-micron scale (<1 μm) via carefully tuning synthesis
conditions. Lee et al. fabricated an 800 nm thick ZIF-8 membrane on a
Matrimid® 5218 hollow fiber using microwave-assisted seeding and
secondary growth [45]. The resultant membrane exhibited a C3H6/C3H8
selectivity of ~46 with permeance of ~55 GPU. Vapor phase and elec-
trochemical synthesis can enable the formation of even thinner mem-
branes (thickness <500 nm). These membranes exhibited higher C3H6
permeance (>100 GPU) while keeping a satisfactory selectivity (>30).

However, further reduction in membrane thickness, especially down
to nanometer scales without significant sacrifice of selectivity, will need
delicate synthesis protocols. As shown in a recent work by Zhong et al.
[46], an ultrathin ZIF-8 membrane (45–70 nm) was developed via careful
interfacial polarization induction using a PDMS modified polysulfone

Fig. 10. Schematic diagrams illustrating the synthesis approaches of (a) microwave seeding & ligand vapor treatment [35], (b) sol-gel vapor deposition [36] and (c)
all vapor deposition [37]. Reproduced with permission from Ref. [35] Copyright 2016 The Royal Society of Chemistry, ref. [36] Copyright 2017 Springer Nature, and
ref. [37] Copyright 2018 The American Association for the Advancement of Science.
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(PSF) as the substrate. The membrane had C3H6/C3H8 selectivity of
90–120 with super high C3H6 permeance (2000–3000 GPU).

From the practical point of view, reducing membrane thickness could
potentially compromise the membrane's mechanical strength and resis-
tance towards surface erosion, which could shorten membrane's service
life. Thus, while thickness minimization may serve as an attractive so-
lution to increase membrane flux, a careful evaluation on its long-term
stability and additional fabrication cost needs to be conducted.

2.1.1.3. Membrane substrate. Conventionally, ceramic (e.g. α-alumina,
AAO, titania, etc.) [31,40] and metal (e.g. stainless-steel net) [26] are the
primary choices for the substrate of crystalline porous membranes
because these membranes are often synthesized under harsh conditions

(e.g., high temperature, high pressure, acid or base) and brittle, hence a
robust supports is required. α-alumina supports prepared from powder
sintering are the most prevalent substrates in the published works.
However, the flux is relatively low. Anodic aluminum oxide (AAO) is a
good choice for fundamental studies owing to its ordered porous struc-
ture, super high flux, and high surface smoothness, which can ultimately
reduce the effects of substrate defects on membrane formation. However,
the mechanical weakness deters its usage in industry. Stainless-steel net
is mechanically stronger than AAO and commercially available at rela-
tively cheap price. However, even the finest net will have more than 5 μm
pore size and undergo deformation under elevated pressures (>10 bar).
The use of inorganic supports is generally considered as one of the major
limiting factors for commercialization.

Themild synthesis conditions of ZIF-8made it possible to use polymer
as support, which has stimulated a broad interest driven by their lower
cost. A number of polymer substrates including polysulfone, poly-
ethersulfone, polyacrylonitrile PVDF and polyamide-imide are explored
intensively [36,47–50]. In most cases, the polymeric substrates were
functionalized (e.g., ammoniated by ethanediamine) to increase mem-
brane nucleation and adhesion onto the substrate surface. The resultant
membranes could achieve similar C3H6/C3H8 separation performances
(selectivity >50, permeance >50 GPU) with those made on inorganic
substrates via carefully controlling synthesis conditions [50], high-
lighting its capability for industrial membrane fabrication.

Substrate geometry is another important factor. Flat sheet is the
commonly used in fundamental studies due to its ease of preparation and
testing. However, most of the commercial membranes are made on
tubular or hollow fibre supports. For commercialization, the hollow fibre
support is much more advantageous than other geometries owing to its
highest density, ease of scale-up, facile installation. It also has less con-
centration polarization and is easy to clean. However, transferring the
synthesis protocol established on flat sheet supports to hollow fibres is
not straightforward and may need substantial process optimization.
There is also good news that some synthesis methods such as the dynamic
contra diffusion discussed in the previous section are tailor-made for
hollow fibre supports.

The competition between inorganic supports and polymer supports
has not yet reached a conclusion. Both have advantages and disadvan-
tages, as listed in Table 4. In the case of olefin/paraffin separation, the
selected substrates, no matter they are cinematic, metal, or polymer, are
mesoporous with most reported substrates having pore sizes larger than
20 nm. In this case, the substrate has extremely high gas permeance
(>7000 GPU) which is way above the reported upper limit of olefin
permeance (<2000 GPU) for a good quality membrane. Thus, substrate
gas permeability is not a big concern in olefin/paraffin separation. The

Fig. 11. (a) A schematic diagram showing the synthesis approach of cathodic deposition (ACD). (b) C3H6/C3H8 separation performance of the ZIF-8 membrane
obtained from (ACD) approach. Reproduced with permission from Ref. [40] Copyright 2019 Wiley VCH.

Table 3
Lists the advantages and disadvantages of developed ZIF-8 membrane synthesis
approaches for C3H6/C3H8 separation.

Fabrication
Approach

Advantages Disadvantages

Seeding &
secondary growth

� Simple set-up
� Little substrate

pre-treatment
� Ambient

conditions
synthesis

� Prolonged synthesis time
� Excess precursor usage
� Potential post-synthetic precursor

treatment for environmental/eco-
nomic consideration

� Solvent exchange activation
Rapid thermal
evaporation

� Very short
synthesis time

� Little substrate
pre-treatment

� High temperature synthesis
� Potential post-synthetic precursor

treatment for environmental/eco-
nomic consideration

� Solvent exchange activation
Contra diffusion � Controlling

membrane
position

� Precursors can be
reused

� Ambient
condition
synthesis

� Prolonged synthesis time
� Complicated synthesis set-up
� Solvent exchange activation

Vapor-based
synthesis

� Less precursor
solution usage

� Less solvent
exchange
activation

� High temperature synthesis
� Prolonged synthesis time
� Complicated synthesis set-up

Electrochemical
deposition

� Simple set-up
� Very short

synthesis time
� Ambient

conditions
synthesis

� Pre-treatment of substrate for
conductive surfaces

� Potential post-synthetic precursor
treatment for environmental/eco-
nomic consideration

� Solvent exchange activation
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major consideration is cost, durability and its associated effects on
membrane quality.

For inorganic supports, while their main disadvantage is the high
cost, its long durability may be attractive enough in certain conditions to
overcome the cost effect. For polymeric supports, the intrinsic drawbacks
such as swelling, plasticization, etc. might result in membrane defects
(e.g., cracks) due to mismatched contraction/expansion between the
membrane and substrates in a long-term operation. Such long-term
operation may also impose substantial chemical attach towards surface
functional groups, resulting in membrane peeling-off. These concerns
have not been carefully addressed in the reported works, which is highly
required in the future research. Nevertheless, owing to its much lower
cost, polymeric substrates will serve as the top candidate for industrial
membranes operating at low temperature (<120 �C) and pressures (<30
bar).

2.1.1.4. Membrane reproducibility. Nowadays, majority of the reported
membranes show separation performance beyond the satisfactory level,
and membrane reproducibility is always one of the hurdles for scale-up
production. While there are many possible factors behind this issue,
substate surface defects can be the main reason. The surface condition
dictates the coverage of nucleation sites which ultimately determines the
membrane quality after synthesis. One of the solutions to eliminate the
defects is to increase the membrane thickness. However, this could
substantially compromise the membrane permeance. Apparently, there
are two main strategies to enhance membrane reproducibility, substrate
surface functionalization and post-synthetic modification (Fig. 13).

For substrates, surface smoothness is the priority since any large non-
uniform pits or bumps could be the defect formation sites (Fig. 13a).
Besides surface smoothness, membrane adhesion and nucleation site are
another two key points for membrane formation. These can be done by a

delicate surface treatment. For ZIF-8, surface functionalization by amine/
carbolic acid groups or ZnO are the two popular strategies to be used. For
amine/carbolic acid groups functionalization, the –NH2 or –COOH group

Fig. 12. (a) A schematic illustration of heteroepitaxial growth approach for ZIF-8/ZIF-67 membrane formation [41]. (b) Schematic illustration of the design of
bimetallic Zn/Co-ZIF membranes [42]. (c) The upper image shows a schematic illustration of a post-synthetic linker exchange strategy to tune the effective thickness of
ZIF-8 membranes [43]. The lower graph demonstrates C3H6/C3H8 separation performances of ZIF-8 membranes after Ica linker exchange. Reproduced with permission
from Ref. [41] Copyright 2018 American Chemical Society, Ref. [42] Copyright 2020 American Chemical Society, and Ref. [43] Copyright 2018 Wiley VCH.

Table 4
Lists the advantages and disadvantages of different substrates for MOF mem-
brane fabrication.

Substrate
material

Advantages Disadvantages

Alumina � High mechanical strength
� High thermal stability
� High corrosion resistance
� High resistance to wear
� Good substrate-MOF

adhesion

� High cost

AAO � High thermal stability
� High corrosion resistance
� Highly ordered porous

structure
� High surface smoothness
� Good substrate-MOF

adhesion

� High cost
� Low mechanical strength
� Low resistance to wear

Stainless steel
net

� Low cost
� High thermal stability
� High corrosion resistance

� Ease of deformation
� Too flexible
� Rough surface
� Low resistance to wear
� Poor substrate-MOF adhesion

Polymer � Low cost
� High processibility
� Low brittleness

� Medium to low mechanical
strength

� Ease of aging, plastination
� Medium to low corrosion

resistance
� Medium to low resistance to

wear
� Poor substrate-MOF adhesion
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could be covalently coordinated with the zinc ions, which can be
nucleation sites of ZIF-8 (Fig. 13b). Wang et al. [51] functionalized
bromomethylated poly(2,6-dimethyl-1,4-phenylene oxide) (BPPO)
polymer sheet with ethylenediamine (EDA) and fabricated a ZIF-8
membrane via a contra-diffusion approach in the aqueous precursor
(Fig. 14a). The resultant polymer-ZIF-8 composite membrane was tested
by a constant volume-variable pressure method, giving an ideal C3H6
permeance of ~22.3 GPU with a C3H6/C3H8 selectivity of ~27.5. Simi-
larly, Wu et al. [50] functionalized a polyacrylonitrile (PAN) flat sheet
with phytic acid and synthesized a ZIF-8 membrane via contra diffusion
approach (Fig. 14b). The obtained membrane (thickness, ~2 μm) had
C3H6 permeance of ~70 GPU with a C3H6/C3H8 selectivity of ~150.

For the ZnO functionalization strategy, the substrate was normally
deposited by a layer of ZnO which is been transformed into ZIF-8 in the
following synthesis. Pan et al. [52] sputter-coated an α-alumina disk with
ZnO film which was then being converted into a seed layer in an 2-MIM
solution (Fig. 14c). After secondary growth, the membrane exhibited
C3H6 permeance of ~18.5 GPU with a C3H6/C3H8 selectivity of ~61. The
authors successfully reproduced five membranes exhibiting similar

separation performances, implying a good reproducibility of this
strategy.

The strategies discussed above are to eliminate the defects from the
membrane fabrication point of view. After fabrication, the membrane
normally requires to be activated to remove the residual reactants and
solvent for a good separation performance. However, inappropriate
activation procedures could also potentially create membrane defects,
which have been demonstrated in ZIF-78membranes [53]. Pan et al. [54]
demonstrated the methanol evaporation rate plays an important role in
retaining the membrane's quality after solvent exchange. The membrane
obtained after solvent evaporation at saturated conditions exhibited the
best C3H6/C3H8 separation performance.

To further eliminate defects, surface coating can be an effective
remedy which has been widely used in polymeric membranes. It is also
proved to be very helpful in MOF membranes (Fig. 13c). Coating the
membrane with a layer of polydimethylsiloxane (PDMS), as shown in
Fig. 15a and b, is the most popular method adopted. The coated mem-
brane showed more than two-fold higher C3H6/C3H8 selectivity [55,56].
In addition, the coating could restrict structural deformation of ZIF-8,

Fig. 13. Schematic diagrams showing approaches including (a) increase of substrate smoothness (b) substrate functionalization, and (c) post-synthetic functionali-
zation to improve membrane reproducibility.

Fig. 14. Schematic diagrams illustrating substrate functionalization of (a) amine [51] and (b) carbolic acid [50]. (c) SEM images of ZnO coated substrate, seeded
substrate, and front and side views of formed ZIF-8 membrane [52]. Reproduced with permission from Ref. [51] Copyright 2016 American Chemical Society, Ref. [50]
and Ref. [52] Copyright 2016 Elsevier B⋅V.
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improving the membrane's ability to retain the separation performances
under elevated pressures. However, PDMS coating always resulted in
lower C3H6 permeance. To solve the problem, Jeong et al. [57] developed
an in situ polymerization method (Fig. 15c). The as-synthesized mem-
brane was firstly ligand exchanged with N-(2-(1H-imidazole-4-yl)eth-
yl)-2-bromo-2-methylpropanamide (his-BiB) to enlarge the overall pore
size. Afterwards, the membrane underwent a radical polymerization with
methyl methacrylate to form a thin layer (thickness, ~10 nm) of poly
(methyl methacrylate) (PMMA) on the top surface. This in situ poly-
merization method heals the defects and minimizes the coating thick-
ness, ultimately improving the gas separation performance in both C3H6
permeance and C3H6/C3H8 selectivity.

In summary, there have been a number of strategies to improve
membrane reproducibility, including substate smoothness, substate
functionalities, appropriate membrane activation, and post-synthetic
modification. Among them, post-synthetic modification is an easy way
to enhance membrane selectivity; however, the intrinsic drawback of
polymers such as plasticization and aging could be inherited. Further
research on the effects of the coating layer on the long-term performance

of the membrane should be conducted.

2.1.1.5. Membrane stability. The long-term stability of the membrane is
an important attribute to be considered for a potential industrial scale-up.
Ideally, a membrane service time is three to five years from an economic
perspective [60]. Table 5 shows the reported long-term stability tests of
the ZIF-8 membrane for C3H6/C3H8 separation. Nair et al. showed that
the ZIF-8 membrane obtained by contra-diffusion could withstand
C3H6/C3H8 separation performance for one month [61]. The membrane
separation performance even can be retained after post-modification
treatment. Pan et al. [55] did long-term stability of PDMS coated ZIF-8
membrane and found that the membrane can maintain the separation
performance under a feed condition of 35 �C and 7 bar (pressure drop, 6
bar) for two months under dried condition. The separation performance
can sustain under humidified condition for one week. These results
suggest the coated membrane has good stability under an ideal dried
condition. Lin et al. [62] tested the separation performance of the ZIF-8
membrane after it was stored offline (storage condition: 15.6–18.3%
humidity, 23–24 �C) for one month. The C3H6/C3H8 separation

Fig. 15. (a) The schematic diagram shows a
PDMS-coated ZIF-8 membrane grown on an
α-alumina substrate. The graph shows C3H6/
C3H8 separation performances under
different pressure drops after PDMS coating
[55]. (b) The schematic diagram shows a
PDMS-coated ZIF-8 membrane grown on an
α-alumina tube substrate [56]. The graph
shows C3H6/C3H8 separation performance
after PDMS coating at different feed pres-
sures. (c) The schematic diagram shows in
situ PMMA coating process on a ZIF-8
membrane [57]. The top graph shows the
C3H6 permeances of the PMMA-coated ZIF-8
membrane as compared with other
PDMS-coated membranes reported by Hamid
et al. [58], Barankova et al. [59], Li et al.
[56], and Sheng et al. [55]. The bottom
graph shows the C3H6/C3H8 separation per-
formance of the PMMA-coated membrane.
Reproduced with permission from Ref. [55]
Copyright 2017 The Royal Society of Chem-
istry, Ref. [56] Copyright 2020 Elsevier B⋅V.,
and Ref. [57] Copyright 2022 The Royal
Society of Chemistry.

R. Wei et al. Advanced Membranes 2 (2022) 100035

13



performance (C3H6 permeance: ~33 GPU; C3H6/C3H8 selectivity: ~31)
could be well restored and maintained for another month. Recently, Li
et al. [63] did a substantial investigation of the ZIF-8 membrane stability
on a 6-month scale. The ZIF-8 membrane was subjected to continuous

online testing of C3H6/C3H8 separation for ~1 month under 1 bar and
RT. After that, the membrane was stored under ambient conditions for 3
months. The membrane was then re-tested, and the separation perfor-
mance could be well restored (C3H6 permeance: ~15 GPU; C3H6/C3H8

Table 5
A list of reported long-term stability tests of ZIF-8 membrane for C3H6/C3H8 separation.

Feed
Temp

Feed
Pressure

Pressure
drop

Testing
period

Testing condition Testing method Ref.

25 �C 1 bar 0 bar 1 month Dried C3H6/C3H8 mixture Wicke–Kallenbach
technique

[60]

35 �C 7 bar 6 bar 1 month Dried C3H6/C3H8 mixture Wicke–Kallenbach
technique

[55]
35 �C 7 bar 6 bar 7 days Humified C3H6/C3H8 mixture
25 �C 1 bar 0 bar 1 month After stored at ambient conditions (15.6–18.3% humidity, 23–24 �C) for 1 month; Gas

testing: dried C3H6/C3H8 mixture
Wicke–Kallenbach
technique

[62]

25 �C 1 bar 0 bar 1 month Dried C3H6/C3H8 mixture Wicke–Kallenbach
technique

[63]

25 �C 1 bar 0 bar 2 months After testing (1 months), and storage (3 months) at ambient conditions; Gas testing:
dried C3H6/C3H8 mixture

Wicke–Kallenbach
technique

[63]

Table 6
A list of reported chemical stability tests for ZIF-8 membrane or crystals.

Format Exposure condition Tes
time

Morphology change XRD change BET change Pore volume
change

Ref.

Membrane Water pervaporation 5 h Macro porous structure Characteristic peaks
disappeared

NA NA [65]

Membrane Immersed in liquid water (RT) 48 h Macro porous structure characteristic peaks
diminished

NA NA

Crystal Immersed into liquid water (RT), then
collected by water evaporation

24 h Transform from cubic crystals to 2D
flakes

Characteristic peaks plus
impurity peaks

NA NA

Crystal Immersed into liquid water (RT), then
collected by filtration

24 h Transform from cubic crystals to a
mixture of 2D flakes and bulk
crystals

Characteristic peaks plus
impurity peaks

NA NA

Crystal Immersed into liquid water (6.0 wt%
crystals, RT), then collected by water
evaporation

24 h Transform from cubic crystals to 2D
flakes

Characteristic peaks plus
impurity peaks

~12%
reduction

~8%
reduction

[64]

Crystal Immersed into liquid water (0.6 wt%
crystals, RT), then collected by water
evaporation

24 h Transform from cubic crystals to 2D
flakes

Characteristic peaks plus
impurity peaks

~64%
reduction

~58%
reduction

Crystal Immersed into liquid water (0.06 wt%
crystals, RT), then collected by water
evaporation

24 h Transform from cubic crystals to 2D
flakes

Characteristic peaks plus
impurity peaks

~90%
reduction

~88%
reduction

Crystal Immersed into liquid water (0.02 wt%
crystals, RT), then collected by water
evaporation

24 h Transform from cubic crystals to 2D
flakes

Characteristic peaks plus
impurity peaks

~97%
reduction

~94%
reduction

Crystal Dried CO2 5
days

NA unchanged NA unchanged [66]

Crystal Dried SO2 5
days

NA unchanged NA unchanged

Crystal Aqueous SO2 solution(2.5 � 10�5 mol/kg) 5
days

NA unchanged NA unchanged

Crystal 85% humidity, Air 5
days

NA unchanged NA unchanged

Crystal 85% humidity, CO2 5
days

NA unchanged NA ~30%
reduction

Crystal 85% humidity SO2 (100 ppm) 5
days

NA unchanged NA ~50%
reduction

Crystal 85% humidity, Air 5
days

NA unchanged unchanged [67]

Crystal Aqueous SO2 solution (200 ppm) 5
days

NA unchanged unchanged unchanged

Crystal Dried SO2 3.6 h NA unchanged ~4%
reduction

unchanged

Crystal 85% humidity SO2 (10 ppm) 5
days

NA unchanged ~12%
reduction

~11%
reduction

Crystal 85% humidity SO2 (20 ppm) 5
days

NA unchanged ~32%
reduction

~31%
reduction

Crystal 85% humidity SO2 (200 ppm) 10
days

NA unchanged ~70%
reduction

~69%
reduction

Crystal 90% humidity, Air 5
days

NA unchanged unchanged unchanged [68]

Crystal Dried CO2 3
days

NA unchanged unchanged unchanged

Crystal 90% humidity, CO2 3
days

NA unchanged ~34%
reduction

~26%
reduction
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selectivity: ~190). The membrane could sustain the separation perfor-
mance after another ~12 days of continuous testing. After that, the feed
pressure and temperature of C3H6/C3H8 were increased to 7 bar and 50
�C for ~12 days and reduced back to 1 bar and RT. Then, the membrane
could fully restore and maintain the separation performance after
another 36 days testing. This series of testing demonstrated the excellent
online and offline stability of ZIF-8 membrane under both dried
C3H6/C3H8 mixture and ambient environment.

In industry, the downstream C3H6/C3H8 mixture normally contains
traces of moisture and H2S, which means the membrane must survive
under these conditions if no pre-treatment was implemented. Unfortu-
nately, it has been reported that both ZIF-8 crystals [64] and membranes
[65] suffer from hydrolysis in water or saturated steam (Table 6). Even,
ZIF-8 crystals can undergo fast degradation under the humified acidic
environment such as SO2 and CO2 [66–68]. The ZIF-8 vulnerability to-
wards humified acid is mainly due to the formation of sulfuric/sulfurous
or carbonate acid which will attack Zn–N bond and cause structural
degradation (Fig. 16) [67,68]. Surprisingly, ZIF-8 can retain its structural
integrity under dried acidic environment [66,67]. The high stability of
ZIF-8 in the dry environment suggests a simple dehydration
pre-treatment would be sufficient to allow this material to be used in an
environment containing dried acidic gases. However, these studies
mainly deal with ZIF-8 crystals, and when it is in the form of membrane,
the story could be different. An example is that the crystals can maintain
their structural integrity under highly humidified air [67], but the
membrane is degraded under water pervaporation [65]. Considering the
low tolerance of C3H6/C3H8 separation through a defective membrane, it
is highly suggested to conduct further studies on the long-term stability of
ZIF-8 membrane under humidified non-acidic or dried acidic
environment.

Mechanical stability is another consideration for the industrialization
of a membrane. It is well known that inorganic membranes (e.g.,

alumina, zeolites, etc.) always suffer from brittleness compared with
polymers. It is probably one of the main challenges that deter the
commercialization of zeolite membranes for gas separations. However,
unlike zeolite, ZIF-8 has a more flexible structure due to its flexible
Zn–Im–Zn linkages and large cage space [69,70]. It has been proved that
the ZIF-8 membrane could retain its structural integrity after 3% of
elongation on both PVDF hollow fiber (Fig. 17a) [47] and Polysulfone
(PSf) flat sheet substrates [48]. The morphology of a ZIF-8 membrane
grown on a polyethersulfone (PESf) substrate could be well retained after
90� bending (Fig. 17b) [49]. Wang et al. fabricated a ZIF-8 membrane
(thickness, ~1 μm) on a flat polypropylene (PP) substrate and demon-
strated that the membrane could retain its C3H6/C3H8 separation per-
formance after bending at a curvature of 92 m�1 (Fig. 17c) [69]. Higher
bending curvature would result in a deterioration of separation perfor-
mance. All these studies suggest that the ZIF-8 membrane can withstand
a moderate bending strength on a polymeric substrate without affecting
its separation performance, which can be advantageous for module
assembly.

2.1.1.6. Membrane module. Up to now, majority of the published works
have used lab-scale substrate (<10 cm2) for membrane fabrication. There
are only several reported works trialed fabricating the membrane on
larger size substrates and assembling them into amodule Table 7. Li& co-
workers (Fig. 18a) [36] fabricated a ZIF-8 membrane on a hollow fiber
(outside diameter: 0.16 cm; length: 19 cm) using gel-vapor approach.
They assembled 30 such synthesized membranes into a packed module
which gives an effective area of 340 cm2. Then they studied the gas
permeation in a single gas test. The module showed similar C3H6/C3H8
selectivity (~69) compared with a single membrane, highlighting the
promising potential for scale-up application. In 2020, Jin and co-workers
(Fig. 18b) [63] fabricated three ZIF-8 membranes on square alumina
plates (8 cm � 8 cm; thickness: 40 μm) and assembled them into a

Fig. 16. (a) Acid stability of ZIF materials under humid conditions [66]. (b) ZIF-8 degradation mechanisms under humidified acidic environment [67]. Reproduced
with permission from Ref. [66] Copyright 2018 American Chemical Society and Ref. [ [67] Copyright 2016 American Chemical Society.
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plate-and-frame module. The module had an effective area of 300 cm2

and exhibited a satisfactory C3H6/C3H8 separation performance (C3H6
permeance: 7 GPU; selectivity: 38). This performance is lower than its
smaller version grown on an α-Al2O3 disk (Diameter: 18 mm; thickness: 1
mm), mainly attributed to the rougher surface of the large plate
substrates.

Jeong et al. (Fig. 18c) [71] fabricated MMMs by growing ZIF-8
membranes on 6FDA-DAM coated PES hollow fibers and assembled
them into a module. They studied the C3H6/C3H8 separation perfor-
mance by increasing the packing density of the module via increasing the
number of membranes. The increased packing density from 5% to 24%
corresponds to a membrane area increase from 1.23 to 8.61 cm2. This
results in a decreased C3H6/C3H8 selectivity of the module from ~22 to
~12. The authors attributed this phenomenon to defect formation during
the module assembly process. The membrane surface could be damaged
when pushing the hollow fiber into a limited space of the module. The

module could sustain the separation performance for 25 days without
aging effects, highlighting the medium-term stability of the membrane.

The results of studies so far suggest both scale-up fabrication and
module assembly could potentially compromise the separation perfor-
mance of the ZIF-8 membrane. The main challenges could be substrate
smoothness, uniformity of the synthesis precursor or conditions, etc.
Transforming the membrane quality from lab-scale to industrial scale is
always challenging and demands more efforts in this field.

2.1.1.7. Membrane performance under practical conditions. In the lab-
scale research, Wicke-Kallenbach technique is the most popular tech-
nique used with a 50/50 gas mixture feed and a sweep gas (e.g., N2, Ar,
He) at the permeate side. Typically, both feed and permeate sides were
maintained at 1 bar and RT. The sweep gas is mainly used to purge the
permeant gases to reduce gas polarization. This could ensure the mea-
surement to be conducted at the linear flux region [72]. The

Fig. 17. (a) SEM images PVDF-TiO2 hollow fibre supported ZIF-8 membrane. The graph shows the mechanical behaviour of the ZIF-8 membrane compared with PVDF
and PVDF-TiO2 substrates [47]. (b) The photo shows the bending angle of the ZIF-8 membrane, and the SEM images show the front and side vies of the membrane after
90� bending [49]. (c) The photo shows the bending curvature of the ZIF-8 membrane at 333 m�1. The SEM image shows the membrane front view after the bending.
The graph shows C3H6/C3H8 separation performance after bending at a curvature of 92 m�1 [69]. Reproduced with permission from Ref. [47] Copyright 2016 Wiley
VCH., Ref. [49]Copyright 2019 Elsevier B⋅V., and Ref. [69] Copyright 2020 The American Association for the Advancement of Science.

Table 7
A list of reported ZIF-8 membrane modules for C3H6/C3H8 separation.

Substrate
material

Substrate
type

Number of
membranes

Total surface area
(cm2)

C3H6 permeance
(GPU)

C3H6/C3H8

selectivity
Testing method Ref.

PSF Hollow fibre 30 340 NA 69 Constant-pressure, variable-
volume

[36]

α-alumina Flat plate 3 300 7 38 Wicke–Kallenbach technique [63]
6FDA-DAM/PES Hollow fibre 8 8.61 48 12 Wicke–Kallenbach technique [71]
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Wicke-Kallenbach technique is a convenient method for characterizing
the fundamental gas permeation properties. Another two techniques are
constant volume-various pressure and constant pressure-various volume.
Both techniques don't require sweep gases, however, they are also the lab
research techniques that are not practical for an industrial scale separa-
tion. In the industry, the permeant gas is usually pumped out to ensure
high gas flux and avoid gas polarization on the permeate side. The
time-lag technique, which vacuums out the permeate side gases, would
best resemble the industrial separation conditions. Time-lag testing of a
composite γ-alumina composite membrane [37] found that the
C3H6/C3H8 selectivity is independent of both feed pressure and ratio,
suggesting the huge potential of ZIF-8 for a broader range of mixture
compositions in C3H6/C3H8 separations. Another observation is that the
time-lag testing could ensure the maximum gas flux compared with other
testing techniques especially the Wicke–Kallenbach technique which
gives the lowest gas flux. This is because the sweeping gas at the
permeate side would impose an opposing driving force onto gas diffusion
from the feed side.

As mentioned above, most of the reported works on C3H6/C3H8
separation were conducted at 1 bar and RT. In the industry, however, the

C3H6/C3H8 mixture stream from the previous separation column is nor-
mally at its saturated conditions (~20 bar, 50 �C). It would be more
operationally and economically feasible to integrate the membrane
process without external procedures of depressurization or cooling.
Testing membrane at 20 bar is challenging in most laboratories,
considering the saturation pressure of both C3H6 and C3H8 is ~10 bar at
RT. Extra gas heating and pressurization would be needed for testing
above 10 bar, which would impose some safety concerns without an extra
experimental set-up. Nevertheless, several reports tested ZIF-8 mem-
branes at elevated pressures (>6 bar) and pressure drops (>5 bar)
(Fig. 19, Table 8). Based on the data reported, it seems the relationship
between C3H6/C3H8 selectivity and feed pressures is dependent on the
fabrication approach. A closer look at the data finds that the selectivity
decreases with an increased feed pressure for a pure ZIF-8 membrane
(Fig. 18a and b). For composite ZIF-8 membranes, one was mixed with
DMA (Fig. 19c) and the other was mixed with γ-alumina (Fig. 19d), the
selectivity was found to be slightly increased or kept unchanged with an
increased feed pressure. Similar behaviors were observed for the PDMS-
coated ZIF-8 membranes [55,56]. This phenomenon has also been
pointed out in a recent published review paper which compared the
C3H6/C3H8 separation performances of ZIF-8 membrane obtained from
typical synthesis approaches [73]. It could be explained by the intrinsic
structural properties of ZIF-8 which will undergo crystal deformation
under elevated pressures [74–77] owing to its structure flexibility
[78–83]. The composite material within the membrane could potentially
restrict the deformation, which assists in retaining the separation per-
formance. This hypothesis probably provides a research insight for future
works considering ZIF-8 structural deformation under high pressures has
plagued this field for almost a decade. However, more efforts are needed
to confirm this hypothesis since it is proposed here on a very limited
amount of data. Another point to be mentioned here is the C3H6 flux. In
the industry, it is a combination of C3H6 flux and C3H6/C3H8 selectivity
that matters to the overall separation performance. Based on the data
reported so far, a membrane with a thickness of ~87 nm could achieve a
C3H6 flux of 12 kg m�2 h�1 with a moderate C3H6/C3H8 selectivity
(~22.7) under the condition of 8 bar pressure drop [36]. It is suggested to
report C3H6 flux together with other permeance or permeability data in
the future research works.

Recently, a milestone work was conducted by Li et al. [85], who
tested the ZIF-8 membrane at industrial conditions (20 bar, 50 �C) via
pervaporation set-up (Fig. 20). The research team developed a custom-
ized membrane pervaporation module. The C3H6/C3H8 selectivity of the
membrane decreased from ~34 to ~19 as the feed pressure increased
from 10 bar (20 �C) to 20 bar (50 �C). At the same time, C3H6 flux was
increased from 0.68 kg m�2 h�1 to 0.93 kg m�2 h�1. They further
investigated the effects of the feed ratio on the separation performance at
20 bar and 50 �C. It was found that the C3H6/C3H8 selectivity decreased
while C3H6 flux increased with the increased feed ratio. The membrane
exhibited a selectivity of 13 with a C3H6 flux of 1.1 kg m�2 h�1 when the
feed ratio of C3H6/C3H8 is 70:30, a typical composition of the upstream
depropanizer. After running the membrane online for 8 h under these
testing conditions (C3H6/C3H8 feed ratio: 70:30, 20 bar, and 50 �C), the
membrane was stored for 30 days in the liquid feed at 20 �C and 10 bar.
After that, the membrane was re-tested under the same conditions and
showed ~50% reduced gas flux but slightly increased C3H6/C3H8
selectivity (~16). This separation performance was maintained steady
for 100 h. These results suggest that the ZIF-8 membrane could have
satisfactory separation performance under industrial conditions. It is
highly recommended to further study the separation performance of the
associated module under similar conditions to verify its industrial
potential.

2.1.1.8. Energy-saving and economic analysis. In the conceptual design
elaborated in Section 1.3.1, we have demonstrated that a pure membrane
process can reduce up to 90% energy consumption compared with a pure

Fig. 18. (a) The top photograph image shows a pristine PSF hollow fibre
module, and the bottom image shows the module after ethanolamine coating
[36]. (b) The left photograph image shows a flat-sheet ZIF-8 membrane, and the
right photograph image shows a prototypical plate-and-frame membrane mod-
ule [63]. (c) Photograph images of a PES hollow fibre module [71]. Reproduced
with permission from Ref. [36] Copyright 2017 Springer Nature, Ref. [63]
Copyright 2020 Wiley VCH., and Ref. [71] Copyright 2020 Elsevier B⋅V.
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distillation process while a hybrid distillation-membrane process can
achieve up to 60% in energy saving. Another point we would like to
mention here is that the energy consumption is independent of the
membrane permeability. However, while a lower membrane perme-
ability can be compensated by a larger membrane area, it will raise the

capital cost thus the economic feasibility of the entire process. Hence,
both membrane selectivity and permeability should be considered in the
economic analysis, which requires substantial research efforts. Tsapatsis
et al. [37] compared the economic feasibility of the γ-alumina composite
membrane between a pure membrane system and a hybrid

Fig. 19. The graphs of (a) [61], (b) [36], (c) [63], (d) [37], and (e) [37] show the C3H6/C3H8 separation performances under different feed pressures or pressure drops
of ZIF-8 membrane. The right graph in (e) shows the C3H6/C3H8 separation performance at different C3H6/C3H8 feed ratios. The SEM images of (a) show the
membrane front and side views. The SEM images of (b)–(e) show the membrane side views. The schematic graphs show the testing method of gas permeation using (f)
set-up without sweep gas, (g) the Wicke–Kallenbach technique, and (h) time-lag technique. Reproduced from Ref. [36] Copyright 2017 Springer Nature, Ref. [61]
Copyright 2016 American Chemical Society, Ref. [63] Copyright 2020 Wiley VCH., and Ref. [37] Copyright 2018 The American Association for the Advancement
of Science.

Table 8
A list of reported ZIF-8 membranes tested at elevated feed pressures (>6 bar) for C3H6/C3H8 separation.

Membrane thickness C3H6 flux (kg⋅m�2⋅h�1) C3H6/C3H8 selectivity Feed P (bar) Feed T (�C) Testing method Ref

87 nm 12.12 22.7 9 25 Constant P, variable volume [36]
8.1 μm 0.61 85 8.5 25 Wicke–Kallenbach technique [61]
560 nm 0.02 260 7 25 Wicke–Kallenbach technique [63]
2000 nm 1.36 150 7 25 Wicke–Kallenbach technique [84]
820 nm 1.36 167 7 25 Wicke–Kallenbach technique [73]
140 nm 1.06 45 7 25 Wicke–Kallenbach technique [37]
140 nm 3.03 47 7 25 Constant P, variable volume
140 nm 4.39 70 7 25 Time-lag
320 nm 0.93 19 20 50 Pervaporation & Time-lag [85]
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distillation-membrane system. By assuming the feed pressure to be 15
bar, they concluded that it is more economically feasible to implement a
hybrid distillation-membrane considering the separation performance of
the membrane they obtained. They also estimate the energy capital cost
savings based on the membrane permeance and selectivity, which gives
the break-even periods accordingly. The analysis of this work is mainly
based on the membrane performance obtained from the lab-scale
experiment data. As reported by Li et al. [63], it is very challenging to
maintain the separation performance of a membrane module at a similar
level to its small-scale counterparts. Membrane material and synthesis
may impose higher than the expected cost for a scale-up production at
this stage, considering the hidden factors such as synthesis operational
cost, substrate quality, chemical/solvent recycle or disposal, actual
membrane lifetime, etc. For less matured membrane technologies such as
ZIF-8, more efforts of in-depth studies are still needed to evaluate its
economic feasibility.

2.1.2. Zr-fum-fcu-MOF membrane
The other potential MOF membrane for C3H6/C3H8 separation is Zr-

fum-fcu-MOF, which was firstly reported by Koros and co-workers in
2019 [26]. They first analyzed the conformers of C3H6 and C3H8 and
found that C3H8 has a higher rotation energy barrier to form the eclipsed

triangle shape compared with C3H6 (Fig. 21a and b). They proposed a
strategy to identify a material with a “triangular” pore-aperture that only
allows the double eclipsed C3H8 to pass through while rejecting all the
other C3H8 conformers. In this mechanism, C3H8 will have much lower
diffusivity due to the low equilibrium distribution of C3H8 in “double
eclipsed conformation”. Meantime, C3H6 could pass through the pore
channel faster due to its lower bond rotation energy. After a careful
study, they found both the aperture shape and size (3.75–4.95 Å) of
Zr-fum-fcu-MOF can fulfill the requirement to potentially separate C3H6
from C3H8 (Fig. 21c and d). Then they fabricated a MMM using 6FDA--
DAM (~29 vol% MOF particles load) and found the membrane exhibi-
ted a C3H6/C3H8 selectivity of 18 with C3H6 permeability of ~33 Barrer.
This selectivity is 80% higher than the pure 6FDA-DAM membrane,
proving the high capability of Zr-fum-fcu-MOF for C3H6/C3H8 separa-
tion. The separation mechanism was further studied by a combined
theoretical calculation and equilibrium/kinetic adsorption. They found
that C3H6 has a slightly higher adsorption capacity but a much faster
diffusion rate than C3H8 within Zr-fum-fcu-MOF. This phenomenon is
very similar to ZIF-8. However, this MOF has a more rigid structure than
ZIF-8, which could potentially better maintain the separation perfor-
mance at elevated pressures.

In 2021, Eddaoudi et al. [86] successfully fabricated Zr-fum-fcu-MOF

Fig. 20. (a) A schematic diagram illustrating
the pervaporation separation of C3H6/C3H8

separation using a ZIF-8 membrane. (b)
Equimolar C3H6/C3H8 separation perfor-
mances at different saturation conditions
varied with temperature. (c) C3H6/C3H8

separation performances versus different
C3H6 feed fractions at 50 �C and 20 bar. (d)
Arrhenius temperature plot demonstrating
the activation energy of C3H6 diffusion. (e)
Long-term stability of the ZIF-8 membrane in
pervaporation separation of C3H6/C3H8 at
70% C3H6 feed under the conditions of 50 �C
and 20 bar. Reproduced with permission
from Ref. [85] Copyright 2022 Elsevier B⋅V.
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into a polycrystalline membrane (Fig. 21e). They first synthesized a
cluster solution containing the primary building units and then con-
nected them by the associated ligands (fumaric acid) into polycrystalline
membranes via electrochemical synthesis. The authors identified an op-
timum cluster: ligand ratio that ensures the formation of a continuous
membrane with low defect density. The as-synthesized membrane was
activated online by increasing the temperature from 25 �C to 155 �C with
a ramp rate (0.1 �C/min) and maintained at this temperature for 10 h,
and then cooled down slowly to 25 �C (1.4 �C/min). An equal molar
CO2/N2 was fed into the membrane and swept by helium during the
activation. The resultant membrane had a C3H6/C3H8 selectivity of ~114
with C3H6 permeance of 108 GPU (Fig. 21e), which could be a good
competitor to ZIF-8 in terms of separation performance. Unlike pure
ZIF-8 polycrystalline membrane, which suffers from high pressures due
to structural deformation [74–77], the Zr-fum-fcu-MOF membrane
maintained the selectivity when the feed pressure was increased from 1
bar to 7 bar, highlighting its rigid structural property. In addition, this
membrane can also sustain the separation performance after ~20 h of
treatment of 10% dried H2S, demonstrating its good acidic stability.

The two studies above demonstrate the great potential of Zr-fum-fcu-
MOF membrane for C3H6/C3H8 separation. More research efforts are
recommended to further explore the potential of this material for an
industrial scale-up. Combing with ZIF-8, the reported C3H6/C3H8 sepa-
ration performance of polycrystalline MOF membranes together with the
upper bound of polymeric membranes was plotted in Fig. 22. It is clear
that majority of the reported data have surpassed the upper bound,
further highlighting the greater potential of MOF crystalline membranes
for C3H6/C3H8 separation compared with its polymer counterparts.

2.2. C2H4/C2H6 separation

Compared with C3H6/C3H8, MOF membrane-based C2H4/C2H6 sep-
aration is more challenging. Similar to the pair of C3H6/C3H8, C2H4 and
C2H6 share similar kinetic sizes and chemical/physical properties

(Table 9). Up to now, majority of published works are on MOF-based
MMMs including ZIF-8 [87,88], HKUST-1 [89–91], M(dobdc) (M ¼ Co,
Ni, Mg, Mn) [92], FeBTC [91], MIL-53 [91], fcu-fum-MOF [93],
Ni-gallate [94], and UTSA-280 [95]. The reported C2H4/C2H6 selectivity
is generally below 5 with low C2H4 permeance (<10 GPU). The main
reasons could be the intrinsic low C2H4/C2H6 separation performance of
the polymers (e.g., FDA-DAM), poor filler-polymer compatibility, and
poor diffusion selectivity of the MOF fillers. Among the reported works, a
particular mention is M(dobdc) which showed the best C2H4/C2H6 sep-
aration performance amongMOFMMMs so far (Fig. 23a) [92]. M(dobdc)
has been reported to have high adsorption C2H4/C2H6 selectivity owing
to its high amount of exposed unsaturated metal ions, which can form π
complexations with alkenes. The authors fabricated a set of membranes

Fig. 21. (a) Schematic diagram showing staggered (S), eclipsed-S (ES), and eclipsed-D (ED) conformers. Rotated –CH3 groups are illustrated in black and green
colours. (b) The proposed triangular aperture that can distinguish “eclipsed” conformer (up) from “staggered” conformer (down) with the solid line triangle in the
front plans. (c) Schematic illustration of the pore-aperture size reduction of fum-fcu-MOF from metal clusters of Y to Zr. (d) Zr-fum-fcu-MOF crystalline structure and
the trefoil-shaped aperture by considering the van der Waals (vdW) potential. (a)–(d) were reproduced from Ref. [26] Copyright 2019 Wiley VCH. (e) SEM images of a
polycrystalline Zr-fum-fcu-MOF membrane. (f) C3H6/C3H8 separation performances of the polycrystalline Zr-fum-fcu-MOF membrane. (e) and (f) were reproduced
from Ref. [86] Copyright 2021 Springer Nature.

Fig. 22. C3H6/C3H8 separation performances of polycrystalline MOF mem-
branes with data updated to 2022. The red line shows the upper bound of
polymeric membranes assuming a thickness of ~100 nm.
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using M(dobdc) as fillers and 6FDA-DAM as the primary polymer. To
improve the dispersion and filler-polymer interaction, the authors
reduced the MOF filler size to sub-100 nm level. Among them, Ni(dobdc)
showed the C2H4/C2H6 separation performance with a selectivity of ~4.2

and C2H4 permeability of ~426 Barrer. This corresponds a C2H4 per-
meance of 14 GPU by taking into count the membrane thickness, which is
far beyond most reported results (<1 GPU). The Ni(dobdc) MMM can
also sustain the separation performance under elevated pressures (up to

Table 9
The physical properties of propylene and propane molecules [28,30].

Molecule L-J Size (Å) Kinetic size (Å) Quadrupole moment ( � 1025/e.s.u cm2) Polarizability ( � 10�25 cm�3) Boiling point (K)

X Y Z

C2H4 3.28 4.18 4.84 4.16 1.5 42.5 169.4
C2H6 3.81 4.08 4.82 4.44 0.65 44.3–44.7 184.6

Fig. 23. (a) The left schematic diagram
shows the proposed gas transport mechanism
of Co2(dobdc) (upper) and Ni2(dobdc)
(down) MMMs [92]. The right TEM images
show the side views of Co2(dobdc) (upper)
and Ni2(dobdc) (down) MMMs. (b) The
upper schematic diagrams show a
[100]-oriented ZIF-8 membrane grown on a
CNT support [100]. The lower left graph
shows the C2H4/C2H6 separation perfor-
mances of a [100]-oriented ZIF-8 membrane
compared with its randomly oriented coun-
terpart. The lower right graph shows the
C2H4/C2H6 separation performances of
[100]-oriented ZIF-8 membranes compared
with reported MOF MMMs, polymeric mem-
branes, and polycrystalline MOF membranes.
Reproduced from permissions of Ref. [92]
Copyright 2016 Springer Nature, and
Ref. [100] Copyright 2022 The American
Association for the Advancement of Science.
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20 bar) with only slightly compromised C2H4/C2H6 selectivity, demon-
strating high plasticization resistance. This impressive performance was
attributed to strong and abundant nanocrystal–polymer interaction.

For MOF polycrystalline membranes, only several attempts were
being made using ZIF-8 for C2H4/C2H6 separation [96–100]. Majority of
the reported C2H4/C2H6 separation had selectivity below 3 with C2H4
permeance ranging 30 to 80 GPU. Recently, Lai et al. [100] found that a
highly [100] oriented ZIF-8 membrane could effectively separate C2H4
from C2H6 compared with its randomly oriented counterparts (Fig. 23b).
In this work, the authors used a layer of carbon nanotubes (CNTs) film to
anchor ligand 2-MIM via chemical interaction between –NH and π bond.
This anchoring ensures uniform nucleation and growth of ZIF-8, which
ended up with a highly [100]-oriented membrane (100-M) after 3 h of
synthesis. The resultant membrane showed a C2H4/C2H6 selectivity of
~9.6 with a permeance of ~244 GPU. This C2H4/C2H6 selectivity is ~3
times higher than its randomly oriented counterpart, surpassing the
upper bond of both polymeric membranes and MOF MMMs. The
CNT-supported membrane also showed good mechanical strength and
can sustain the separation performance after bending at a curvature of
~109 m�1. This work was the first time to use in situ growth to fabricate
oriented membranes and demonstrated the great potential of crystal
orientation for tuning gas separation performances.

2.2.1. Comparison with other types of membranes
Though many efforts have been devoted to developing MOF-based

membranes for C2H4/C2H6 separation, their performances are much
poorer than FT-based membranes (Fig. 24). This phenomenon is mainly
limited to a lack of discovered suitable materials which intrinsically have
a diffusive selectivity comparable with or higher than the selectivity
achieved by ZIF-8 in C3H6/C3H8 separation. From the industrial point of
view, we think MOF-based membrane is more promising than FT-based
membranes in terms of long-term stability. It is highly suggested more
efforts to be devoted to search for new MOF materials for membrane-
based C2H4/C2H6 separation.

3. COF membranes for olefin/paraffin separations

Research on COF-based membranes has been at a fast pace in recent
five years. However, most of the research efforts were contributed to
liquid-based separations due to the general large pore size (>1 nm) of
this type of material. Recently, several research attempts have been made

to fabricate COF composite membranes to explore their potential for
olefin/paraffin separations (Fig. 25). In 2022, Jiang et al. [101] reported
an FT-based membrane using COF Tpa-SO3H(ligand: 1,3,5-triformyl-
phloroglucinol and diaminobenzenesulfonic acid) as the porous sup-
port (Fig. 25a). To facilitate olefin transport, they loaded the COF
nanosheet membrane with Ag þ dissolving in 1-ethylimidazole nitrate
ionic liquid (IL). The COF membrane loaded with IL dissolved Agþ

(Ag-IL) exhibited a C2H4/C2H6 selectivity of ~120 with C2H4 permeance
of ~135 GPU. Later, the same group [102] treated SCOF, a kind of COF
formed by linkers of 2,5-diamionbenzenesulfonic acid and 1,3,5-trifor-
mylphloroglucinol, with Agþ (SCOF–Ag) and used this SCOF–Ag as
fillers to fabricate a series of MMMs with 6FDA-DAM. The best forming
MMM (15 wt% SCOF–Ag) exhibited a C3H6/C3H8 selectivity of ~35.5
with a C3H6 permeability of ~75.16 Barrer. The two works above
demonstrated the confined effects of COF that could fixate Ag þ to better
facilitate olefin transport for olefin/paraffin separation. The same group
[103] recently incorporated quaternary ammonium functionalized COF
into a ZIF-8 membrane and demonstrated an optimum COF content could
give a C3H6/C3H8 selectivity of ~200with C3H6 permeance of ~168 GPU
(Fig. 25b). The authors attributed the good separation performance to the
“alloy” effect of COF addition which rigidified the structure of ZIF-8.
Hence, COF membranes so far have been demonstrated only as assist-
ing element to improve the olefin/paraffin separations rather than the
intrinsic separation layer.

It is still in the infant stage for COF to be widely used for membrane-
based separations. Taking a look at all the reported COFs, it is intrinsi-
cally not a good candidate for gas separations owing to the large pore
size. Recently, Zhang et al. [104] have tried to reduce the size of a COF
(NKCOF-21) and demonstrated its potential for adsorption separation of
C2H4/C2H6. We hope more breakthrough works can be achieved in the
near future for COF-based olefin/paraffin separations.

4. Search for the next-generation materials for membrane-based
olefin/paraffin separations

We can see that there are very limited MOFs that show good
membrane-based olefin/paraffin separations. Only ZIF-8 and Zr-fum-fcu-
MOF (MOF-801) membranes could achieve good performances for C3H6/
C3H8 separation, while no reported MOF membrane could achieve a
C2H4/C2H6 separation performance being as good as that of C3H6/C3H8.
We attributed this phenomenon to the lack of research efforts to invent or
search for materials for membrane-based separations. Membrane fabri-
cation is much more challenging than powder synthesis. This also reflects
the fact that most of the MOF studies are powder synthesis and their
associated adsorption-based properties. If the membrane performance
can be predicted from powder properties, the development pace will be
much faster. From an experimental point of view, kinetic uptake,
breakthrough adsorption, and equilibrium adsorption are the three
techniques to qualify a material's adsorption separation performance.
Such separation mechanisms are partly shared with membrane-based
separations (Fig. 26). It is challenging to identify a candidate for
membrane-based separations based on current adsorption separation
data. Taking ZIF-8 as an example, it appears, at the hand, not to be a good
adsorption separation candidate considering there is almost no separa-
tion window between propylene and propane in a breakthrough exper-
iment [63]. However, it is proved to be a good candidate for
membrane-based separation due to the large difference in diffusion
rate between propylene and propane [25]. Such diffusion rate difference
can be observed in a kinetic uptake study. The kinetic study on ZIF-8
requires large crystal size (>100 μm) to reduce the effects of external
surface on the diffusion measurement [25,87]. It is very difficult to tell
the diffusion difference if the particle size was reduced within 1 μm [27].
However, this phenomenon was not observed in the kinetic study of
Zr-fum-fcu-MOF for which a large kinetic diffusion difference between
propylene and propane can be obtained using a particle size of ~500 nm
[26]. Thus, kinetic studies at one-go might not be sufficient to identify a

Fig. 24. C2H4/C2H6 separation performances of MOF MMMs, polymer, MOF
polycrystalline (MOF PC), CMS, and FT-based membranes with data updated to
2022. The red line shows the upper bound of polymeric membranes.
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potential material for good membrane-based separations. It is highly
recommended to study the kinetic diffusion of a material in different
crystal sizes for precise identification of a suitable material. For molecule
sieving material that could be easily identified in the equilibrium
adsorption study, the slow molecule transport could be a concern as the
limited size could potentially slow down the diffusion rate. During a
membrane separation process, the lager molecule could be adsorbed at
the external surface of the material, blocking the pores through which the
smaller ones can pass. In addition, unlike adsorption separation, which
can rely on external force to assist the adsorbed gas to diffuse out quickly,
the membrane separation demands a satisfactory self-diffusion rate to
achieve a meaningful gas flux for industrial application. This
self-diffusion rate could be assisted by increasing pressure drop cross the
membrane, however, in most cases, it is the intrinsic structure property of
the material that dictates the gas diffusion.

Currently, there are several reported materials that can achieve ki-
netic separation [105–109] and molecule sieving separation [110–113]
based on adsorption studies (Table 10). A couple of attempts have been
made to test their performances in MMMs [94,95]. The resultant sepa-
ration performances were moderate. Whether they can achieve satisfac-
tory performance in polycrystalline membranes are still unknown.

In a nutshell, the golden rule for a material to achieve outstanding
membrane-based separation is large diffusivity difference plus high
diffusion rate. Nowadays, studies on new materials for olefin/paraffin
separations mainly focus onmolecule trapping by incorporating adoption
sites for either olefin or paraffin. The ease of the trapped molecules
diffusing out of the pores attracted little attention. This is understandable
as most research efforts focus on adsorption separations. Molecule
diffusivity obtained from kinetic adsorption can more or less give some
hints on the membrane diffusivity, but it is very difficult, at least at this
moment, to accurately predict the associated membrane performance
based on adsorptions.

Besides kinetic adsorption, simulation can be a promising approach to
predict the membrane performance. Up to date, molecular dynamics
(MD) simulation serves as the most cost and time effective method.
Excellent progresses have been achieved in recently years in high-
throughput screening MOF structures with desired properties. Simula-
tion of MOF materials, especially for adsorption-based application, have
been extensively studied in self-diffusion only [116,117]. Transport
diffusivity simulation of MOF materials have also been reported but only
for a few materials such as MOF-5, HKUST-1 [118,119]. Transport
diffusivity simulation for membrane-based application usually uses
Grand Canonical Monte Carlo (GCMC) in NVT ensemble (NVT¼ constant
number of molecules, constant volume and temperature) [120]. The
transport diffusivity is calculated using Equilibrium Molecular Dynamics
(EMD) at a fixed feed pressure, with a given amount of gas molecules or
values obtained from the GCMC simulations. The membrane thickness is
generally in 2–4 unit cells to minimize simulation time, which assumes
the transport diffusivity is irrelevant to the membrane thickness. The
surface area has been accounted by MOF structures (e.g., pore aperture,
framework topology, etc.) and associated pore surface chemistry.
Transport diffusivity simulation has been extensively used in membrane
studies [119,121,122]. The major limitation of this simulation could be a
lack of consideration of flexible MOFs such as ZIF-8. While structural
flexibility has been taken into consideration in self-diffusivity for ZIF-8
[79,122], there is little report of transport diffusivity simulation
considering this factor.

Simulation can serve as a much more efficient technique to search for
suitable materials than experiment trial-and-error. However, its accuracy
in membrane performance prediction is still a concern. This could be due

Fig. 25. Schematic diagrams showing the fabrication of (a) Ag-IL loaded COF membrane for C2H4/C2H6 separations and (b) ZIF-8/COF composite membrane for
C3H6/C3H8 separation. Reproduced from Ref. [101] Copyright 2022 The Royal Society of Chemistry, and Ref. [103] Copyright 2022 Wiley VCH.

Fig. 26. Schematic diagram showing the mechanism of kinetic separation and
molecular sieving in MOFs.
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to a lack of a database of experimental data, including synthesis protocol,
membrane thickness, surface area, etc. that potentially impact membrane
separation performance. For example, membrane activation could cause
structural defects within the material, resulting in a considerable
compromise of separation performance. These kinds of experimental
effects are normally not considered in the simulation. The disparity be-
tween the real experiment results and the ideal assumptions of mem-
brane material/structure/performance could significantly reduce the
accuracy of simulation results. Simulation works integrating an experi-
ment database would be a big plus for both material fundamental study
and membrane performance prediction.

MMM can be another effective approach to predict a material's sep-
aration property considering the excellent compatibility between MOFs
and polymers. Koros first predicted the intrinsic ZIF-8 separation per-
formance from the ZIF-8/6FDAMMM and found very consistent with the
kinetic adsorption studies [27]. A recent example can be found in
Ref. [94] where the intrinsic gas separation performances of a series of
MOFs were predicted from their MMMs. However, such successful ex-
amples are still rare among the massive MMM literatures. Factors such as
MOF particle size, particle agglomeration, and selecting the proper
polymers are often the major hurdles to make a perfect MMM.

It is thus envisioned that more effective bottom-up approaches to
accurately identify the suitable membrane materials for olefin/paraffin
separations are highly demanding, and if succeed, it will significantly
advance this field.

5. Further research remarks

As reviewed, numerous studies have been reported for the applica-
tions of ZIF-8 membranes in C3H6/C3H8 separations. The research
progress is summarized in Fig. 27. Various approaches have been
developed on membrane fabrications for improvements of separation
performance, stability, reproducibility, etc. These approaches all have
their own advantages and disadvantages. From the industrialization
point of view, we proposed the following order of challenges for MOF
membranes in C3H6/C3H8 separations: separation performance < long-
term stability under dry conditions < membrane modules < stability
under industrial conditions < large-scale membrane process reproduc-
ibility. The last two are the major hurdles for the membrane scale-up and
industrialization, which demands further substantial studies.

For the separation of C2H4/C2H6, major effort should still focus on
developing new materials that can achieve high separation performance.
A simple guideline of searching/developing new materials for
membrane-based separations is proposed (Fig. 28). As discussed in Sec-
tion 4, gas diffusion rate is the key to unlocking the suitable material.
Two strategies, screening materials that were reported suitable for
adsorption separation, and conducting membrane-based simulation,
were suggested as the start of this process. Once we identify a material,
studying the materials' diffusion kinetics is the next step which is vitally
important to further verify the material's ‘qualification’ for a membrane-
based separation. This step is suggested to be conducted for different
crystal sizes. If the diffusion data suggests it can be a good membrane

Table 10
Lists of potential materials for membrane-based kinetic or molecule sieving separations.

Materials Pore dimensions (Å) Pore aperturea

(Å)
Olefin/
Paraffin

Selectivityb Adsorptionc

temperature (K)
Adsorptionc pressure
(bar)

Separation
mechanism

Ref

X Y Z

NOTT-300 5.7d C2H4/C2H6 293 0.2 Kinetic separation [105,
114]

ZnAtzPO4 3.82 C2H4/C2H6 32 298 0.4 Kinetic separation [106]
Co-gallate 3.69 4.95 4.95 C2H4/C2H6 52e 298 e 0–1e Molecular sieving [110]
Mg-gallate 3.56 4.84 4.84 37.3e 298 e

Ni-gallate 3.47 4.85 4.85 16.8e 298 e

UTSA-280 3.2 4.5 4.5 C2H4/C2H6 >10,000c 298 0–1 Molecular sieving [111]
MAF-23-O C3H6/C3H8 Kinetic separation [107]
DTO-MOF 4.26–5.70 C3H6/C3H8 1.4 298 0.3 Kinetic separation [108]
TO-MOF 4.88–6.03 2.4
DBTO-MOF 3.34 11
BTO-MOF 3.05 12
[Zn(ox)](trz)2] 5.09 C3H6/C3H8 860 303 0.87 Kinetic separation [109]

1565 323
150 363

[Zn(ox)](atrz)2] 5.37 175 303
220 323

ELM-12 4.0 C3H6/C3H8 204 298 Kinetic separation [115]
971 308

NbOFFIVE-1-Ni 4.75 C3H6/C3H8 0.11 Molecular sieving [112]
Y-abtc 4.72–4.93d C3H6/C3H8 298 0.8 Molecular sieving [113]

353

a Pore dimensions or aperture were obtained from simulation or otherwise stated specifically.
b Selectivity is listed as diffusion selectivity based on reported kinetic adsorption data or otherwise stated specifically.
c Adsorption temperature and pressure are conditions of kinetic adsorption or otherwise stated specifically.
d Pore aperture was obtained from gas adsorption data.
e Data were associated with equilibrium adsorption.

Fig. 27. Schematic diagram illustrating ZIF-8 research progress and future directions towards the first commercialization.
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material, we can start to fabricate the membrane for separation perfor-
mance studies.

A material's capacity for membrane-based separation could be poten-
tially predicted by simulation based on a combined of experimental and
calculated data. This kind of accurate prediction can only be achieved with
the prerequisite of in-depth understanding of membrane-based separation
mechanisms which can give the required material's properties. Such
properties can be linked to the experiment data (e.g. equilibrium/kinetic
adsorption of crystal powders, membrane fabrication approach, perme-
ation, selectivity etc.) to design/identify the suitable membrane materials.
Conventional MD simulation can be very helpful to understand the sepa-
rationmechanism atmolecular/atomic level. But when it comes tomassive
link the simulated results to the huge amount of experiment data, MD
simulation is technically challenging and timing-consuming. The latest
artificial intelligent (AI) associated with machine learning could serve as a
better approach to assist such data linking process in amore advancedway.
However, machine learning requires a large database containing all the
relevant data such as material's properties, adsorption kinetics, membrane-
based separation performance, etc. Such database has not been well-
developed so far. Establishment of the database requires proactive efforts
of the whole membrane research community in terms of fundamental
studies, standard data report protocol, etc. It is great to see that a few at-
tempts have been taken for membrane material's design using machine
learning [123–125]. A further push towards real Al-based ‘smart’ predic-
tion is foreseeable if sophisticated matching learning algorithm can be
achieved.

6. Conclusions

Olefin/paraffin separations, mainly C2H4/C2H6 and C3H6/C3H8,
consume ~0.45% of total global energy. More than 90% energy can be
saved via replacing the existing distillation process by membrane sepa-
ration. MOF membranes such as ZIF-8 and Zr-fum-fcu-MOF have showed
excellent separation performances for C3H6/C3H8. Especially for ZIF-8
membranes, comprehensive studies have been explored in terms of
their synthesis approaches, membrane performances, stabilities, repro-
ducibility, support materials and membrane modules, etc. These pro-
gresses have revealed that ZIF-8 membranes have high potential for

industrialization. For C2H4/C2H6, however, no MOF membranes have
shown satisfactory performance, and hence research efforts should still
focus on searching for new materials. Unfortunately, the existing
adsorption and kinetic data reported for a material in its powder form are
not effective to predict the membrane-based separation performance.
Fundamental understandings of the relationship between membrane-
based performance and its associated properties in powder form are
highly demanded. Molecular dynamics simulation and machine learning
are recommended to aid such understanding, which demands intensive
research efforts in the future.
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