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Abstract: There have been significant advancements in small-pore zeolite membranes in recent years.
With pore size closely related to many energy- or environment-related gas molecules, small-pore
zeolite membranes have demonstrated great potential for the separation of some interested gas pairs,
such as CO2/CH4, CO2/N2 and N2/CH4. Small-pore zeolite membranes share some characteristics
but also have distinctive differences depending on their framework, structure and zeolite chemistry.
Through this mini review, the separation performance of different types of zeolite membranes with
respect to interested gas pairs will be compared. We aim to give readers an idea of membrane
separation status. A few representative synthesis conditions are arbitrarily chosen and summarized,
along with the corresponding separation performance. This review can be used as a quick reference
with respect to the influence of synthesis conditions on membrane quality. At the end, some general
findings and perspectives will be discussed.

Keywords: small-pore zeolite; zeolite membrane; gas separation; carbon capture

1. Introduction

Zeolites are crystalline microporous aluminosilicates formed by TO4 (T = Si, Al, B,
Ti, P, etc.) tetrahedrons. Their uniform pore sizes are defined by their specific crystalline
structures. Together with good chemical and thermal stability, they offer great potential as
membrane materials to achieve highly selective separation of many interested separations,
such as xylene isomers [1], butane isomers [2] and CO2/CH4 [3]. Zeolites are often referred
to by their common names, such as ZSM-5, silicalite-1, SAPO-34 and NaA zeolites, that
were given by initial inventors or based on their chemical compositions. To differentiate
different types of zeolites by their crystal framework structure, a three-letter code is given
for each zeolite structure by the International Zeolite Association (IZA). More information
about the structures, pore size and example synthesis conditions can be found from IZA
website or the Atlas of Zeolite Framework Types handbook [4]. Depending on the number
of oxygen atoms (or T) forming the largest pore, zeolites can roughly be categorized as
small-pore (8-membered), medium-pore (10), large-pore (12) and extra-large-pore (14 and
larger). Since the initial conceptualization of zeolite membranes and first attempts to
prepare zeolite membranes in the late 1980s [5,6], various types of zeolite have been made
as membranes. There are a few good general reviews about zeolite membranes by Tavolaro,
Caro, Lin, Khulbe and Tsapatsis [7–11].

Small-pore zeolites share certain characteristics in terms of their pore size and poten-
tial applications. However, slight structural or chemical differences can lead to drastic
differences in separation performance and membrane preparation. A comparative review
will give researchers a better overall picture of small-pore zeolite membranes. As of 2007,
59 small-pore zeolites were documented [4]. Some of the more thoroughly explored zeolites
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were summarized by Moliner et al. [12] Pore-structure information and membrane fabrica-
tion status of the most explored small-pore zeolites are summarized in Table 1. Only eight
types of small-pore zeolite have been fabricated as zeolite membranes. The most explored
are CHA, DDR and LTA zeolite membranes. For each, there are more than two dozen
papers published. AEI zeolite membranes are also attracting significant research interest.
There are fewer than five papers published about ANA-, ERI-, GIS- or RHO-type zeolite
membranes. From their structures, it can be found that AEI, CHA, KFI and SAV have
similar pore size and three-dimensional structures. AEI- and CHA-type zeolite membranes
have been fabricated and demonstrated similar separation performance [13,14]. It is rea-
sonable to hypothesize that KFI and SAV zeolite membranes, if prepared in nonionic forms,
might have similar separation characteristics. LTA and SAS have a slightly larger pore size
than CHA. Molecular sieving effects are expected to deviate from CHA membranes. This is
in agreement with the CO2/CH4 separation-selectivity difference observed experimentally
between the membranes [15,16]. On the other hand, AFX and RHO zeolites have a slightly
smaller pore size and are expected to have a better molecular sieving effect for gas pairs
such as O2/N2 and N2/CH4. Most studied zeolites have circular or slightly oval-shape
pores. The slightly oval-shaped pore openings of DDR do not differentiate its separation
characteristics much from those of CHA zeolite with circular pores. However, zeolites
with large-ratio oval-shape pores, such as GIS, NSI and RWR, are expected to have quite
different steric effects for different molecules. These membranes, particularly their nonionic
forms, are interesting for gas separation exploration for new discoveries.

Table 1. Most explored small-pore zeolites [12], their pore architectures and sizes for corresponding
pure silica forms [4] and membrane fabrication status.

IZA Code Zeolite Names Pore Architecture Pore Size, Å Membranes

AEI SSZ-39, AlPO-18, SIZ-8 8 × 8 × 8 3.8 × 3.8 Y
AFX SAPO-56, SSZ-16 8 × 8 × 8 3.4 × 3.6 N
ANA Analcime, AlPO-24 8 × 8 × 8 1.6 × 4.2 Y
CHA SSZ-13, SAPO-34 8 × 8 × 8 3.8 × 3.8 Y
DDR ZSM-58, Deca-dodecasil 3R 8 × 8 3.6 × 4.4 Y
ERI UZM-12, AlPO-17 8 × 8 × 8 3.6 × 5.1 Y
GIS Gismondine, Zeolite P 8 × 8 × 8 3.1 × 4.5, 2.8 × 4.8 Y

IHW ITQ-32 8 × 8 3.5 × 4.3 N
ITE ITQ-3 8 × 8 3.8 × 4.3, 2.7 × 5.8 N
ITW ITQ-12 8 × 8 2.4 × 5.4, 3.9 × 4.2 N
KFI ZK-5 8 × 8 × 8 3.9 × 3.9 N
LEV Levyne, SAPO-35 8 × 8 3.6 × 4.8 N
LTA Linde Type A, ITQ-29 8 × 8 × 8 4.1 × 4.1 Y
NSI Nu-6(2) 8 × 8 2.6 × 4.5, 2.4 × 4.8 N

RHO RHO 8 × 8 × 8 3.6 × 3.6 Y
RTE RUB-3 8 3.7 × 4.4 N
RTH RUB-13, SSZ-50 8 × 8 3.8 × 4.1, 2.5 × 5.6 N
RWR RUB-24 8 × 8 2.8 × 5.0 N
SAS STA-6, SSZ-73 8 4.2 × 4.2 N
SAV STA-7 8 × 8 × 8 3.8 × 3.8, 3.9 × 3.9 N
UFI UZM-5 8 × 8 3.6 × 4.4, 3.2 × 3.2 N

The purpose of this review is to give an overview of small-pore zeolite membranes
for gas separation applications. For each type of zeolite membrane, a thorough discussion
about synthesis conditions will also be given. Small-pore zeolite membranes have found
many non-gaseous applications, such as desalination and pervaporative dehydration
of solvents [17–19]. These applications are beyond the scope of this review. Zeolites
are also commonly used as fillers in mixed-matrix membranes (MMMs) or composite
membranes. A review of zeolite filler in MMMs was written by Bastani and colleagues [20].
The discussion in this review is limited to pure zeolite membranes, i.e., continuous zeolite
films as the effective membrane materials. A thorough discussion of SAPO-34 zeolite
membranes was recently conducted by Xu et al. [21], and their article serves as a good
reference for SAPO-34 zeolite membrane synthesis, which is not covered in this review.
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Zeolite membrane synthesis could roughly be categorized according to three meth-
ods: in situ synthesis, secondary growth and dry gel conversion. For a typical synthesis,
the precursor gel is prepared by mixing Si source, Al source, an organic-structure-directing
agent (OSDA; if not used, it is denoted as OSDA-free synthesis), water and/or miner-
alizing agent, i.e., F− or OH−. No seed crystals (same-type zeolite) are used for in situ
synthesis; the precursor gel is directly poured into a container with porous substrate inside.
The vessel is then sealed in an autoclave and put in a preheated oven for hydrothermal
synthesis. Nucleation happens on the substrate surface, and a continuous film forms as
crystallization continues. When synthesis ends, the membrane is rinsed with water and
dried. A membrane-activation step is required to remove the OSDA inside the zeolite.
The activation is typically achieved by calcination in air at temperatures above 673 K. Ozone
in lower temperatures and UV irradiation at near-ambient conditions have also been suc-
cessfully utilized to activate zeolite membranes [22,23]. The major advantage of the in situ
method is its simplicity. For secondary growth, seed crystals are first coated on a substrate
surface to promote nucleation and crystallization. Other operations are essentially the same.
Typically, shorter synthesis duration is required for secondary growth compared to the
in situ method. The nucleation rate for the in situ method strongly depends on substrate
surface properties, such as surface chemistry, pore size and surface evenness. It is challeng-
ing to form a continuous film when there are not enough nuclei on the substrate surface.
Secondary growth is less affected by substrate properties and is generally more applicable.
The dry gel conversion method is also referred as the vapor-phase transformation method.
It works by coating the substrate with precursor gel, followed by converting the gel to
crystals under a steam and/or OSDA atmosphere. The dry gel conversion method often
results in moderate membrane quality and is less commonly used, despite the advantage
of much less chemical consumption.

A few parameters are commonly used to describe membrane performance. The speed
at which molecules permeate the membrane is described by permeance (Pm), which is the
flux normalized by the driving force, i.e., (partial) pressure difference. Ideal selectivity (αo

i/j)
is the ratio of permeances for two different components, i and j, measured independently
with pure feed. The separation selectivity from a mixture separation test, typically by the
Wicke–Kallenbach method, is called separation factor (αi/j). Permeance strongly depends
on how thick the effective membrane layer is. To fairly compare different membrane
materials, permeability is determined by multiplying permeance by membrane thickness.
Permeability is a material property and more commonly used for polymer membranes.

Pm,i =
Q

Am·t·∆Pi
(1)

αo
i/j = Po

m,i/Po
m,j (2)

αi/j =
yi/yj

xi/xj
(3)

Pb,i = Pm,i·δ (4)

where Q is the moles of component i permeated through the membrane over a time period
of t (s); ∆Pi is the partial pressure difference (i.e., ∆Pi = Pi,f − Pi,p, where Pi,f and Pi,p are
the partial pressures of gas component i on the feed and permeate sides, respectively); Po

m,i
and Po

m,j are pure gas permeance of gas i and j, respectively; x and y are molar fractions
of the feed and permeate gas, respectively; δ is the membrane thickness; and Pb,i is the
membrane-material permeability for component i.

2. Membrane Separation Applications
2.1. CO2/CH4

CO2/CH4 separation is the most explored application for small-pore zeolite mem-
branes. Natural gas should meet the maximum allowed CO2 concentration requirement to
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mitigate corrosion concern before it is allowed in pipelines for transportation. For some nat-
ural gas sources, excess CO2 has to be removed. CO2 and CH4 have a kinetic size of 0.33 and
0.38 nm, respectively. Small-pore zeolite membranes, such as CHA, DDR and AEI, have
pore sizes of about 0.38 nm, which is approaching the size of CH4 and could potentially
achieve great selectivity through the molecular sieving effect. The separation performance
of different types of small-pore zeolite membranes is summarized and plotted in Figure 1.
Polymer membranes are more mature membrane materials and have found more industrial
applications. Polymer membranes typically have a trade-off between permeability and
selectivity. The permeability vs. selectivity for different gas pairs was first summarized
in 1991 and updated in 2008 by Robeson [24,25]. The state-of-the-art performance was
named the Robeson upper bound. For a Robeson plot, selectivity is plotted vs. permeabil-
ity instead of permeance. However, for zeolite membranes, the membrane-preparation
method and substrate porosity, among other factors, could affect membrane permeance
instead of just membrane thickness. Therefore, permeances are often compared instead
of permeability to determine state-of-the-art membrane fabrication. The 2008 Robeson
upper bound for polymers is adopted and replotted in Figure 1 by assuming a membrane
thickness of 1 µm, which was also assumed by Koros and Zhang when comparing inorganic
membranes with polymer membranes [26]. Small-pore zeolite membranes performed well
above the 2008 Robeson upper bound for CO2/CH4 separation. Particularly for a high
selectivity range, the permeance is up to two to three orders of magnitude higher than
that of conventional polymers. It should be noted that there is continuous development
of new polymer membrane materials, particularly thermally rearranged (TR) polymers,
polymers with intrinsic microporosity (PIMs) and perfluoropolymers [27–29]. The polymer
upper bound has been pushed forward over the past decade but has not been updated.
For CO2/CH4 selectivity over 100, zeolite membranes still outperform polymers and are
attractive for industrial applications.

Among the zeolite membranes, high-silica CHA (denoted as CHA(Si), also called
SSZ-13) and SAPO-34 zeolite membranes have shown the highest CO2 permeance and
CO2/CH4 selectivity. DDR zeolite membranes have shown excellent CO2/CH4 selectivity
but relatively lower CO2 permeance. This could be explained by the fact that CHA zeolite
has three-dimensional zeolitic channels, while DDR zeolite only has two-dimensional
zeolitic channels. The less effective channels limit the membrane permeability of DDR
zeolites. AEI is another zeolite membrane with high potential, as demonstrated by good
separation selectivity and permeance with AlPO-18 (aluminophosphate form of AEI)
membranes [14,30]. With good control of membrane quality and suppressed crystal growth
inside substrate pores, AEI membranes are expected to achieve a separation performance
similar to that of SSZ-13. Another important consideration is the influence from third
component on membrane performance. Water vapor is the most commonly studied; CO2
permeance for high-silica CHA and AlPO-18 membranes is less affected by water vapor
compared to SAPO-34 membranes because of fewer cations to balance the charge and thus
less polarity [31–34]. At low temperatures, SAPO-34 zeolite membranes could lose up to
99% of CO2 permeance for humid feed compared to dry feed [34]. At elevated temperatures
and feed pressure, the influence of water vapor is less significant due to weaker water
adsorption [35].

2.2. CO2/N2

Carbon capture from flue gas (mainly CO2/N2 separation) is important to address
the increasing climate concern. The kinetic diameter of CO2 (0.33 nm) is slightly smaller
than that of N2 (0.364 nm), and CO2 adsorption uptake is higher than N2 adsorption
uptake in zeolites. That makes small-pore zeolite membranes potential candidates for
CO2/N2 separation. As shown in Figure 2, only a few membranes outperformed the 2008
Robeson upper bound. SAPO-34 zeolite membrane demonstrated higher selectivity for
CO2/N2 than other membranes. Chew et al. reported a SAPO-34 membrane with a CO2
permeance of 1.75 × 10−6 mol·m−2·Pa−1·s−1 and a CO2/N2 separation factor of 78 for
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the separation of 5% CO2 in a CO2/N2 mixture at 303 K [107]. Makertihartha et al. also
reported a SAPO-34 membrane with a CO2 permeance of 2.0 × 10−6 mol·m−2·Pa−1·s−1 and
a CO2/N2 ideal selectivity of 53 at 300 K [108]. AEI membranes reported by Wang et al. and
a DDR zeolite membrane reported by Hayakawa et al. also demonstrated good CO2/N2
selectivities of 45 and 44, respectively [14,87]. CHA zeolite membranes demonstrated
slightly lower CO2/N2 selectivity despite high CO2 permeance. There was no CO2/N2
separation-performance report for the most permeable high-quality SSZ-13 membranes
from Yu and coworkers [3]. These membranes are expected to have the highest CO2
permeance and moderate-to-good CO2/N2 selectivity. Overall, it is hard for small-pore
zeolite membranes to compete with polymer membranes for CO2/N2 separation unless
their selectivity can be significantly improved without sacrificing membrane permeance.

Figure 1. CO2/CH4 separation performance for different types of small-pore zeolite membranes
[3,13–15,22,23,30–33,36–106]. * denotes results from pure gas permeation tests. The 2008 polymer-
membrane upper bound was replotted by assuming 1 µm membrane thickness [25].

Figure 2. CO2/N2 separation performance for different types of small-pore zeolite membranes
[14,15,47,51,55,59,61,63,68,69,76,77,81,86,87,99,105–112]. * denotes results from pure gas permeation tests.
The 2008 polymer membrane upper bound was replotted by assuming 1 µm membrane thickness [25].

2.3. H2/CO2

Precombustion CO2 capture is critical to mitigate CO2 emissions to address climate
concerns [113,114]. In this process, fossil fuel or biomass is gasified to produce syngas
comprising mainly H2 and CO. The CO in syngas is then converted to CO2 through
a water–gas shift reaction, producing ~55% H2 and ~40% CO2. H2/CO2 separation is
crucial to produce pure H2 for turbines or ammonia plants and pure CO2 for utilization
or sequestration. Kinetic sizes of both H2 and CO2 are appreciably smaller than the pore
sizes of small-pore zeolites, i.e., CHA, DDR and LTA, studied for membrane separation.
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Moreover, CO2 adsorption uptake in zeolites is much higher than H2 adsorption uptake.
This makes it very challenging to achieve highly H2-selective zeolite membranes. For ionic
zeolites, the effective pore openings are changed with the cation gated zeolitic channels.
Therefore, ionic zeolite membranes might perform quite differently from their non-ionic
counterparts. The H2/CO2 separation performance of small-pore zeolite membranes is
plotted in Figure 3. The most attractive separation performance was reported by Sen et al.
for an NaA (LTA structure) zeolite membrane [101]. The membrane had thickness of 15 µm
and was prepared by an OSDA-free method on a clay-Al2O3 tube. It demonstrated an H2
permeance of 2.3 × 10−6 mol·m−2·Pa−1·s−1 and an H2/CO2 separation factor of 16.2 at
303 K. This performance is well above the 2008 Robeson upper bound. The other two
LTA zeolite membranes that demonstrated relatively high H2/CO2 selectivity (12.5 and
7.4) are also NaA zeolite membranes prepared by OSDA-free synthesis, as reported by
Huang et al. [115,116]. The highest H2/CO2 selectivity was reported by Zheng and Guliants
for a DDR zeolite membrane [117]. The DDR membrane was defective after calcination.
The membrane was repaired by chemical vapor deposition (CVD) with silica for six days
at 823 K. The high H2/CO2 selectivity, which was not observed by other researchers for
DDR zeolite membranes [118,119], might be caused by a continuous amorphous silica film
acting as an effective membrane for H2/CO2 separation.

Figure 3. H2/CO2 separation performance for different types of small-pore zeolite membranes [101,115–123].
* denotes results from pure gas permeation tests. The 2008 polymer membrane upper bound was
replotted by assuming 1 µm membrane thickness [25].

Another option to separate H2/CO2 is CO2-selective membranes. MFI (medium-pore
zeolite, with a pore size ~0.55 nm) zeolite membranes have been extensively explored
for CO2/H2 separation. In a recent work from Yu and Hedlund, an ultrathin MFI zeolite
membrane demonstrated a CO2 permeance of 1 × 10−5 mol·m−2·Pa−1·s−1 and a CO2/H2
separation factor of 45 at 288 K and 10 bar feed pressure [124]. The high selectivity is a
result of competitive adsorption, and most zeolitic channels occupied by CO2, limiting H2
permeation. Temperature plays an important role in membrane selectivity. The CO2/H2
separation factor decreased to 13 when temperature increased from 288 to 316 K. Small-
pore zeolite could have a similar effect because of much stronger CO2 adsorption than H2.
Liu et al. demonstrated an ultrahigh CO2/H2 selectivity of 161 with a CO2 permeance
of 6.3 × 10−7 mol·m−2·Pa−1·s−1 at 243 K and a pressure drop of 0.2 MPa [125]. At 298 K
and a pressure drop of 2.0 MPa, the CO2/H2 selectivity and CO2 permeance were 17.4
and 4.2 × 10−7 mol·m−2·Pa−1·s−1, respectively. Zito et al. also demonstrated the good
CO2/H2 selectivity of 17 with DDR zeolite membranes, although the CO2 permeance was
relatively lower [112]. So far, small-pore zeolite membranes have demonstrated attractive
separation performance for CO2/H2 separation. However, it is challenging to outperform
MFI zeolite membranes.
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2.4. H2 Separation from Hydrocarbons

H2 is considered a clean fuel and an important energy resource to sustain growing
energy demands [126]. A huge amount of H2 is generated as a byproduct in industrial
processes, such as dehydrogenation reactions [127] and coal coking [128]. Coke oven gas
(COG) from the coking process contains primary H2 and CH4, with a small amount of CO,
CO2, N2, H2O, H2S and hydrocarbons. H2 is also produced during the dehydrogenation
reaction in the production of ethylene and propylene. H2 separation from hydrocarbons is
an important route for H2 production. Small-pore zeolite has pore size much larger than that
of H2 but close to or slightly smaller than that of CH4, C2H6, C3H8. etc., which makes them
attractive candidates to achieve highly selective separation through a molecular sieving
effect. H2/CH4 separation performance for small-pore zeolite membranes is summarized
in Figure 4. CH4, C2H6 and even C3H8 are not totally size-excluded from the zeolitic pores
for DDR, CHA and LTA zeolites. For zeolite membranes with H2/C3H8 or H2/i-C4H10
selectivity over 10,000 (i.e., an extremely low number of defects), H2/CH4 selectivity is
about 100 or lower at room temperature, which is limited by the H2/CH4 permeability ratio
in those materials. Dong et al. achieved an H2/CH4 separation factor of 263 at 473 K with a
molecular layer deposition (MLD)-modified SSZ-13 zeolite membrane [129]. However, the
membrane only had moderate H2 permeance. Attractive separation performance was also
reported for high-silica CHA, SAPO-34 and DDR zeolite membranes [97,128,130]. Only
reasonably good H2/CH4 separation performance was reported by pure gas measurements,
as opposed to a mixture separation, for LTA-type zeolite membranes [123]. Overall, small-
pore zeolite does not outperform the 2008 Robeson upper bound by much. With recent
developments in polymer membranes, it is challenging for those studied small-pore zeolite
membranes to be economically advantageous in comparison to polymer membranes.

Figure 4. H2/CH4 separation performance for different types of small-pore zeolite membranes [15,43,
56,58,79,81,96,116,120,122,123,129–132]. * denotes results from pure gas permeation tests. The 2008
polymer membrane upper bound was replotted by assuming 1 µm membrane thickness [25].

Good H2/C3H8 and H2/C3H6 separation performances were demonstrated by Huang et al.
with nonionic LTA-type zeolite membranes [16,132]. The hydrophobic ITQ-29 (with Si
and Ga) zeolite membrane demonstrated an H2/C3H8 separation factor of 127 and an H2
permeance of 3.64 × 10−7 mol·m−2·Pa−1·s−1 at 573 K and 1 bar feed pressure. Through
silver exchange, they increased the H2/C3H8 separation factor from 19.4 for an NaA zeolite
membrane to 120.8. Our high-silica CHA zeolite membrane also demonstrated an H2/C3H8
ideal selectivity of 260 at 295 K [23]. For the H2/C3H6/C3H8 ternary mixture separation test,
H2 permeance (5.5 × 10−10 mol·m−2·Pa−1·s−1) was much lower than pure the H2 perme-
ance of 3.4 × 10−8 mol·m−2·Pa−1·s−1 at 295 K. This was caused by the strong adsorption of
C3H6 and C3H8, which blocked the permeation of faster H2 molecules. However, H2/C3H8
permeance increased rapidly with temperature as less zeolitic channels were occupied by
C3s. H2/C3H8 separation factor increased from 21 to 171 when temperature increased
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from 294 to 413 K. Generally, higher operating temperatures might help H2/hydrocarbon
separation selectivity by weakening the competitive adsorption effect.

2.5. N2/CH4

Natural gas contains varying amounts of impurities depending on the resources.
According to U.S. natural gas pipeline specifications, inert gases, such as N2, should have
a concentration of less than 4% [133]. It is necessary to develop more energy-efficient
separation technology for impurity removal. N2 and CH4 have similar kinetic diameters,
i.e., 0.364 nm for N2 and 0.38 nm for CH4. Both N2 and CH4 are classified as weak
adsorbates [73]. These properties make it very challenging to separate them. This is
also evidenced by the relatively low-performing 2008 Robeson upper bound, as shown
in Figure 5. Small-pore zeolite membranes, such as CHA, DDR and AEI, have pore-
opening approaching the size of CH4 and could potentially achieve great selectivity for
the gas pair. CHA-type (SSZ-13 and SAPO = 34) and AEI-type (AlPO-18) demonstrated
an N2/CH4 selectivity around 10 with good N2 permeance, which is well above the 2008
Robeson upper bound for polymer membranes. The best separation performance was
from an SSZ-13 zeolite membrane reported by Li et al. [134]. The membrane had an N2
permeance of 8.5 × 10−7 mol·m−2·Pa−1·s−1 and an N2/CH4 separation of 13.5 at 298 K
and 0.303 MPa feed pressure. Impressive separation performance was also achieved by
SAPO-34 membranes [135,136]. Overall, zeolite membranes are promising candidates to
achieve excellent separation performance for N2/CH4.

Figure 5. N2/CH4 separation performance for different types of small-pore zeolite membranes [15,62,
63,65,73,104,134–141]. * denotes results from pure gas permeation tests. The 2008 polymer membrane
upper bound was replotted by assuming 1 µm membrane thickness [25].

2.6. Other Separations

Other explored gas separation applications include O2/N2, Kr/Xe, and CO2/Xe de-
hydration of gases and membrane reactors, etc. Most small-pore zeolite membranes only
demonstrated a moderate O2/N2 ideal selectivity/separation factor, as the pore sizes are not
close enough to achieve excellent selectivity from a molecular sieving effect, and the gas pair
has limited adsorption selectivity for most zeolites [97,142]. Exceptional O2/N2 separation
performance was reported by Yin et al for a stainless-net-supported NaA zeolite membrane.
The membrane demonstrated an O2 permeance of 2.6 × 10−7 mol·m−2·Pa−1·s−1 and an
O2/N2 separation factor of 7 for direct air separation at room temperature. No similar
selectivity was reported for LTA-type zeolite membranes, except for an NaA/(polyfurfuryl
alcohol) composite membrane reported by wang et al. [143] With the recent develop-
ment of PIM membranes, which have high O2 permeability and good O2/N2 selectivity,
it is hard for zeolite membranes to compete with polymers for O2/N2 separation. Some
small-pore zeolite pore sizes fall between the kinetic diameter of Kr (0.36 nm) and that
of Xe (0.396 nm). This makes small-pore zeolite membranes great candidates for Kr/Xe
separation. SAPO-34, SSZ-13 and AlPO-18 zeolite membranes have been explored for
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such separations [144–148]. SAPO-34 membranes demonstrated Kr permeances as high
as 1.2 × 10−7 mol·m−2·Pa−1·s−1 and a separation factor of 35 for the separation of Kr/Xe
with molar compositions close to typical concentrations of these two gases in air [144,145].
Wang et al. demonstrated an ultrahigh selectivity of 51–152, together with a Kr permeance
of 0.7–1.3 × 10−8 mol·m−2·Pa−1·s−1 for high-silica CHA zeolite membranes [148]. The per-
formance was way above that of current polymer membranes. With low Xe permeability,
small-pore zeolite membranes are also great for recovering xenon from anesthetic exhaust
gas [149]. Besides dehydration of solvents, NaA zeolite membranes are also great for
dehydration of gases, such as CH4 and H2 [150,151]. Li et al. used NaA zeolite membranes
in a membrane reactor for hydrogenation to form methanol with water as a byproduct [152].
Substantial increases were observed in both CO2 conversion and methanol yield. The mem-
brane was tested for the separation of an H2O/CO2/CO/H2/MeOH gas mixture (MeOH,
methanol) with a composition of 1.77 ± 0.14%/23.52%/0.98%/73.50%/0.23 ± 0.02% at
523 K and 21 bar. The selectivity (permeance ratio) of H2O/CO2 was ~551 ± 33. The
minimum selectivities of H2O/H2, H2O/CO, and H2O/MeOH were 190, 170 and 80, re-
spectively. LTA-type zeolite membranes were also used by Inami et al. for NH3 separation
for sensor applications [153].

3. Membrane Synthesis
3.1. CHA (High-Silica)

As discussed previously, CHA-type zeolite membranes have demonstrated great
potentials for the separation of CO2/CH4, CO2/N2, N2/CH4 and H2/hydrocarbons. Rep-
resentative synthesis conditions for high-silica CHA-type zeolite membranes are summa-
rized in Table 2. The first high-silica CHA-type zeolite membranes, also called SSZ-13
zeolite membranes, were reported by Kalipcilar et al. [56] They used N,N,N-trimethyl-1-
adamantammonium hydroxide (TMAdaOH) as the OSDA. TMAdaOH was not commer-
cially available at the time. They prepared TMAdaOH by mixing ADA with KHCO3 and
methyl iodide in methanol. After reacting for 4 days at room temperature, the product was
purified to obtain TMAdaI. It was then ion-exchanged with Dowex 550A OH− resin to
convert it to TMAdaOH. The SSZ-13 seed crystals were synthesized with a gel comprising
20 TMAdaOH:100 SiO2:2.5 Al2O3:4400 H2O:10 Na2O. Hydrothermal synthesis was carried
out at 433 K for 5 days. After seed-crystal coating on the inner side of the stainless-steel tube,
membrane synthesis was conducted at the same conditions as seed crystals. Membrane
activation was carried out by calcination in air at 753 K for 15 h. The membrane had a
CO2 permeance of 1.7 × 10−7 mol·m−2·Pa−1·s−1 and a CO2/CH4 selectivity of 12, which
is much higher than corresponding Knudsen diffusion selectivity. Although the membrane
selectivity was only moderate, it pointed out a feasible synthesis route for the preparation
of SSZ-13 zeolite membranes, as well as potential applications.

Table 2. CHA-type zeolite membrane synthesis conditions and corresponding separation performance.

Synthesis Conditions Substrate δ, um Pfeed
and T A/B Gas Pm,A, ×10−7

mol·m−2·Pa−1·s−1 αA/B Ref.

20TMAdaOH:100SiO2:2.5Al2O3:4400H2O:10 Na2O,
433 K for 5 days Stainless steel tube 10–40 0.25 MPa,

298 K CO2/CH4 1.7 12 [56]

20TMAdaOH:105SiO2:0.5025Al2O3:4400H2O:10 Na2O,
433 K for 6 days α-Al2O3 hollow fiber 4–6 0.6 MPa,

293 K CO2/CH4 3 42 [59]

50TMAdaOH:100SiO2:550H2O:50HF, 423 K for 120 h α-Al2O3 tube ~1 0.2 MPa,
298 K CO2/CH4 40 130 [31]

140TMAdaOH:100SiO2:940H2O:140HF, 433 K for 18 h α-Al2O3 disk and tube <1.5 0.9 MPa,
293 K CO2/CH4 78 32 [75]

40TMAdaOH:100SiO2:0.5Al2O3:500H2O:10Na2O,
453 K for 12 h α-Al2O3 disk ~1.2 0.1 MPa,

294 K CO2/CH4 12 210 [72]

20TMAdaOH:100SiO2:5Al2O3:8000H2O:5 Na2O, 453 K
for 72 h Al2O3 monolith ~3.5 2.0 MPa,

298 K CO2/CH4 16.3 72 [78]

100SiO2:1Al2O3:10,000H2O:35Na2O:9K2O, 448 K for
1 day α-Al2O3 disk ~10 0.1 Mpa,

303 K CO2/CH4 0.5 28.8 [69]

Note: all membranes synthesized by the secondary growth method.
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Kosinov et al. slightly modified the synthesis conditions and achieved higher mem-
brane separation performance [59]. The main revisions included: (1) alumina hollow
fiber was used as substrate; (2) the seed crystals were ball-milled to smaller size before
usage; (3) the Si/Al ratio in the gel was increased to 100; (4) the synthesis duration was
increased to 6 days. They achieved a CO2/CH4 separation factor ~40 and a CO2 permeance
~3 × 10−7 mol·m−2·Pa−1·s−1. Both are higher than the initial SSZ-13 zeolite membrane per-
formance. In another work, they also studied the influence of the Si/Al ratio in membrane
synthesis gels on membrane quality [57]. For an Si/Al ratio between 5 and 100, a higher
Si/Al resulted in a higher CO2/CH4 separation factor. However, the highest H2O/ethanol
selectivity was obtained for an Si/Al ratio of 10. The observation was attributed to the
significant difference in water uptake for zeolites with different Si/Al ratios. Zeolite with a
low Si/Al ratio had a high polarity and stronger water adsorption, which contributed to a
high water/ethanol separation factor.

Kida et al. developed a high-concentration fluoride-mediated gel for the fabrication
of pure silica CHA zeolite membranes [31,79]. The precursor gel had composition of
50TMAdaF:100SiO2:550H2O. HF was added to the precursor gel to neutralize the pH.
Fluoride anions also served as mineralizing agents. To make the membrane, they first
rub-coated the outer surface of the alumina tube with ball-milled seed crystals. In their
optimized precursor gel, 0.1 wt.% of seed crystals (to silica in the precursor gel) was
added to the precursor gel. Then, the gel paste was daubed on the seeded support to a
thickness of 3–5 mm. The gel-coated support tubes were then wrapped with a PTFE tape in
order to prevent gel dripping. Hydrothermal synthesis was conducted at 423 K for 120 h.
The membrane achieved a remarkable CO2 permeance of 4.0 × 10−6 mol·m−2·Pa−1·s−1

and a CO2/CH4 separation factor of 130 at 298 K with 0.2 MPa feed pressure. When
the membrane was tested for a humidified CO2/CH4 mixture at 298 K, CO2 permeance
dropped to ~3% of the dry feed case. The decrease in CO2 permeance was much more
significant than that of our CHA zeolite membrane (retained ~1/3 of CO2 permeance)
synthesized with a non-fluoride-mediated gel [72]. The difference indicates that there
might be a chemical difference between membranes synthesized with fluoride- and non-
fluoride-mediated gels.

The highest CO2 permeance, together with good CO2/CH4 selectivity, was achieved
by Yu et al. [75] They adopted a delicate substrate-hydrophobization treatment method to
prevent the infiltration of zeolite membranes through substrate pores. The rough proce-
dures are shown in Figure 6. The disc and tubular alumina supports were first calcined at
773 K to remove possible organic contamination. They were then rinsed with deionized
water, followed by placement in a filtered (0.8 µm) 1.0 wt.% cationic polymer (ATC 4150,
poly(dimethylamineco-epichlorohydrin-co-ethylenediamine)) solution with a pH of 9.0 for
20 min. The supports were then rinsed with 0.1 M aqueous NH3 solution to remove excess
cationic polymer and thoroughly dried. They were then immersed in a filtered 2.5 wt.%
1H,1H,2H,2H-perfluorodecyltriethoxysilane ethanol solution for 60 min. After rinsing off
excess hydrophobic chemicals with ethanol, the supports were thoroughly dried before
immersion in 1 wt.% seed solution for 15 min for seed coating. They used fluoride-mediated
gel solution with a composition of 1.0 SiO2:1.4 TMAdaF:9.4 H2O for membrane synthesis.
The synthesis was conducted at 433 K for 18 h. The membrane demonstrated a CO2 per-
meance of 7.8 × 10−6 mol·m−2·Pa−1·s−1 and a CO2/CH4 separation factor of 32 at 293 K
and 9 bar feed pressure. It should be noted that most papers reported CO2/CH4 separation
results under much lower feed pressure. In another work from Yu and colleagues, they
reported a similar CO2 permeance at 0.25 MPa feed pressure but a CO2/CH4 separation
factor of up to ~100, which was achieved at a feed pressure of 0.5 MPa [32]. These results
demonstrate the effectiveness of the hydrophobic treatment for preventing zeolite growth
inside substrate pores, thus enhancing membrane permeance.

Our group developed a one-step method for the fabrication of hollow-fiber CHA
zeolite membranes [72]. The major advantage of the method is simplicity; no separate
seeding step is needed. The precursor gel is a high-concentration version of precursor
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gel used for synthesis of CHA zeolite crystals by Díaz-Cabañas et al. [154] Seed crystals
of ~500 nm in size were directly added to the precursor gel. The seed was 5 wt.% of the
equivalent mass of SiO2 in the gel. In the synthesis, up to 20 hollow-fiber membranes were
synthesized in one batch by putting the fibers loosely together in a 1

2 ” diameter Teflon
liner. The ratio of precursor gel volume to the membrane surface area was 0.34 mL gel per
1 cm2 membrane area, which was very efficient for membrane fabrication. The 20-fiber
membrane module demonstrated a CO2 permeance of 1.7 × 10−6 mol·m−2·Pa−1·s−1 and
a CO2/C3H8 ideal selectivity of 21,000. The high-quality membranes indicated good
reproducibility and minimal interference between hollow fibers when they were loosely
aligned for synthesis. The synthesis method could be a simple and scalable one for the
fabrication of hollow-fiber CHA zeolite membranes. An interesting finding is that both
CO2/CH4 and CO2/N2 separation factors increased significantly when switching from dry
feed to water-vapor-saturated feed. The CO2/N2 separation factor was up to 30 for humid
feed. CO2 permeance dropped to about a third of that for dry feed, which was among the
lowest permeance drops for zeolite membranes.

Figure 6. Scheme describing the steps of substrate-hydrophilization treatment to prevent membrane
growth inside substrate pores. Reprinted from Yu et al. with permission [75].

Most highly permeable membranes have been synthesized with highly concentrated
precursor gel. In a recent work from Li et al. [78], they managed to synthesize a high-
quality CHA zeolite membrane in a dilute synthesis precursor solution on seven-channel
alumina monolith. Secondary growth was conducted with a precursor molar ratio of
20 TMAdaOH:100 SiO2:5 Al2O3:8000 H2O:5 Na2O at 453 K for 72 h. The H2O/SiO2 ratio
in the precursor was 80, compared to ~5 in studies by Kida, Yu and our group. [32,73,80]
The Al/Si molar ratio was also quite high, i.e., 0.1, compared to 0.01 for our work and
no Al for Kida and Yu. Al content is expected to be higher in the membrane, although it
was not reported. The membrane only demonstrated a moderate CO2/CH4 separation
factor of about 17, with a 0.2 MPa pressure drop. The authors observed an increasing
CO2/CH4 separation factor with an increasing pressure drop between 0.2 and 1.4 MPa.
It was explained by that the CO2 adsorption amount increased faster than that of CH4
with increasing pressure, as observed by Kosinov et al. [59] Another finding is that spacer
insertion inside the membrane module greatly enhanced CO2 permeance (from 1.01 × 10−6

to 1.63 × 10−6 mol·m−2·Pa−1·s−1) and CO2/CH4 separation factor (from 50 to 72). This
indicates that concentration polarization could not be ignored, even when a feed flow rate
as high as 20 SLPM was used. The spacer increased the linear velocity and decreased the
effective diameter. It led to a decrease in Re numbers and less concentration polarization effect.

Hasegawa and coworkers reported OSDA-free synthesis of CHA-type zeolite mem-
branes [155]. Only dehydration performance was reported for pervaporation of ethanol
solutions. Liu et al. reported OSDA-free synthesis of CHA-type zeolite particles under
fluoride-mediated solution [156]. OSDA-free synthesis of CHA zeolite particles and mem-
branes was also studied by Jang et al. [69] More thorough membrane synthesis conditions
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and corresponding gas separation performance were reported. Both particle and membrane
synthesis were realized by secondary growth from conventionally synthesized CHA zeolite
seeds (with OSDA, denoted as C-SSZ-13). For particle synthesis, precursor with Si/Al
ratios of 20, 50, 100 and ∞ were tried. Only an Si/Al ratio of 20 generated pure CHA phase
particles. The BET surface area of OSDA-free particles was ~30% lower than that of C-SSZ-
13. The Si/Al ratio was 4.2, compared to 23 for C-SSZ-13, despite the same Si/Al ratio in the
synthesis precursor. Low Si/Al ratio in resulting crystals is commonly observed for OSDA-
free synthesis, as the incorporation rate of Al and Si into the framework differs significantly.
For membrane synthesis, precursor with an Si/Al ratio of 50 was found to generate higher
membrane quality compared to precursor with an Si/Al ratio of 20. The synthesis duration
was further optimized, and one-day synthesis was determined as optimal. The membrane
demonstrated a CO2/N2 separation factor similar to that of membranes synthesized with
SDA for dry CO2/N2 separation. The interesting observation is that both CO2 permeance
and CO2/N2 separation factor increased then decreased when temperature was increased
from room temperature to up to 473 K. For wet CO2/N2 feed, CO2 permeance was below
the detection limit of 10−9 mol·m−2·Pa−1·s−1 at room temperature and 323 K. However, at
398 K, the membrane had a CO2/N2 separation factor of 10.0 ± 1.0, with a corresponding
CO2 permeance of 7.5 × 10−8 mol·m−2·Pa−1·s−1. Good CO2/CH4 separation factors, up
to 28.8 ± 6.9 at 303 K, were obtained for dry feed. For wet CO2/CH4 feed, there was an
appreciable decrease in both permeance and selectivity, making it less attractive for direct
separation of wet feed without a dehydration process.

3.2. DDR

DDR-type zeolite membranes demonstrated similar separation selectivities to CHA
zeolite membranes for the separation of CO2/CH4, CO2/N2 and H2/CH4, although their
permeance was typically lower, limited by the two-dimensional pore channels. Represen-
tative synthesis conditions for DDR-type zeolite membranes are summarized in Table 3.
DDR-type, also referred as DD3R or ZSM-58, zeolite membranes were first reported by
Tomita et al. through the secondary growth method [98]. A lengthy 25-day synthesis
was used for preparation of the seed crystal according to Exter et al. [157] The precur-
sor solution preparation steps were also quite complex in order to have good control
of the mixing, hydrolysis and condensation rates. After mixing ADA, EDA and water,
the mixture was shaken for 1 h with a shaking machine. It was then heated to 368 K
for 1 h under stirring, the mixture was then cooled down in ice/water bath, and TMOS
was added dropwise while vigorously stirring the solution. The mixture was then heated
again to 368 K until the solution became clear. The final precursor had a composition of
47ADA:100SiO2:404EDA:11,240H2O. Hydrothermal synthesis was conducted at 433 K for
25 days. The alumina tube was coated with seed crystals by dip coating. The membrane
synthesis precursor had a composition of 9ADA:100SiO2:150EDA:4000H2O. Hydrothermal
synthesis was conducted at 423 K for 48 h. The membrane was activated by calcination
at 973 K for 5 h. The membrane demonstrated an excellent CO2/CH4 separation factor
of 220 and a CO2 permeance of 0.4 × 10−7 mol·m−2·Pa−1·s−1 at 301 K and 0.5 MPa feed
pressure. Moreover, the permeance of the pure silica membrane decreased moderately
(~40% decrease) after adding 3.3% water in the feed. At 373 K, water vapor in the feed was
not found to influence gas separation performance. The results indicate that the membrane
is feasible for direct separation of humid mixtures.

Our group tried to simplify both the seed crystal preparation and membrane synthesis
procedures. The required synthesis duration could be cut from over 20 days to 4 days. Through
crystal synthesis studies, we found that ball-milled sigma-1 crystals served very well as seeds
for secondary growth of DDR zeolite [158]. By tuning the precursor pH, three sets of synthesis
conditions were found to be able to generate pure DDR zeolite. Ball-milled Sigma-1 seeds and
the highly alkaline precursor (15ADA:100SiO2:135EDA:11,240H2O:15Na2O) were used for
secondary growth of DDR membrane [97]. The required duration of seed synthesis was
reduced to 3 days, and membrane synthesis duration was reduced to 24 h. A continuous
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membrane was obtained, evidenced by very low He permeance before activation. However,
the membrane-activation step was susceptible to crack formation, which was observed by
different groups. The membrane had no CO2/CH4 selectivity as gases mainly permeated
through the cracks by non-selective Knudsen or gaseous diffusion. Amorphous silica
deposition through counter diffusion of TMOS and water was used to repair the cracks.
After crack repair, a CO2/CH4 selectivity ~100 was achieved. Our work provides a facile
route for DDR zeolite membrane fabrication and effective methods for crack repair to
achieve selective membranes.

Table 3. DDR-type zeolite membrane synthesis conditions and corresponding separation performance.

Synthesis Conditions Substrate δ,
um

Pfeed and
T A/B Gas Pm,A, ×10−7

mol·m−2·Pa−1·s−1 αA/B Ref.

9ADA:100SiO2:150EDA:4000H2O, 423 K for 48 h α-Al2O3 tube 5–10 0.5 MPa,
301 K CO2/CH4 0.4 220 [98]

15ADA:100SiO2:135EDA:11,240H2O:15Na2O, 433 K for 24 h α-Al2O3 disk ~10 0.2 MPa,
298 K CO2/CH4 1.8 92 [97]

3ADA:100SiO2:50EDA:4000H2O, 413 K for 48 h α-Al2O3 hollow fiber 5–8 0.2 MPa,
298 K CO2/CH4 0.35 500 [22]

2.6ADA:2.6KF:100SiO2:5200H2O, 473 K for 72 h α-Al2O3 tube ~5 1.1 MPa,
298 K CO2/CH4 1.2 270 [85]

17.5MTI:70SiO2:2800H2O:23NaOH, 403 K for 10 days α-Al2O3 disk ~7 0.1 MPa,
303 K CO2/CH4 1 673 [77]

15ADA:100SiO2:140EDA:10,000H2O:15Na2O, 453 K for 1 h by
microwave ceramic tube ~1 0.24 MPa,

298 K CO2/CH4 4.9 199 [91]

50ADA:20TEAOH:100SiO2:10,000H2O, 493 K for 2.5 h ceramic tube ~1.5 0.24 MPa,
298 K CO2/CH4 4.1 160 [93]

N.A. ceramic monolith N.A. 0.4 MPa CO2/CH4 >5 >160 [88]

3ADA:100SiO2:50EDA:4000H2O:1.54 Na2O, 413 K for 44 h α-Al2O3 hollow fiber 5–6 0.2 MPa,
298 K CO2/CH4 1.55 447 [96]

Note: all membranes were synthesized by the second growth method.

Wang et al. developed their own clear precursor for membrane synthesis, and more
importantly, the ozone membrane-activation method to prevent crack formation [22].
The precursor had molar composition of 3ADA:100SiO2:50EDA:4000H2O. They adopted
a low-temperature ozone activation method and successfully avoided crack formation.
The low-temperature activation avoided stress buildup between substrate and zeolite
film when heating the membrane to high temperatures. The activation was achieved by
exposing the membrane to flowing O3/O2 gas at 473 K for 60 h. A higher CO2/CH4
separation factor of 500 was achieved, compared to membranes activated by calcination.
An interesting finding is that the membrane permeance demonstrated a more significant
CO2 permeance drop (88%) after adding water vapor to the feed at 303 K, compared to
calcined membranes. A similar permeance drop was also reported by Jeong et al. [77].
With water adsorption and permeation test results, Jeong and colleagues concluded that
the more pronounced water-vapor influence was mainly because the permeation was
inhibited by the water molecules adsorbed in the micropores. Hayakawa and Hemeno
used halogen-salt-mediated solution for fabrication of a DDR zeolite membrane. KF, KCl,
KBr, NaF, NaCl and NaBr were used as mineralizing agents [85]. They also optimized the
mineralizing agent-to-silica ratio and OSDA-to-silica ratio in the precursor solution. For
a range of synthesis conditions, they managed to achieve a highly selective DDR zeolite
membrane. Their work proved the feasibility of using halogen-salt-mediated solution for
the fabrication of DDR zeolite membranes.

Jeong et al. conducted interesting research on heteroepitaxial growth of DDR ze-
olite membranes [77,99]. Methyltropinium iodide (MTI) was used as OSDA instead of
ADA. The authors demonstrated influence of different membrane-activation methods on
membrane quality and achieved a CO2/CH4 selectivity over 500. They used an SSZ-13
(CHA-type) seed layer for secondary growth of a DDR zeolite membrane. As shown in
Figure 7, the results demonstrated that DDR zeolite structure had very good compatibility
with CHA zeolite. Continuous membranes were successfully obtained. Electron diffraction
patterns and XRD patterns proved the coexistence of CHA and DDR structures, as well
as a DDR zeolite membrane grown on top of a CHA zeolite layer. They further compared
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three membrane activation conditions: calcination in air for 12 h at 823 K, calcination in O2
for 80 h at 723 K and calcination in O3 at 523 K for 40 h. The low-temperature O3-activated
membranes demonstrated the highest CO2/CH4 separation factor among the membranes.
For separation tests with dry CO2/CH4 feed at 323 K, O3-activated membranes had the
highest CO2/CH4 separation factor of 523 ± 96, compared to 243 ± 74, 412 ± 100 for air
and O2-activated membranes, respectively. The difference in separation factor between the
membranes is consistent with the fluorescence confocal optical microscopy (FCOM) results.
The O3-activated membrane only had sporadic and isolated defects, while the air-activated
membrane had interconnected cracks, and the O2-activated membrane had cracks that
were not fully connected.

Figure 7. Schematic illustration of heteroepitaxial growth of a DDR-type zeolite membrane on an
SSZ-13 zeolite seed layer. Reprinted from Jeong et al. with permission [99].

Wang et al. managed to synthesize a thin DDR zeolite membrane within an hour by mi-
crowave heating [91]. Microwave heating has been used for the synthesis of LTA, MFI and
AFI membranes [159]. It is known to shorten the synthesis duration because of accelerated
nucleation and crystallization. It is still very remarkable to be able to reduce the synthesis
duration to within an hour. The continuous zeolite film has a thickness of less than 1.5 µm,
one of the thinnest for DDR membranes. The thin membrane contributed to a high CO2
permeance ~5 × 10−7 mol·m−2·Pa−1·s−1. In another study by the Zhang group, they stud-
ied a co-template strategy the synthesis of DDR zeolite membranes. Tetraethylammonium
hydroxide (TEAOH), an OSDA commonly used for the synthesis of SAPO-34 zeolite, was
used as secondary template, in addition to ADA. According to the authors, TEAOH served
as mineralizing agent. They used conventional heating instead of microwave heating.
Still, a synthesis duration as short as 2.5 h was achieved without comprising membrane
quality. The facile synthesis was mainly a result of a much higher synthesis temperature
(493 K). Although it is the general understanding that increasing synthesis temperature
could shorten the duration of membrane synthesis, it is not always straightforward to do
so, particularly for membranes susceptible to impurity formation, such as the SGT and
DOH impurity phases for DDR membranes. This work greatly broadened the workable
synthesis conditions for DDR zeolite membranes.

It is worth noting that there are continuous efforts towards scaling up DDR zeolite
membranes. JGC Corporation (Yokohama, Japan) and NGK Insulators, Ltd. (Nagoya,
Japan) developed the world’s largest DDR membrane with NGK’s monolith ceramic sub-
strate [88,90]. As shown in Figure 8, the monolith membrane has an O.D. of 18 cm, a length
of 1 m and 1600 channels. The total membrane area was 12 m2, which is over 200–300 times
larger than conventional tubular-type zeolite membranes of the same length. At a feed pres-
sure of 0.3 MPag, the membrane achieved CO2 permeance >5 × 10−7 mol·m−2·Pa−1·s−1

and CO2/CH4 selectivity >170. At a feed pressure of 8.0 MPag and 318 K, the mem-
brane still demonstrated a CO2/CH4 selectivity exceeding 100 for feed gas composed of
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70 mol% CO2, which demonstrated great feasibility for high operating pressure in indus-
trial applications. The Gu group of Nanjing Tech University also tried to scale up DDR
membrane fabrication on hollow-fiber support [96]. The four-channel α-Al2O3 hollow-
fiber supports have 3.8 mm O.D., 0.9 mm I.D., ~50% porosity and an average pore size
of 200 nm. They tried to optimize alkalinity of the synthesis solution and managed to
synthesize 17 membranes in one batch. The membranes had a total membrane area of
406 cm2. Among the 17 membranes, 14 demonstrated a CO2/CH4 separation factor higher
than 100. The remaining three membranes had a decent CO2/CH4 separation factor of 43,
31 and 18.

Figure 8. DDR zeolite membrane on monolith support. Reprinted from Hasegawa et al. with
permission [88].

3.3. LTA

LTA-type zeolite membrane is perhaps the most mature among all zeolite membranes.
It demonstrated great dehydration performance but moderate gas separation performance,
with the exception for O2/N2, H2/C3H8 and H2/CO2 separations. The first industrial
application of NaA membrane was reported 20 years ago [160]. Since then, more applica-
tions have been found, although the primary application is still solvent dehydration by
pervaporation. The membranes are typically synthesized with highly alkaline solution
without OSDA and have a very low Si/Al ratio (close to 1) in the membrane. The mem-
branes tend to be very hydrophilic and great for dehydration applications because of
stronger adsorption of water over other solvents and/or molecular sieving effects. LTA
membranes are also studied for gas separations. In an early work from the Kita group [161],
the membrane demonstrated a water/ethanol separation factor over 10,000 and high water
permeance. Due to the close-to-unity Si/Al ratio, the membrane demonstrated no gas per-
meance without complete drying. After drying, the membrane displayed gas permeation
behavior attributed to Knudsen diffusion, i.e., no or low selectivity. Based on the results,
the authors thought that Knudsen diffusion through the non-zeolitic pores is predominant,
and the contribution of zeolitic pores is minimum for completely dried NaA membranes.
For pervaporation, however, non-zeolitic pores will be blocked because of water adsorption
and condensation. It is challenging to achieve LTA-type zeolite membranes with excellent
gas separation characteristics, despite their excellent performance for solvent dehydration.

A few representative gas separation LTA membrane-synthesis conditions and sep-
aration performance are summarized in Table 4. One of the most attractive separation
performances was reported by Yin et al. [162] The NaA zeolite membrane demonstrated
great O2 permeance and O2/N2 separation factor, which are attractive for commercial
application. The stainless-steel net support had an aperture about 50 × 50 µm. Growing
zeolite membrane on supports with such large pores is challenging. The authors first
soaked the stainless-steel net in a surfactant solution to make it hydrophobic. Then, aque-
ous suspension with NaA crystals was put on top of the net, and the surface tension was
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able to retain the solution on top of the net. A smooth seed layer formed on the net after
drying and heat treatment in a furnace. Secondary growth was then conducted with a pre-
cursor molar composition of 1.12SiO2:1Al2O3:2.55Na2O:1800H2O at 358 K for 7 days. After
cleaning and drying, the membrane was thoroughly dried at 373 K and 0.1 Pa overnight.
The membrane demonstrated an O2/N2 separation factor ~7 and an O2 permeance of
about 2.6 × 10−7 mol·m−2·Pa−1·s−1 for direct air separation at room temperature. O2/N2
separation is considered one of the most challenging separations due the similar size and
physical properties of O2 and N2. This is one of the best O2/N2 separation performances
reported so far for any membrane. However, there was not any follow-up report on recent
advancements in the membrane.

Table 4. LTA-type zeolite membrane synthesis conditions and corresponding separation performance.

Synthesis Conditions Substrate δ, um Pfeed
and T A/B Gas Pm,A, ×10−7

mol·m−2·Pa−1·s−1 αA/B Ref.

1.12SiO2:1Al2O3:2.55Na2O:1800H2O, 358 K for
7 days by 2nd growth Stainless-steel net N.A. 0.1 MPa,

RT O2/N2 2.6 7 [162]

5SiO2:Al2O3:50Na2O:1000H2O at 363 K for 25 min
with microwave by in situ method. α-Al2O3 disk and tube ~5 0.2 MPa,

293 K H2/C3H8 * 1.71 9.17 [163]

1P2O5:1Al2O3:0.5K222:0.5HF:300H2O, 473 K for 5 h
by 2nd growth α-Al2O3 disk 10~20 0.1 MPa,

293 K H2/C3H8 * 2 146 [16]

0.67TEOS:0.33GeO2:0.25K222:0.25TMAOH
:0.5HF:60H2O, 423 K for 3 d by 2nd growth α-Al2O3 disk ~12 0.1 MPa,

573 K H2/C3H8 3.64 127 [132]

50Na2O:1Al2O3:5SiO2:1000H2O, 333 K for 24 h by in
situ method α-Al2O3 disk ~3 0.1 MPa,

293 K H2/C3H6 1.74 36.8 [115]

50Na2O:1Al2O3:5SiO2:1000H2O, 333 K for 24 h by in
situ method, Ag exchanged α-Al2O3 tube 4.5 0.3 Mpa,

323 K H2/C3H8 1.6 120.8 [164]

50 Na2O:1Al2O3:2.5 SiO2:1000 H2O, 15 days under
sonication by 2nd growth clay–Al2O3 tube 15 0.2 Mpa,

303 K CO2/CH4 23 20.9 [101]

* denotes results from single gas permeation tests.

Li et al. developed a new method—in situ aging–microwave synthesis—for synthesis
NaA zeolite membranes [163]. They first prepared a clear solution with a molar composi-
tion of 5SiO2:Al2O3:50Na2O:1000H2O. After soaking the support in the solution, the vessel
was put in a conventional oven and aged at 323 K for 7 h. Then, crystallization was carried
out in a microwave oven at 363 K for 25 min. The membrane demonstrated excellent
selectivity, i.e., over 10,000, for pervaporative dehydration of ethanol (90 wt.%)/water
solution. For single-gas permeation tests, the membrane demonstrated an H2 permeance of
1.71 × 10−7 mol·m−2·Pa−1·s−1 and an H2/C3H8 ideal selectivity of 9.17, which is signifi-
cantly higher than the Knudsen diffusion selectivity of 4.69. The results demonstrated the
feasibility of the “in situ aging–microwave synthesis” method for high-quality membrane
fabrication. However, the gas separation potential was limited or not fully explored.

Huang and coworkers reported the synthesis of an aluminophosphate (AlPO4) form
of an LTA-type zeolite membrane [16]. With Al and P tetrahedra balancing the charge for
one another, the framework is neutral and cation-free. The membrane was prepared by dip
coating the α-Al2O3 disk with ALPO-form seed crystals. A membrane synthesis gel with
a molar ratio of 1P2O5:1Al2O3:0.5K222:0.5HF:300H2O was used. 4,7,13,16,21,24-Hexaoxa-
1,10-diazabicyclo[8.8.8]hexacosane (K222) was used as the OSDA. The support was placed
horizontally in the autoclave, and hydrothermal treatment was conducted for 5 h at 473 K.
The membrane was activated by calcination at 823 K for 8 h. H2, CO2, O2, CH4 and C3H8
single-gas permeances were tested. The membrane demonstrated an H2 permeance larger
than 2 × 10−7 mol·m−2·Pa−1·s−1 and an H2/C3H8 ideal selectivity of 146, which indicated
good membrane quality. The membrane demonstrated a slight CH4 ideal selectivity for
CO2/CH4, unlike some other small-pore zeolite membranes. This might be a result of
slightly larger pore size for LTA-type zeolites. Huang and Caro also reported the synthesis
of an ITQ-29 (SiO2–GeO2 form LTA) zeolite membrane [132]. ITQ-29 seeds were prepared
with precursor gel composed of 0.67TEOS:0.33GeO2:0.25K222:0.25TMAOH:0.5HF:30H2O.
The hydrothermal synthesis was conducted at 423 K for 6 h. The seed-coated α-Al2O3 disk
was then used for secondary growth of a membrane at 423 K for 3 days. The membrane
synthesis gel had a molar ratio of 0.67TEOS:0.33GeO2:0.25K222:0.25TMAOH:0.5HF:60H2O.
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H2, CO2, N2, CH4 and C3H8 single-gas permeance were measured at 573 K. H2/CO2 and
H2/C3H8 demonstrated ideal selectivity of 7.8 and 145.1, respectively. An H2 permeance of
3.64 × 10−7 mol·m−2·Pa−1·s−1 and an H2/C3H8 separation factor of 127 were observed for
equimolar H2/C3H8 mixture separation at 573 K. Steam stability was further demonstrated
with no apparent performance change after testing with an H2/CH4 mixture containing
3 mol% steam at 473 K for 24 h.

Huang et al. reported a seeding-free synthesis strategy for LTA membrane prepa-
ration by introducing enough functional groups ready to combine with zeolite crys-
tals [115]. As shown in Figure 9, this was achieved by functionalizing the support with
3-chloropropyltrimethoxysilane (CPTMS) through a condensation reaction with the hy-
droxyl group on the support surface. The chloride tail would then react with zeolite to
anchor zeolite on the substrate surface during hydrothermal synthesis and further grow to a
continuous membrane. The versatility of this synthesis strategy was demonstrated through
successful application of various porous supports, such as Al2O3 disks and tubes and TiO2
disks, as well as dense supports, such as stainless steel, PTFE and glass disks. The α-Al2O3-
disk-supported membrane was further tested for single- and mixture-gas separations at
293 K. The membrane demonstrated an H2 permeance of 1.74 × 10−7 mol·m−2·Pa−1·s−1

and an H2/C3H6 separation factor of 36.8, which was much higher than Knudsen dif-
fusion selectivity of 4.58. The H2/C3H8 ideal selectivity was only 23.8, which was ap-
preciably lower than that of their AlPO form LTA membrane [16]. The Huang group
also demonstrated that post-synthesis treatment could be used to enhance membrane
performance [164]. The NaA membrane was in situ synthesized on a 3-aminopropyl-
triethoxysilane (APTES)-treated support. Silver exchange was then conducted by soaking
the membrane in 0.05 mol/L AgNO3 ethanol solution in a Teflon-lined autoclave for 4 h at
323 K. The membrane was carefully protected with nitrogen during processing to avoid
contact with oxygen. The H2/C3H8 ideal selectivity increased from 19.4 to 283.9 after
silver exchange to replace Na+ with Ag+. The change was because Ag+ is larger than Na+

and reduces the effective zeolitic pore opening. The membrane also demonstrated an H2
permeance of 1.6 × 10−7 mol·m−2·Pa−1·s−1 and an H2/C3H8 separation factor of 120.8 at
323 K and 2 bar pressure difference for H2/C3H8 equimolar mixture separation.

Figure 9. Scheme of the formation of covalent linkers between the support and zeolites (a) and
growth of a zeolite LTA membrane layer on CPTMS-functionalized support by in situ anchoring of
LTA nutrients during synthesis (b). Reprinted from Huang et al. with permission [115].

A unique membrane synthesis method and gas separation performance was reported
by Sen et al. [101] (M Sen, N Das-2018-Ultrasonics-Sonochemistry-Development of LTA
zeolite membrane from clay by sonication-assisted method). An indigenous clay–Al2O3
tube was used as support for membrane synthesis. The substrate was modified by cationic
polymer PolyDADMAC (0.5 wt% in 20 mL of H2O) and dried at 333 K for 30 min, leading
to DADMAC polycations adsorbed on the clay–alumina support surface. Then, it was
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dipped in a 3% zeolite seed suspension. The authors used montmorillonite clay as precursor
material for the Si and Al source. The molar composition of the sol for zeolite crystal and
membrane synthesis was 50Na2O: 1Al2O3: 2.5SiO2: 1000H2O. The seeded supports were
placed vertically in the ultrasonically irradiated solution and kept for 15 days aging in a
reaction mixture for membrane synthesis. The membrane demonstrated good selectivity for
H2/CO2 (~15) and CO2/CH4 (~20) at 303 K. Moreover, the membrane had an H2 permeance
of over 2 × 10−6 mol·m−2·Pa−1·s−1, which was much higher than that reported in other
reports for good-quality LTA-type zeolite membranes. The high CO2/CH4 separation
factor also did not match the CO2/CH4 selectivity reported by Huang et al. It is worth
noting that the zeolite membrane morphology and XRD patterns did not fully match with
typical NaA zeolite. Overall, the separation performance was attractive, and the membrane
synthesis and permeation phenomena should be further explored to reveal what led to the
impressive separation performance.

3.4. AEI

All reported AEI membranes are in aluminophosphate form, i.e., AlPO-18. The zeolite
framework is formed by AlO4

− and PO4
+ tetrahedrons. The membrane demonstrated

good potential for CO2/CH4, CO2/N2 and N2/CH4 separations. TEAOH was commonly
used as a structure-directing agent for crystal and membrane synthesis, with a few excep-
tions. Representative synthesis conditions and separation performance are summarized in
Table 5. Carreon et al. first reported a high-quality AlPO-18 membrane with a CO2/CH4
separation factor of 60 and a CO2 permeance of 0.66 × 10−7 mol·m−2·Pa−1·s−1 [102].
The membrane was synthesized by rub coating the inner side of the stainless-steel tube
with AlPO-18 seeds. Hydrothermal synthesis was then conducted at 473 K for 72 h. Two-
step calcination was used, with the first step at 573 K for 6 h and then 673 K for 10 h.
Wang et al. used a 1.0Al2O3:1.0P2O5 molar ratio in the precursor and tried different
TEAOH and water contents [14]. Their optimized precursor solution has a molar ratio of
1.0Al2O3:1.0P2O5:2TEAOH:160H2O. The synthesis duration was reduced to 14 h. The re-
sulting zeolite film thickness was only slightly thinner (~8 µm) but demonstrated about
10 times higher CO2 permeance and excellent CO2/CH4 selectivity. Zong et al. achieved
AlPO-18 membranes with N2 permeance as high as 10.7 × 10−7 mol·m−2·Pa−1·s−1 and
good N2/CH4 selectivity (up to 4.6), which is much higher than the Knudsen diffusion
selectivity of 0.76 [141]. Wu et al. used N, N–diisopropylethylamine (DIPEA) as the OSDA
instead of TEAOH [104]. They studied the influence of DIPEA concentration on membrane
synthesis with a precursor composition of 1.0Al2O3:1.0P2O5:xDIPEA:120H2O. When x was
1 and 1.2, an AFI impurity phase was observed when synthesis duration was increased
from 36 to 48 h. When x was increased to 1.8, 48 h of synthesis still resulted in pure
AEI film. The best membrane had a CO2 permeance of 2.82 × 10−6 mol·m−2·Pa−1·s−1

and good CO2/CH4 ideal selectivity (53.8). Reproducibility is still an issue for synthe-
sis, as two of the four membranes were leaking, and the third membrane only had a
CO2/CH4 ideal selectivity of 8.49. Wang et al. achieved the highest CO2 permeance
(3.6 × 10−6 mol·m−2·Pa−1·s−1), with an excellent CO2/CH4 separation factor (91.5) per-
formance with AlPO-18 membrane [30]. Their membrane had oriented film with (002)
direction in the bottom layer and (110) direction in the top layer, as shown in Figure 10. Such
oriented film was achieved within single-hydrothermal synthesis through three changes
for the synthesis, compared to their previous work. First, they used nanosheet seeds with a
higher aspect ratio. Second, asymmetric alumina supports were used instead of symmetric
supports to prevent growth of AlPO-18 crystals inside the support pores. Lastly, membrane
synthesis parameters, including template concentration, synthesis temperature and time
were optimized in this work.
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Table 5. AEI-type zeolite membrane synthesis conditions and corresponding separation performance.

Synthesis Conditions Substrate δ, um Pfeed and T A/B Gas Pm,A, ×10−7

mol·m−2·Pa−1·s−1 αA/B Ref.

1Al2O3:3.15P2O5:6.3TEAOH:185H2O, 473 K
72 h by 2nd growth Stainless steel tube ~10 0.24 MPa, 295 K CO2/CH4 0.66 60 [102]

1.0Al2O3:1.0P2O5:2TEAOH:160H2O, 488 K
14 h by 2nd growth α-Al2O3 tube ~8 0.3 MPa, 298 K CO2/CH4 6.5 220 [14]

1.0Al2O3:1P2O5:1.8TEAOH:120H2O, 488 K
10 h by 2nd growth α-Al2O3 tube ~2.5 0.223 MPa, RT N2/CH4 10.7 3.8 [141]

1.0Al2O3:1.0P2O5:1.8DIPEA:120H2O, 478 K
48 h by 2nd growth α-Al2O3 tube ~4.5 0.11 MPa, 308 K CO2/CH4 * 28.2 53.8 [104]

1.0 Al2O3:1.0P2O5:1.34TEAOH:200 H2O,
423 K for 48 h α-Al2O3 tube ~4 0.3 MPa, 298 K CO2/CH4 36 91.5 [30]

* denotes results from single gas permeation tests.

Figure 10. Schematic diagram for the growth of the (110) and (002)-oriented AlPO-18 membrane by
single-hydrothermal synthesis. Reprinted from Wang et al. with permission [30].

3.5. ANA, ERI, GIS and RHO

The synthesis conditions and corresponding separation performance of other small-
pore zeolite membranes are summarized in Table 6. Anbia and coworkers reported the
synthesis of an analcime (ANA type) zeolite membrane [165]. However, there was no report
on any separation performance to help judge the membrane quality. They tried synthesizing
ANA zeolite crystals with and without OSDA, here as TMAOH. The influence of the amount
of water, Na2O and SiO2 in the precursor was studied, as well as and synthesis duration.
An optimum crystal synthesis condition was determined and also used for secondary
growth of the membrane. No Si/Al ratio in the membrane was directly reported. From
EDX spectra, Al content was quite high just like many other zeolite membranes synthesized
by the template-free method, despite the high Si/Al ratio in the precursor.

Table 6. ANA, ERI, GIS and RHO-type zeolite membrane synthesis conditions and corresponding
separation performance.

Type Synthesis Conditions Support δ, um Pfeed and T A/B Gas Pm,A, ×10−7

mol·m−2·Pa−1·s−1 αA/B Ref.

ANA 50SiO2:1Al2O3:33Na2O:4800H2O, 453 K
for 72 h by 2nd growth α-Al2O3 disk NA NA NA NA NA [165]

ERI 1.0Al2O3:1.0P2O5:1.0cyclohexylamine
:220H2O, 473 K for 90 h by 2nd growth Mullite tube ~12 0.3 MPa, 298 K CO2/CH4 11 53 [106]

GIS 1SiO2:0.1Al2O3:0.35Na2O:80H2O, 373 K
for 12 h by two-time synthesis α-Al2O3 disk ~15 298 K H2/SF6 * 5.71 102 [166]

RHO 10.8SiO2:1Al2O3:3Na2O:0.4Cs2O:110H2O
:1HF, 383 K for 6 days by 2nd growth α-Al2O3 tube 1~2 0.1 MPa, 308 K CO2/CH4 * 0.5 6.8 [105]

* denotes results from single gas permeation tests.

The first ERI-type zeolite membrane was reported by Zhong et al. [106] The membrane
was prepared by using zeolite T crystals as silica precursor to prepare pure and submicron
SAPO-17 crystal seeds. The uncalcined seeds were then rub-coated on the outer surface
of ceramic substrates. The membrane synthesis gel had a molar composition of 1.0 Al2O3:
1.0 P2O5: 1.0 cyclohexylamine:220 H2O. No silica source was added to the precursor
gel. Synthesis was conducted at 473 K for 90 h. The authors tried both mullite and α-
alumina tubular substrates. The membrane on mullite support was denoted as an SAPO-17
membrane, with an Si/Al/P molar ratio of 1/14/17 by EDX. The significant amount of
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Si was mainly attributed to silicon from the mullite support (Si/Al = 0.3). In contrast,
the membrane on alumina support did not show appreciable Si content by EDX and was
noted as an AlPO-17 membrane. The SAPO-17 membranes demonstrated appreciably
higher permeance and selectivity compared to AlPO-17 membranes. Despite the thick
membrane (~12 µm), the high CO2 permeance, together with good CO2/CH4 selectivity,
indicates the good potential of the ERI-type zeolite membrane.

P-type zeolite was first reported by Dong and Lin through template-free synthesis [166].
They used a homemade α-Al2O3 disk as support. The precursor gel was composed of
1.64 g of NaAlO2, 12.2 g of Na2SiO3, 2.4 g of NaOH and 143.2 g of H2O. The gel was aged
for 20 h at room temperature under vigorous stirring. The substrate was lined vertically,
partially vertically and face-up for membrane synthesis. Hydrothermal synthesis was
conducted at 373 K for 12 h. After one in situ synthesis, the membrane was still quite
defective. A second synthesis was typically required. The best membrane demonstrated
an H2/SF6 ideal selectivity of 102, which was much higher than the selectivity of 8.54 by
Knudsen diffusion mechanism. This indicates good membrane quality. P zeolite has the
problem of a phase transition from the cubic phase to the tetragonal phase. There was a
decrease in the volume of unit cells, which might result in crack formation accompanying
the phase transformation. Despite the reduced membrane thickness and formation of
crystal powder scaling on the membrane surface after heat treatments at 338 and 373 K,
there was no dramatic change in membrane permeances. This indicates that the membrane
quality was not significantly affected by the phase transition.

Liu et al. reported the synthesis of an RHO zeolite membrane for the first time [105].
The membrane was synthesized by the template-free method. The seed crystal was synthe-
sized at 373 K for 4 days with a precursor gel composition of 10.8SiO2:1 Al2O3:3Na2O:0.4Cs2O:
110H2O. The resulting crystal size was about 0.8 µm. The seed was rub-coated on the outer
surface of the α-Al2O3 tubular substrate. Hydrothermal synthesis was conducted with a
precursor gel solution of 10.8SiO2:1Al2O3:3Na2O:0.4Cs2O:110H2O:

1HF. HF was added in order to improve membrane quality. The membrane demon-
strated a CO2/CH4 ideal selectivity of 6.8, which is significantly higher than the Knud-
sen diffusion selectivity of 0.60. This indicates the membrane is free from major defects.
The membrane was also tested for dehydration of 10/90 wt.% water/organics at 348 K.
The membrane showed a water flux of 0.76 kg·m−2·h−1 and a water/ethanol separation
factor of 473.

4. Conclusions

Within the last three decades, there have been remarkable advances in small-pore
zeolite membranes. They have demonstrated very attractive gas separation performance
for various gas pairs, such as CO2/CH4, H2/CO2, N2/CH4 and Xe from Kr or CO2.
It is thrilling to see joint efforts from academia and industry for continuous performance
improvement, more realistic separation tests and development of large-scale membrane
modules. However, there is still no major industrial gas separation application for zeolite
membranes. The following observations, challenges and future work for small-pore zeolite
membrane development have been identified:

• CHA-type zeolite membranes demonstrated the most attractive separation perfor-
mance for most studied applications. Two major contributing factors: CHA-type
zeolite membranes (1) are more mature, with ~20 years of development, and (2) have
three-dimensional channels and a suitable pore size.

• AEI-type zeolite membranes have similar potential as CHA zeolite membranes based
on their structural similarity and demonstrated separation performance. Nonionic
LTA-type zeolite membranes might find applications other than those commonly
studied because of a slightly larger pore size.

• Small-pore zeolite membranes demonstrated more attractive separation performance
towards CO2/CH4, N2/CH4 and Xe separation applications compared to polymer
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membranes. These areas have better chances for industrial implementation of zeo-
lite membranes.

• Small-pore zeolite membranes have contributed to higher reactant conversion and
product yield when used in membrane reactors. The high chemical and thermal
stability, together with good separation performance, could make zeolite membranes
great candidates in applications involving harsh operating conditions, such as acidic
and high-temperature environments.

• Preventing zeolite growth inside porous substrates and reducing membrane thick-
ness are effective strategies for improving membrane permeance. Simplifying high-
performance membrane fabrication processes is another important aspect for reduced
fabrication cost.

• Large-scale membrane synthesis with high-aspect-ratio substrates, such as multi-
channel monoliths, are attractive for efficient synthesis. The development of cheap,
high-quality supports for zeolite membranes is crucial for reducing zeolite mem-
brane cost.

• It is important to conduct more membrane tests under close-to-realistic operating
conditions, such as complex/real feed mixture and high operating pressure, to reveal
real-world performance for better assessment of membrane potential.
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