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INTRODUCTION

Membranes for Gas and Vapor Separation
Membrane-based gas separation is a well-established, energy-saving, and evolving technology. Gas
separation technology using polysulfone hollow fiber membranes (with the tradename Prism) for H2

recovery was first introduced and successfully commercialized as early as 1979 by Permea Inc. (now a
subsidiary of Air Products) (Lonsdale, 1982; Air Products Advanced Pri). Since then, the market for
gas separation membranes has been growing rapidly and is expected to grow even further as
technology advances.

Over the last few decades, various polymer membranes such as polysulfone, polyimides, cellulose
acetates, and poly(dimethyl siloxane) silicone rubber have been used for gas or vapor separation
(Galizia et al., 2017). The specific applications include 1) hydrogen recovery from nitrogen, methane
and etc.; 2) nitrogen production from oxygen; 3) methane production from natural gas; 4) vapor
recovery (such as that of olefins) from nitrogen; 5) volatile organic compound (VOC) removal; 6) air
and natural gas dehydration; 7) olefin/paraffin (e.g. ethylene/ethane, propylene/propane) separation;
8) hydrocarbon (methane, ethane, propane and etc.) separation; and 9) carbon dioxide capture from
flue gas (mostly nitrogen). These applications have received significant attention and account for the
majority of current membrane-based gas separation industries. Advances in separation technologies
and materials design will aid growth and development in the field of membranes.

Inorganic membranes based on dense ceramic membranes, dense metallic membranes, and
microporous membranes have also been investigated extensively (Lin, 2019). Microporous inorganic
membranes can be effectively utilized in applications such as catalytic reactors and coal gasification.
The materials commonly used to fabricate microporous inorganic membranes include alumina
(Al2O3), silica (SiO2), zirconia (ZrO2), zeolite, and carbon. Recently, mixed-matrix membranes
(MMMs), in which porous inorganic fillers are dispersed in a dense polymer matrix, have received
significant attention because of the synergetic effects of organic and inorganic materials. Various
porous inorganic nanomaterials such as graphene oxide (GO) and metal-organic frameworks
(MOFs) have been utilized as fillers in MMMs, resulting in improved permeation and
separation properties (Qiao et al., 2020).

Materials Challenges
Over the last few decades, materials research has enabled significant advances in membrane
technology and expanded the viability of membranes. For the design of membrane materials, it
is important to consider the separation factors of permeability and selectivity (Park et al., 2017). A
variety of high-performance polymer membranes with excellent separation properties have been
developed, such as thermally rearranged (TR) polymers, polymers of intrinsic microporosity (PIMs),
and perfluoropolymers (Sanders et al., 2013). These membrane materials surpass the performances
of existing polymer materials, and through a new approach, they have been in the spotlight as next-
generation membrane materials (Koros and Zhang, 2017). Nevertheless, for polymer membranes,
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an upper limit exists based on the trade-off between permeability
and selectivity; polymers with high selectivity possess low
permeability and vice versa. Furthermore, despite the excellent
separation properties of novel membrane materials,
disadvantages such as plasticization and physical aging are still
observed, hampering their industrial applications. Presently, the
major challenge regarding membrane materials is to develop
advanced materials with high permeability and selectivity as
well as high tolerance to plasticization and physical aging.
Thus, it is important to understand and elucidate the
structure—property relationships and permeation/separation
mechanisms. Advances in experimental characterization
techniques, corresponding theoretical simulations, and artificial
intelligence may be helpful and efficient in expediting this
process. The improvement and optimization of membrane
materials are also pivotal factors for the industrial applications
of gas/vapor separation technology. The rational design approach
with improved interfacial properties serves as an efficient toolbox
for improving the selective permeability properties of MMMs
with molecular sieve fillers (Liu et al., 2018).

Membranes Challenges
The properties of the membrane material are characterized by the
permeability, which is normalized by the membrane thickness,
while the properties of the membrane itself are characterized by
permeance, which represents the actual flux. Several materials
reported over the past decades exhibit excellent permeability but
low permeance. This can be attributed to the challenges in the
preparation of defect-free, low-thickness membranes with great
separation properties. To achieve a high permeance, thin-film
composite (TFC) membranes are prepared consisting of a thin,
dense and selective layer on relatively inexpensive, mechanically
strong, and porous supports. In many cases, additional gutter
layers are also introduced between the thin selective layer at the
top and the porous support at the bottom. This effectively helps in
the formation of a thin selective layer without significant
infiltration into the support pores.

The design of novel membrane materials without considering
the support properties often leads to deteriorated performance in
TFC membranes compared to the performance of free-standing
dense membranes. Despite several reports on high-performance
membranes, polymers that dissolve in environmentally friendly,
inexpensive, and mild solvents (e.g., alcohol or water) are
uncommon, which is an important consideration for TFC
membrane processing (Kim et al., 2019; Lee et al., 2022); this
is because many organic solvents that are used to dissolve the thin
selective layer at the top also dissolve the porous supports at the
bottom, resulting in defect formation or dense structures. The
development of membrane preparation processes without
solvents or with mild solvents is important. Furthermore, it
can lead to disruptive and sustainable changes in current
membrane preparation processes.

Another challenging issue inMMMs is that they are difficult to
prepare as TFC membranes (Chuah et al., 2018). When the

thickness of the selective layer at the top is reduced (e.g.,
~100 nm), interfacial defects/voids often arise, resulting in a
loss of selectivity. Thus, it is necessary to optimize the
membrane design to achieve optimal separation properties and
permeance efficiency by controlling the morphology, structure,
and interactions of MMMs. A well-designed TFC membrane not
only improves the efficiency (flux), but also reduces the waste of
energy, improving the economic benefit.

The design and synthesis of high-performance membrane
materials is only the first step in the membrane process to be
commercially successful. Beuscher et al. described four major
obstacles that must be overcome before applying a membrane
material to a membrane process (Beuscher et al., 2022). These
obstacles arise in the following order; 1) from material to
membrane, 2) from membrane to membrane module, 3)
from membrane module to membrane process, and 4) from
membrane process to overall process. Additionally, these
obstacles are strongly interconnected and should be fed back
to the early development stage when problems arise from later
obstacles.

A recent paper by Sholl and Lively (2022) suggested that well-
defined exemplar mixtures should be developed to close the gap
between basic research and practical application. Membrane
materials and processes for gas and vapor separation need to
be utilized in complex environments as they have varying effects
in many real-world applications. To better reflect real-world
conditions such as temperature and humidity, for example,
membrane performance testing should be extended from
single gases to mixed gases and multi-component gas mixtures.

CONCLUDING REMARKS

Significant progress in membrane materials science and
membrane fabrication engineering is now driving several
changes in the field of gas and vapor separation technologies,
but there is still considerable scope for further development.
Careful design and control of the morphology, structure, and
interactions of membranes offer a high level of performance
based on a deep understanding of the material properties and
membrane performance. This aspect accounts for the hundreds
of articles and registered patents published each year on
membranes for gas and vapor separation. The aim of the
section Membrane Applications - Gas and Vapor of the journal
Frontiers in Membrane Science and Technology is to present high-
quality original research articles and review articles in this field by
committing to play a pivotal role in addressing this
developmental challenge.
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