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ABSTRACT: Over the past three decades, membrane technology
has gained increasing relevance owing to its green and energy-
efficient process. Among the existing membranes, thin-film
composite/nanocomposite (TFC/TFN) membranes are the
subject of an increasing number of studies due to their high gas
flux, high selectivity, cost reduction, and the possibility to
independently control and optimize the materials of each layer.
This review examines the advancement in TFC/TFN membranes
for CO2 sequestration. The structure of the multilayer composite
membranes and the characteristics of each layer are initially
presented. Various top-down and bottom-up approaches for the
preparation of composite membranes are discussed in detail. The
factors influencing TFC membranes are highlighted. The focus of
this research is on the separation properties of the Pebax polymer. The impacts of nanofillers on the separation performance of
Pebax-based TFN membranes are meticulously inspected. Finally, the most important challenges and future outlooks to improve the
membrane performance are presented.

1. INTRODUCTION
The growing imbalance in emissions of greenhouse gases
(particularly CO2) has led to severe climate changes and
consequently has affected ecosystems, the economy, and society
at large. In addition, there is a possibility of fuel shortages in the
foreseeable future; however, energy production from new/clean
sources remains pricier and less effective, in comparison with
fossil fuel (natural gas) combustion. Even if in the long run the
future is dominated by renewable energies, many chemical and
materials production plants (e.g., cement production) will
remain big CO2 emitters that will have to be dealt with.
Therefore, it is essential to advance gas separation technologies
and their efficiencies to minimize the impact of processes that
produce CO2.

1 Apart from economic and health, safety, and
environment (HSE) aspects, CO2 can reduce the energy content
and/or the combustion efficiency of natural gas. The acidic
nature of CO2 causes equipment and pipeline corrosion as well.

2

On the plus side, capturedCO2 can be used for the production of
high-value-added chemicals, fuels, and alternative energy. The
CO2 can be applied in two ways:

3 first for the use of CO2 without
any conversion for certain applications such as enhanced oil
recovery by CO2 flooding or physical solvent (e.g., supercritical
solvent);3−5 second, it can be used as a feedstock for the
synthesis of chemicals and fuels via carboxylation and reduction
reactions. In this regard, bulk chemicals such as methanol,
dimethyl ether (DME), urea, ethylene, polycarbonate, and other

chemicals with lesser market potentials like acetic acid, formic
acid, acrylic acid, salicylic acid, methyl formate, ethylene
carbonate, and dimethyl carbonate can be produced.3,6−9

Among them, methanol and DME can be utilized as alternative
fuels instead of gasoline and diesel/LPG, respectively.6 It can be
also employed for mineralization (production of carbonates like
calcite and magnesite) and microelectronic applications.10,11 As
a consequence of this valorization by conversion of CO2, its
impact on global warming and climate change can beminimized.
Various capture strategies have been developed to reduce

CO2 emissions, including chemical and physical absorption,
adsorption process, cryogenic distillation, chemical looping,
separation by hydrate formation, and hybrid processes (i.e.,
absorption-microalgae).12−16 Although some of these technol-
ogies, still in different phases of maturity, may be effective, they
are often quite energy-intensive and costly, increasing
significantly the energy costs to the point of making the
associated processes economically not viable.17−19 To overcome
these issues, membrane-based separation, a clean and low
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carbon footprint technology, has been proposed. In comparison
with traditional gas capture approaches, the membrane
technology offers lower capital/maintenance investment, lower
energy consumption, simpler (continuous) operation, smaller
unit size, and much lower environmental impact.20−24

Adaptability, scalability, no phase change, good mechanical
properties, ease of integration with other separation techniques,
and modularity are the main advantages of membrane
technology.25−30 Furthermore, due to having no moving parts,
membrane technology is the right approach for use in
geographically remote areas.31 The industrial applications of
membranes have been dramatically accelerated over the past
decade. These superiorities have promoted the application of
membranes in industrial processes to capture undesirable
components (i.e., H2S, SO�, NO�, or sometimes valuable
elements like CO2) from various gas streams such as natural gas
(natural gas treating), hydrogen purification (precombustion
systems), and flue gas (postcombustion system). Membranes
can also separate O2 from N2 in an oxyfuel combustion
system.32,33 In 2021, its global market was assessed at ∼10
billion USD and is anticipated to witness an annual growth rate
of ∼6%.34
The membrane materials used for gas separation are divided

into two major classes: inorganic and organic (polymeric)
materials. Organic membranes are either rubbery or glassy
polymers and today govern the gas separation industry given
their availability, low cost, high reproducibility, and easy
processing/fabricating and surface modification.35−37 Polysul-
fone (PSf), cellulose acetate (CA), polyimide (PI), polyamide
(PA), polycarbonate (PC), poly(ether imide) (PEI), poly-
(phenylene oxide) (PPO), and poly(dimethylsiloxane)
(PDMS) are the most common polymeric materials used in
the gas separation membrane market.34,38 Meanwhile, the
polyimides (PIs) family is the fastest-growing material type due
to its good forming characteristics, high thermal/mechanical/
chemical stability, together with its excellent gas separation
performance.39 PI, CA, and perfluoro polymers are usefully
employed for acid gas removal (CO2 and H2S removal); CA,
PSf, PI, and PA for hydrogen recovery; and PPO, PI, PSf, and
tetra-bromopolycarbonate for nitrogen generation and oxygen
enrichment.40 For organic vapors recovery and air separation,
PDMS and polyoctyl methyl siloxane are also used.40

Despite distinguishing features, polymeric membranes suffer
from major drawbacks such as the trade-off behavior, long-term
stability of the flux, low chemical resistance, and low working
temperature (up to 100 °C).16,41 Generally, highly permeable
polymers exhibit low gas selectivity and vice versa; therefore,
researchers have made determined attempts to develop
membrane materials for greater efficiency. Inorganic materials
with superior separation properties have been processed into
membranes to address these issues.38 Porous inorganic
membranes are typically composed of a porous top (thin)
layer such as zeolite, silicon carbide/nitride, carbon, cordierite,
mullite, mica, and metal oxides (i.e., copper, alumina, titanium,
tin, zirconia), reinforced on a porous metal or ceramic
support.42,43 Compared to polymeric membranes, inorganic
membranes typically present higher selectivity and permeability
values, particularly at elevated temperatures and pressures,44,45

other than these membranes also have extraordinary thermal
endurance, great chemical resistance, minor plasticization, and
controllable pore size distribution.46−48 For large-scale
applications, however, these membranes have encountered
serious difficulties such as high material price, lack of

processability, fragility, and difficulties in handling.49,50 Another
problem is the assembly of inorganic membranes into high
surface area modules.49 An economically viable membrane must
have high flux (permeability or permeance), acceptable
selectivity, and reasonable cost (low to moderate) together
with easy film forming. But the existing membrane materials
(both polymeric and inorganic materials) cannot meet these
requirements. The most effective strategies for dealing with the
limitations could be the design and synthesis of mixed matrix
membranes (MMMs) and thin film (nano)composite (TFC/
TFN) membranes.51−55 The contactor system would be also
another alternative to improve the polymeric gas separation
membrane performance.56−58

In a typical MMM, the physical thickness (∼20−200 �m) is
the underlying reason for reduced separation efficiency (low
permeability); therefore, engineering the thickness is vital.59,60

To reduce mass transfer resistance and maximize CO2
permeability, the film needs to be as thin as possible (≤1
�m).59 For the CO2 permeance as high as 4000 GPU, a very thin
layer of less than 30 nm is required.61 But the preparation of an
almost defect-free ultrathin layer on a large scale is a very difficult
matter. Apart from this, quickened physical aging, easier
plasticization, and reduced mechanical robustness are among
the other problematic issues of a such thin layer.61 In principle,
an ideal gas separation membrane must be (a) very thin to
increase CO2 permeability, (b) highly selective to meet the
products’ purity requirement, (c) mechanically strong, and (d)
resistant to heat and chemicals.62,63 To circumvent these
mentioned and meet the requirements for industrial purposes,
composite membranes (flat sheets or hollow fibers) with more
complex structures have been developed.60,61,63,64

A typical multilayer thin film (nano) composite (TFC/TFN)
membrane contains a dense, ultrathin selective layer placed over
a highly permeable intermediate layer, which is previously
coated on a much thicker microporous support layer.61,65

Through this configuration. not only are high gas permeance
rates (without sacrificing the selectivity) achieved, but also the
incorporation and dispersion of nanoparticles within the top
active layer can be carefully controlled.More importantly, due to
the reduced amount of materials used, the fabrication cost of the
thin skin layer is considerably lowered. As a consequence, high-
performance but expensive compounds can be also em-
ployed.62,66 This is extremely significant when a membrane
with a very large surface area (i.e., several square kilometers) for
CO2 separation and purification is needed.
Due to the growing research on TFC/TFN membrane

synthesis and characterization during the past decade, a critical
review of TFC/TFN membrane technology and its potential
applications is of importance to elucidate the contemporary
trend of multilayer composite membranes. In this study, we aim
to provide a critical review of composite membranes for CO2
capture, which can produce a handful of guidelines for high-
performance TFC/TFN membrane fabrication. This compre-
hensive review covers various aspects of the subject starting with
the importance of CO2 sequestration followed by an
introduction to membrane technology. The membrane
materials are explored in detail. As a new generation of
membranes, a quick introduction to TFC membranes is given
at the end of section 1. In section 2, membrane contactors are
briefly introduced. Then, the fundamentals of mixed matrix
membranes (MMMs) are investigated. Here, filler types and
their characteristics, challenges of MMMs fabrication, and
methods to adjust the interfacial morphology are fully reviewed.
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Afterward, the basic concepts of TFC/TFN membranes are
presented. The gas transport mechanisms within TFC/TFN
membranes are also analyzed. Additionally, the preparation
techniques of TFC/TFN membranes are discussed. Following
that, the factors influencing the TFC/TFNperformance are fully
described. Attention is paid to the utilization of the poly(ether
block amide) (Pebax) family as the top thin active layer as it
offers several distinct features such as hydrophilicity, polarized
polarity, nontoxicity, and high thermal endurance.67 The great
affinity of ether oxygen groups toward polar CO2 results in a high
permeation rate, thus delivering acceptable economic perform-
ance. As the main part, the permselectivity results of TFN
membranes based on Pebax for carbon capture are assessed in
section 6. Finally, we will spotlight the challenges (i.e., physical
aging, plasticization, fillers aggregation, etc.) and perspectives
for future development in this field.
It should be noticed that although several review papers have

been published on TFC/TFN membranes, none of the existing
articles have specifically studied Pebax-based TFC/TFN
membranes for gas separation, and only a cursory glance at
this polymer has been made in some cases. In addition, most
researchers have focused on the use of TFC/TFN membranes
for water and organic solvent purification, and desalination.68−82

More importantly, as the most studied selective layer material,
an updated review article should provide valuable insights to
researchers for the fabrication of novel types of TFC/TFN gas
separation membranes with improved performance. To clarify
more and to justify why this review article fills a critical gap in the
gas separation field, Table S1 has been provided.

2. MEMBRANE CONTACTOR
A membrane contactor (MC) merges the benefits of both
conventional gas absorption (i.e., amine-based absorption) and
membrane technology, in which the gas phase is isolated from
the liquid phase via a microporous, water-repellent mem-
brane.58,83 Generally, the MC system aims to reduce the size of
the absorption unit.83 Using a suitable membrane configuration,
i.e., hollow fiber, flat sheet, and spiral modules, fluids (liquid and
gas phases) can contact opposite sides of the membrane, and the
gas−liquid interface is formed at the mouth of each membrane
pore.84 Mass transfer happens by diffusion across the interface
just as in traditional contacting equipment. Therefore, the
separation performance depends on the interaction between
interested gas solute and liquid absorbent.
Generally, MC involves the transfer of the desired gas (i.e.,

CO2) through a nonselective porous membrane (as a contact
device), followed by its absorption into a liquid absorbent. Due
to successfully integrating the advantages of both absorption
(high selectivity) and membrane separation (modularity), an
MC system possesses overwhelming advantages over conven-
tional contacting devices such as low capital investment, high-
specific surface area, operational flexibility, independent
controllable gas/liquid flow rates without any flooding,
channeling, loading, weeping, foaming, or entrainment prob-
lems, compact structure, better energy efficiency, much lower
environmental impact, and a linear/easy up and down scaling
that allows one to envision its use for carbon capture.58,84−89

The use of a contactor system leads to operating cost savings of
38−42% and capital cost savings of 35−40%.57 These strong
points introduce the MC as a promising alternative gas
separation technology and pave the way for its applications in
acid gas removal from flue gases and natural gas, syngas cleanup,

olefin/paraffin separation, and different industrial process gas
streams.88,90

It must be pointed out that the mass transfer resistance in the
gas, the liquid phase, and the additional resistance produced by
the membrane itself negatively affect the overall mass transfer
rate in an MC module,91 thereby significantly lowering the
selectivity. However, the interfacial area of the membrane is
vividly greater than traditional absorbers, but the increase of its
additional resistance results in a reduction in the mass transfer
capacity owing to the resistance of the membrane itself.91 This
resistance is minimized by reducing the membrane thickness
and/or increasing its surface porosity (gas permeability).84 On
the other hand, this resistance is increased when the liquid wets
the membrane pores. The high pressure of the liquid phase is the
underlying cause of unwanted pore wetting.58 To minimize this
phenomenon, the membrane pores should be controlled under
the nonwetted (gas-filled) condition. Various approaches have
been suggested for target the pore wetting phenomenon,
including18

• Hydrophobic surface modification for membranes
• The use of absorbents with a relatively high surface
tension and ensuring the compatibility of the absorbent
with the membrane material

• Optimizing the operation condition (i.e., temperature,
pressure, gas/liquid flow rate, and concentration)

Under these circumstances, the benefits of the MC for gas
separation will be maximized. Ideally, mixing of the gas and
liquid phase should not happen. Liquid absorbents are normally
in aqueous form (mainly H2O) or are hydrophilic. Therefore,
the membrane materials must be hydrophobic to prevent any
liquid infiltration into the membrane pores. Polypropylene
(PP), polyvinylidene fluoride (PVDF), polytetrafluoroethylene
(PTFE), polyethylene (PE), polyether ether ketone (PEEK),
and polyether imide (PEI) are the most used membrane
materials in a contactor system.56,92−95 In general, factors such
as absorption solutions, membrane materials, membrane
modules, operation conditions, etc. can gravely affect the
performance of gas removal by the MC.84,90 Swelling and
degradation caused by chemical attacks from the absorbents
over extended operational periods, and a limited lifetime are the
disadvantages of a contactor system.18,56

Qi and Cussler96,97 were the pioneers in CO2 capturing using
a hollow fiber membrane contactor. They used a microporous
nonwetted PP membrane coupled with an aqueous NaOH
solution as the absorbent. They also developed a theory for the
operation of hollow fiber membrane modules and investigated
mass transfer coefficients in the liquid phase. Since then, a great
deal of research has been done on MCs to assess their feasibility
for industrial purposes. Gomez-Coma et al.57 synthesized a gas
mixture, composed of 15% CO2 and 85% N2, to be tested in
quasi-real conditions according to the flue gas in the
postcombustion process. They applied [C2mim][Ac] as an
absorbent into a PVDF hollow fiber membrane contactor. To
address the issues associated with the viscosity of the ILs and
facilitate the binding of CO2, they also added different quantities
of water to the IL. They reported that the hybrid solvent based
on a combination of 70% [C2mim][Ac]-30 vol % water provides
a CO2 capture efficiency of 72.5%, significantly higher than the
original solvent ([C2mim][Ac], 20.4% efficiency). The mass
transfer coefficient (K overall) obtained for this mixture (70/
30% IL/H2O) was five times higher than the corresponding for
neat IL. They claimed that the content of water in the absorbent
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Table 1. Permselectivity of the Neat Polymeric Membranes and MMMs with Various Quantities of Fillers

selectivity

polymer filler (wt %) condition � (°C)/� (bar) �COd2
(Barrer) CO2/CH4 CO2/N2 O2/N2 ref

polyurethane 20/10 86.27 15.41 34.10 2.42 113
SiO2 (2.5) 66.76 18.44 42.79 2.43
SiO2 (5) 62.11 17.49 45 2.60
SiO2 (10) 59.12 18.30 45.47 2.69
SiO2 (20) 53.58 18.60 54.12 3.18
SiO2 (30) 41.27 19.11 62.53 4.09

PMP 25/4 129.14 8.02 30
Al2O3 (5) 151.10 8.42
Al2O3 (10) 185.84 9.15
Al2O3 (15) 237.90 10.33
Al2O3 (20) 280.67 11.16
Al2O3 (30) 325.62 11.65

PSf 25/4 0.71 3.74 3.74 1.63 114
CNF (0.01) 0.91 3.79 3.14 1.34
CNF (0.1) 1.31 5.04 3.28 3.45
CNF (1) 4.87 12.18 8.40 3.86

PVDF 25/5 0.915 21.27 16.34 115
Cu-BTC (5) 1.067 24.81 18.40
Cu-BTC (10) 2.002 41.70 33.93
Cu-BTC (15) 3.206 40.07 36.02
Cu-BDC (5) 1.126 26.18 19.08
Cu-BDC (10) 1.602 35.60 26.26
Cu-BDC (15) 1.987 45.15 33.12

SPEEK 25/1 15.50 26.70 38 116
GO-DA� (2) 16.80 28.20 40.50
GO-DA (4) 18.10 30.30 44.40
GO-DA (6) 19.60 33.30 48.50
GO-DA (8) 20.10 37.80 53.80

6FDA-DAM: DABA (3:2) 35/1 134.01 38.30 23.30 117
DMS� (10) 202.09 36.20 22.20
DMS (20) 364.96 33 20.80

6FDA-DAM: DABA (3:1) 25/2 199 35.90� 118
SSZ-16 (5) 365 34.80
SSZ-16 (10) 340 28.60
SSZ-16 (15) 315 16.20

6FDA-DAM 30/4 20.60 32.69 119
ZIF-11 (10) 109.70 31.31
ZIF-11 (20) 257.50 31.02
ZIF-11 (30) 73.05 30.44

6FDA-Durene 35/3.5 959 16.40 14.70 3.24 120
ZIF-71 (10) 1805 16.10 14.90 3.32
ZIF-71 (20) 4006 12.80 12.90 2.90
ZIF-71 (30) 7750 9.53 11.50 2.54

PIM-1 35/4 4200 20 4 121
MOF-801 (1) 6609 23 4.30
MOF-801 (3) 7278 23.50 4.50
MOF-801 (5) 9686 27 4.80
MOF-801 (7) 4660 19 4

Pebax1657 25/4 14 12.73 43.75 122
Fumed silica (5) 28.39 19.99 76.73
Fumed silica (7) 32.61 20.77 75.84
Fumed silica (10) 49.03 28.84 94.29
Fumed silica (12) 52.81 27.65 86.57

Pebax1657 25/2 82 19 54 123
MCM-41 (5)� 85 18 53
MCM-41 (10) 93 19 52
MCM-41 (15) 108 18 53
MCM-41 (20) 138 18 53

�Dopamine. �Disordered mesoporous silica. �Mixed gas (50/50). �Ordered mesoporous silica.
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significantly affected the mass transfer of membrane contactors
due to the change in viscosity and themolecular interactions that
water promotes in the IL.
It should be noted that the contactor system can improve gas

separation without changing the membrane material. Never-
theless, the membrane configuration module can affect the
contactor system performance. This review aims to focus on
improving polymeric membrane separation through changes in
polymer membrane materials, which has led to the development
of MMM and TFC/TFN membranes.

3. MIXED MATRIX MEMBRANES (MMMs)
Although polymeric membrane systems have enormous growth
potential, several controversial issues such as the trade-off effect,
inappropriate mechanical and thermal stability, weak chemical
resistance, short lifespan, and low working temperature, to
mention a few, have hampered their widespread applications.
Among them, the first and probably the most critical parameter
affecting polymers’ use is the inherent trade-off between
permeability and selectivity. Unfortunately, current polymer-
based membranes (pure/self-supporting polymeric mem-
branes) cannot meet the requirements for industrial purposes.
One approach to defeat these issues is the incorporation of
micro-/nanosized particles into the polymer matrix, which could
result in better performance than the pure polymeric membrane.
A robust MMM with high performance is formed by

homogeneously dispersing the inorganic−organic particles
(so-called fillers) into a host polymer matrix.98 In this way, the
cost-effectiveness, processability, and flexibility of polymers are
conjugated with superior separation traits and thermal/chemical
stability of inorganic materials,99 and consequently, the
permeability and selectivity of the membrane are improved. In
addition to the interactions with the polymer, particles’ weight
fraction, size, and shape can affect the gas diffusion in polymeric
membranes.100 Since nanoparticles possess a greater ratio of
surface area to volume compared to larger particles, they can act
as a bridge between bulk materials and atomic/molecular
structures; therefore, stronger interactions with the polymer
matrix are expected.100 The embedment of fillers not only can
increase the fractional free volume (FFV) due to the disruption
of the polymer chain packing but also reduce the lattice
crystallinity, and consequently, CO2 permeability is often
enhanced. CO2 selectivity (over light gases) can also be
increased by the increase in diffusion channels and selective
gas permeation through the effective surfaces of fillers.101

Introducing fillers into the polymer matrix can further tune the
structure and physicochemical features of the membrane such as
hydrophilicity, charge density, porosity, as well as its chemical/
thermal/mechanical stability.102 Therefore, an accurate selec-
tion of fillers plays a vital role in the preparation of promising
MMMs for efficient CO2 capture.
3.1. Type of Fillers. Up to now, a wide range of inorganic/

organic fillers�from micro- to nanoparticles�with different
specific surface chemistry and functionality have been attempted
to be dispersed into the polymer matrix. Based on their
porosities, fillers are categorized into twomain groups: (i) solid/
impermeable fillers involving metal or metal oxides (i.e., TiO2,
SiO2, Al2O3, ZnO, ZrO2, Mg (OH)2, etc.) and fullerene (C60)
and (ii) porous/permeable fillers including carbon-based
materials (i.e., graphene oxide (GO), carbon nanotubes
(CNTs), carbon molecular sieves (CMSs), activated carbons
(ACs), carbon nanofibers (CNFs), etc.), ordered/disordered
mesoporous silica, zeolites, clay, metal−organic frameworks

(MOFs), zeolite imidazolate frameworks (ZIFs), covalent
organic framework (COFs), and so on.103−106 Among them,
metal oxides, ACs, CMS, and zeolites are the conventional
fillers; CNTs, and layered silicate as the alternative fillers; and
graphene, MOFs, ZIFs, and COFs are the new and emerging
class of materials with high capability.106 The conventional fillers
usually indicate weak bonding to the polymer chains. As a result
of this poor compatibility, nonselective voids are created in the
resulting membrane.107

It is believed that incorporating nonporous fillers increases the
diffusion path’s tortuosity, resulting in a reduced permeability
coefficient (the Maxwell model). The Maxwell model does not
consider the interface of polymer−filler as a separate phase and
ignores the interactions between the filler−polymer chains and
filler−penetrants.30 On the contrary, several studies have shown
an increase in gas permeability after the insertion of nonporous
fillers into the polymer matrix, not following the Maxwell
model.30,108−110 The incorporation of fillers of small size (nm)
would increase the free volume by disrupting polymer chains
resulting in higher gas diffusion. For the latter group, the pore
size of porous fillers determines the transport mechanism.When
the pore size is almost the same as the kinetic diameter of the
targeted gas, the gas transport is mainly governed by molecular
sieving, which results in higher permeability and selectivity of
desired gases. When the pore size is larger than the molecule
size, the gas transport obeys the adsorption and surface diffusion
mechanism.104 In general, fillers with a pore size less than 2 nm
or containing functional groups (i.e., −NH2, −OH, −COOH,
−SO3H) capable of effectively interacting with CO2 would
provide better separation performance.38

Many researchers have reported that the addition of
nanoparticles helps CO2 permeability enhance, but its selectivity
is maintained or reduced in comparison with the unfilled
membrane. To separate CO2 from N2 and H2, Yu et al.

111

prepared MMMs using Pebax1657 embedded with carbon
nanotubes (single-wall nanotubes (SWNTs) and multiwall
nanotubes (MWNTs)). As expected, the incorporation of
nanoparticles improved the gas separation properties of MMMs.
The CO2 permeability of both MMMs was enhanced by
increasing the content of the filler; however, gas pairs
selectivities remained almost unchanged. Chen et al.112

examined the gas separation properties of the 6FDA-Durene/
ZIF-67 and 6FDA-Durene/VZIF-67 (functional layer veiled
ZIF-67) MMMs for CO2/CH4 separation. By increasing ZIF-67
loading to 35 wt %, the CO2 permeability was increased two-
fold, while the CO2/CH4 selectivity initially increased up to 20
wt % and then decreased drastically. Upon adding VZIF-67
MOFs, the CO2 permeability and CO2/CH4 selectivity were
enhanced at the same time, exceeding the well-known Robeson
line in polymeric membranes.112 These results revealed that
although numerous MMMs loaded with different fillers have
been prepared for gas separation, only a few cases could provide
a simultaneous enhancement in permeability and selectivity
compared to the bare polymeric membranes. Therefore, the
design and optimization of (nano) particle features are crucial
for achieving high-performance MMMs for gas separation.
Table 1 summarizes the separation performance of several
MMMs filled with various fillers. As can be noticed, most of
them exhibit excellent performance for CO2 capture.
3.2. Challenges of MMMs Preparation. Although the

dispersed fillers have shown a positive impact on the overall gas
transport properties of the polymer matrices, there are serious
challenges to the preparation of defect-free MMMs with the
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desired gas separation performance. The nonideality in the
morphology of MMMs negatively affects the separation
performance. The possible nonideal morphologies include the
surface pattern effect, sedimentation and agglomeration of fillers
during fabrication, interfacial voids between the filler and
polymer phase, polymer chain rigidification around fillers, and
pore blockage of the fillers,54,124 as depicted in Figure 1.

There are two determining factors in the formation of the
interphase: (i) the stress produced during the membrane
preparation and (ii) the nature of the polymer−sieve
interaction.125 During the removal of solvent, when the
evaporation rate is high, the particles migrate to the top of the
membrane and form an upper layer. This phenomenon�the so-
called surface pattern�might be diminished by slow/controlled
evaporation or heating of the film’s top surface.124,125

The ideal morphology (a defect-free membrane) appears
when a homogeneous blend between the polymer and the filler
particles happens. The sedimentation and aggregation of fillers
occur owing to the large difference in physiochemical character-
istics (i.e., polarity, density) between the two phases. This would
produce nonselective voids (or even macroscopic pinholes) that
significantly reduce the selectivity (Figure 1a).38,107

Figure 1b displays the detachment of the polymer chain from
the filler surface. Interfacial voids, which arose by poor contact
between the two phases, can generate new bypasses for gas
molecules near the particles. Such voids which are referred to as
a “sieve-in-a-cage“ morphology present the least resistance
(Figure 2).126 Here, penetrants pass through voids instead of
fillers and/or polymer matrices demonstrating a higher
permeability value respecting the bare membrane. The
selectivity, however, is contingent upon the void size, and thus
it can be higher than, nearly equal to, or lower than the bulk
polymer matrix, but generally, it declines.55,127 For the
conventional fillers (i.e., zeolite), the poor contact with organic
polymers exacerbates the situation.
During the membrane preparation process, polymer chains

tend to penetrate the pores of filler particles and block the
micropore of the sieves, thus causing lower permeability as
compared to that of the pristine membrane (Figure 1c). On the
other hand, the large pore sizes turn into a small range. So due to
the partial sealing of pores of the particles, the selectivity, in
some cases, might be increased.128,129 When the pores are

plugged in completely, the filler turns into an impermeable one,
limiting the usefulness of the MMM. This penetration also
results in matrix rigidification near the sieve surface due to the
reduced thermal fluctuation of polymer chains penetrating the
filler pores.38 The shrinkage stress during solvent evaporation
would also render the rigidification of polymer chains.130

Following this, the free movement of polymer chains is
restricted, which in turn reduces the FFV, thereby seriously
depressing the permeability (Figure 1d). In this case, the
selectivity increment is not clear. Nonetheless, some reports
have shown an increase in gas selectivity (diffusion selectiv-
ity).131−134 Anyway, the latter two cases are reckoned to be
nonideal morphologies because the degree of rigidification or
pore blocking cannot be easily assessed and controlled.
Therefore, in the design of MMMs, the proper selection of
both polymer and filler particles is of high priority.
3.3. Methods to Adjust the Interfacial Morphology.

3.3.1. Sedimentation and Aggregation of Filler. Sedimenta-
tion and aggregation of filler would reduce the polymer−filler
interactions and cause defects in the resultingMMMs. Common
strategies to tackle this issue include one-pot synthesis, making
more viscous slurries, and filler drying-free.

3.3.1.1. One-Pot Synthesis. The conventional methods of
MMMs preparation involve two separate stages for the filler
synthesis and dispersion, but the whole procedure using the one-
pot synthesis is carried out in one simple stage. The
conventional methods also require at least one more stage for
the uniform dispersion of particles in the solvent used by
sonication. On the other hand, finding a suitable solvent that can
dissolve the polymer and simultaneously promote filler
crystallization is difficult. In this regard, Seoane et al.135

developed a new methodology where the same solvent
(tetrahydrofuran, THF) for both nanosized MOF MIL-68(Al)
crystallization and PSfMMMcasting was used. According to the
SEM images shown in Figure 3, the conventionally fabricated
MMM indicated an obvious aggregation of filler. For theMMMs
prepared with the one-pot strategy, a homogeneous distribution
of up to 8 wt % filler was observed. With increasing the filler
content, however, the agglomeration of filler occurred severely.
The best performance was obtained for 8 wt %MIL-68(Al)/PSF
MMM (the one-pot synthesis) indicating a 17.4% and 31.7%
increase in CO2/CH4 selectivity respecting the neat PSF
membrane and conventional casting MMMs with the same
filler loading, respectively.
Chen et al.112 added a one-pot synthesized functional layer

veiled ZIF-67 (VZIF-67) in the matrix of the 6FDA-Durene
polymer, as depicted in Figure 3e. The mixed-gas permeation

Figure 1. (a−d) Schematic illustration of possible nonideal
morphologies of MMMs. Reproduced with permission from ref 54.
Copyright 2019 Royal Society of Chemistry.

Figure 2. “Sieve-in-a-cage” phenomenon (SEM of 21 vol % zeolite 4A
in Udel (Solvey Advanced Polymer; Alpharetta, GA)). Reproduced
with permission from ref 126. Copyright 2005 Elsevier.
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results showed a monotonous increment in CO2 permeability
and separation factor up to 30 wt %. At 30 wt % VZIF-67/PI
MMM, a CO2 permeability and CO2/CH4 selectivity of 1210
Barrer and 32.50, respectively, indicating 1.7 and 1.5 times
higher than those obtained by the pure PI membrane.
3.3.1.2. Viscous Slurry. The composition of the solution is a

determining factor to achieve a crack-free and thinner
membrane simultaneously. A dilute solution can help improve
the solution’s spreading and casting. Although the aggregation of
filler is prevented to a large extent and the polymer−filler
interactions are enhanced, it leads to severe filler sedimentation
owing to its low viscosity causing a non-homogenousMMM. An
ideal solution to mitigate particle settling is making a more
viscous slurry, thus restricting the filler mobility and reducing
the sedimentation rate. However, this could be at the cost of
lower permeability due to a much thicker film.136 Vu et al.137

fabricated a series of MMMs by a solution casting method
consisting of high CMS particle loadings (up to 35 wt %)

dispersed within two polymer matrices (Matrimid5218 and
Ultem1000). The slurry concentration was about 15−20 wt %
solids (polymer and CMS particles) in the solvent. After
dispersal in dichloromethane, the sonication step was carried
out, breaking up particle aggregates and enhancing the
homogeneity. Pure gas permeation tests indicated a 40% and
45% enhancement in CO2/CH4 selectivity for Ultem/CMS
MMMs and Matrimid/CMSMMMs, respectively, compared to
the neat samples. The O2/N2 selectivity was also increased by 8
and 20% for the Ultem/CMS and Matrimid/CMS MMMs,
respectively.
Ahmad andHagg136 preparedMMMs with a concentration of

10 wt % solids (polymer and filler). The Zeolite 4A particles (up
to 35 wt %) were homogeneously distributed within the polymer
without agglomeration as confirmed by the FESEM results
shown in Figure S1. Upon increasing the filler content to 35 wt
%, the distribution of particles became more and more uniform.
In addition, the adhesion of 4A particles with polyvinyl acetate

Figure 3. SEM images of (A) 8 wt %MIL-68@PSFMMM), (B) 16 wt %MIL-68@PSFMMM, (C) 8 wt %MIL-68@PSFMMMby priming, (D) the
conventional 8 wt % MIL-68@PSF MMM, and (E) schematic illustration of the preparation of VZIF-67/6FDA-Durene MMM. Panels A−D
reproduced with permission from ref 135. Copyright 2013 Royal Society of Chemistry. Panel E Reproduced with permission from ref 112. Copyright
2021 Elsevier.
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(PVAc) in the MMMs containing 15 wt % 4A and 25 wt % 4A
was better than in MMM with 35 wt % 4A due to the high
concentration of filler. The addition of filler up to 25 wt %
resulted in an increase in the gas pair selectivities of CO2/N2,
H2/N2, and O2/N2 by 70%, 37%, and 25%, respectively, with a
slight decrease in their permeability.
Su et al.138 enhanced gas permeation arising from the dual

transport pathway in PSf-UiO-66-NH2 MMMs. To reduce the
filler sedimentation during casting, the solution (5 wt %) was
concentrated by gentle purging with nitrogen gas to evaporate
the solvent until the solids concentration reached 25−30 wt %.
The SEM characterization of the membranes indicated a
homogeneous dispersion of fillers even at filler loading as high
as 50 wt %. Referring to Figure 4a−d, at MOF loadings up to 30
wt %, the MOF can be easily recognized from the polymer
matrix as there is adequate polymer to completely envelopMOF
crystals. But by increasing the content of particles from 30% to
50 wt % (Figures 4,f), it sounds extremely complicated to detect
isolated MOF and polymer regions. They claimed that there
might be an interconnected network of MOF crystals
interrupted by the polymer, which could provide a parallel
transport pathway for gases. As can be seen from Figure 4g, the
CO2 permeability linearly increases from 5.6 Barrer for the neat
PSf membrane to 18 Barrer for the MMM containing 30 wt %
MOF. Noticeably, there is a sudden rise in permeability between
30 and 40 wt % from 18 to 46 Barrer owing to the percolative
MOF network; roughly 8 times higher than that of the neat PSf
membrane. Nonetheless, the gas pair selectivities of CO2/N2
andCO2/CH4 remained almost unchanged at around 24 and 26,
respectively.

3.3.1.3. Filler Drying-Free. The synthesis of MMMs without
obvious aggregation of particles, particularly at higher loading, is
still challenging. The strong tendency of fillers to accumulate
and fuse during drying and activation under elevated temper-
atures is a major obstacle in the way of redispersing them in the
casting solvent. One approach to beat this problem can be the
direct use of particles suspended in solvents without a drying
process.38,139 Song et al.139 prepared MMMs consisting of
Matrimid5218 and ZIF-8 nanoparticles for CO2 capture. The as-
synthesized ZIF-8 nanoparticles (Figure 5a) were either added
directly or dried to the polymer matrix. As indicated in Figure
5b, the aggregation of ZIF-8 formed a grape-like morphology,
and consequently, a poor polymer-MOF adhesion was obtained.
On the contrary, the direct usage of filler resulted in excellent
dispersion and a well-adhered interface (Figure 5c), even at 30
wt % loadings.
To avoid phase separation and the agglomeration of the

particles, Deng et al.140 used a water-based synthesis of ZIF-8
nanoparticles as the organic polymer (polyvinyl alcohol, PVA)
was also soluble in water. As shown in Figure 6a, the new
approach (without a drying step) resulted in a transparent,
defect-free MMM with homogeneously dispersed ZIF-8 nano-
particles (Path B), whereas the routine procedure with drying
and redispersion of particles led to a cracking and phase-
separated MMM (Path A). The colloidal stability of both ZIF-8
suspensions was monitored with a UV spectrophotometer. As
can be viewed in Figure 6b, there is an apparent contradiction
between the colloidal stability of the ZIF-8 suspension made in a
drying-free process (Path B) and the ZIF-8 suspension
produced in a drying process with serious agglomeration

Figure 4. SEM cross-section images of (a) the neat PSf and (b−f) MMMs containing (b) 10 wt %, (c) 20 wt %, (d) 30 wt %, (e) 40 wt %, and (f) 50 wt
% UiO-66-NH2, respectively. A shift in the dispersion of MOF in membranes containing between 30 and 40 wt % MOF occurred, wherein an
interconnected MOF network could be observed in MMMs containing more than 40 wt %MOF and (g) pure gas permeabilities of PSf/UiO-66-NH2
MMMs as a function of MOF loading. Reproduced with permission from ref 138. Copyright 2016 Royal Society of Chemistry.
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(Path A). The ZIF-8 loading in the drying-free process was as
high as 39 wt % in the MMMs without interfacial voids, which
was much larger than the 20 wt % ZIF-8 in the MMMs prepared
in a drying and mixing process. The new approach resulted in a
high-quality PVA/ZIF-8 MMM with enhanced performance in
ethanol dehydration.
3.3.2. Pore Blockage and Chain Rigidification. Generally,

pore blockage is accompanied by chain rigidification. Since these
two phenomena can seriously compromise the function of the
fabricated MMM, measures should be taken to minimize the
effects. In this regard, Li et al.141 devised a way to improve the
quality of the interphase. A silane coupling agent termed (3-
aminopropyl)-diethoxymethyl silane (APDEMS) was employed
for the surface modification of the zeolites (zeolite3A, 4A, and
5A). In comparison with 3-aminopropyl triethoxysilane with
three ethoxy groups, the APDEMS including two ethoxy groups
(CH3CH2O) and an additional hydrophobic group (CH3)

indicated a lower number of coupling points with the surface of
the particles during the silanization reaction; therefore, the
micropore blockage of the zeolites was eliminated. Table 2

summarizes the results of the total pore volume and multipoint
BET surface area of zeolites before and after the chemical
modification. As can be seen, there are no sharp changes in the
surface area and total pore volume of zeolites after the
modification. The obtained results confirmed that the
incorporation of APDEMS did not alter the micropore of
zeolites. The permselectivity data have been shown in Figure 7.
The introduction of APDEMS produced a distance of around
5−9 Å between polymer chains and zeolite surface, thus
reducing the extent of the partial pore blockage of zeolite
particles induced by polymer chains. Therefore, the gas
permeability and gas pair selectivity of PES/modified-zeolite
MMMs were increased simultaneously, and the values were
higher than those of PES/zeolite (not modified) MMMs
because of the reduced pore blocking, better adhesion between
APDEMS and the polymer matrix, and the presence of various
functional groups in this space.

3.3.3. Interface Compatibility.The poor contact between the
polymer and filler generates the formation of voids at the
interface region, thus drastically decreasing the gas selectivity.
Numerous effective strategies have been suggested to prevent
void formation and improve overall separation performance
including priming protocol, surface modification of polymer/
filler, the insertion of a third component, cross-linking, and
thermal annealing, to mention a few. In the following, the
modification methods will be discussed comprehensively.

Figure 5. SEM images of (a) the neat ZIF-8 nanocrystals and (b and c)
cross-section of Matrimid/ZIF-8 MMMs. (b) Example of poor
distribution using dried ZIF-8 nanoparticles (20 wt % loadings), (c)
example of good distribution (20 wt %ZIF-8) using as-synthesized ZIF-
8 nanoparticles directly incorporated into the Matrimid matrix.
Reproduced with permission from ref 139. Copyright 2012 Royal
Society of Chemistry.

Figure 6. (a) Preparation of PVA/nano-ZIF-8 MMMs from ZIF-8 suspensions with and without drying, (b) the transmittance at � = 650 nm of ZIF-8
suspensions as a function of standing time. Reproduced with permission from ref 140. Copyright 2016 Wiley.

Table 2. Comparison of Total Pore Volume and Multipoint
BET Surface Area of Zeolites before and after the Chemical
Modification141

total pore volume (cm3·g−1)
multipoint BET surface area

(m2·g−1)

sample
before

modification
after

modification
before

modification
after

modification

Zeolite
3A

0.197 0.196 557.60 553.50

Zeolite
4A

0.200 0.198 567 561.60

Zeolite
5A

0.198 0.196 561.10 556.70
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3.3.3.1. Priming Protocol. An effective strategy for dealing
with interphase compatibility is the surface priming protocol,
which involves the coating of the filler particles with a small
quantity of the polymer (typically 5−10 wt %) before dispersion
in the bulk polymer. This is immediately followed by a
sonication process to prevent possible conglomeration. The
remaining polymer is finally injected into the primed solution
under continuous stirring.130,142 Through this strategy, the
accumulation of particles is weakened, and the mutual
interaction between the bulk polymer and polymer primed filler
is enhanced, thus minimizing defective interfaces, thereby
improving membrane performance.127 One of the pioneering
works dates back to 2000 when Mahajan and Koros143 defined a
protocol to prime the zeolite surface. The zeolite 4A was first
dissolved in toluene and then sonicated, followed by the
addition of a small amount of PVAc where a coating of up to 400
A thick in each particle was obtained. The remaining solution
was finally poured into the primed solution. In comparison with
the conventional polymer−filler mixing that revealed a “sieve-in-
a-cage” morphology,144 the primed zeolite 4A-PVAc MMMs
indicated excellent contact between the two materials even at
loading as high as 40 wt %. In this way, the O2/N2 selectivity was
significantly increased from 5.9 for the neat PVAc membrane to
10 for primed-zeolite 4A/PVAc MMMs.
The compatibility of combined porous fillers (ordered

mesoporous silica/MIL-53-NH2) with PSf and Matrimid was
enhanced by Valero et al.145 using this technique at high loading
up to 16 wt %. The priming process minimized the aggregation
of fillers and promoted polymer−filler interactions. Vu et al.137
adopted the priming protocol to improve the dispersion of
porous filler in a commercial glassy polymer, where the CMS
particles were primed with a small quantity of Ultem, then
dispersed in the Matrimid5218 matrix. The resulting MMM
comprised 3.8 wt % Ultem, 73.2 wt % Matrimid, and 23.0 wt %
CMS. The addition of primed CMS into Matrimid induced the
CO2/CH4 selectivity increment of 28% from the original 35.3 to
45.2 without compromising the CO2 permeability. For O2/N2
separation, the primed MMM also exhibited an 11% enhance-
ment in comparison with the pristine Matrimid membrane.
Their obtained results confirmed the enhanced compatibility of
CMS particles with the polymers used.
Feijani et al.115 introduced a thin layer of PVDF onto the

surface of MOFs. At 10 wt % loading of Cu-BTC, the MMM
displayed 118.7% and 96% enhancement in CO2 permeability
and CO2/CH4 selectivity, respectively, compared to the neat
membrane. Likewise, for PVDF/Cu-BDC (15 wt %), 117% and

109.3% increments in CO2 permeability and CO2/CH4
selectivity, respectively, were observed respecting the neat
membrane. Furthermore, Hillock et al.127 optimized adhesions
between the dispersed phase and the polymer matrix, where
zeolite SSZ-13 was primed with propane diol monoester cross-
linkable (PDMC) polymer.

3.3.3.2. Surface Functionalization of Filler. Another strategy
to enhance the polymer−filler adhesion is the modification of
the external surface of the filler with (extra) functional groups.
The introduction of polar groups (i.e., −NH2, −OH, and
−COOH) to the filler can enhance the polymer−filler
compatibility owing to the strong interaction between these
groups and the functional groups of the polymer used.
Gao et al.146 synthesized three partially NH2-, OH-, and

CH3OH-functionalized mixed-linker-ZIF-7 and then intro-
duced them into the Pebax 2533 matrix for CO2/N2 separation.
The SEM images of all MMMs, except for the ZIF-7-CH3OH
particles, indicated the appropriate distribution of fillers into the
polymer matrix, which led to the excellent compatibility
between the polymer and fillers, thus effectively preventing the
formation of the voids. In the case of the ZIF-7-CH3OH
particles, the poor contact caused the formation of interfacial
voids, as obviously observed in Figure 8. All fabricated MMMs
showed superior CO2/N2 separation than the unmodified
Pebax/ZIF-7 membrane. The optimal performance was attained
by the Pebax/ZIF-7-OH MMM, which was due to the highest
CO2/N2 adsorption selectivity of the filler. For example, at 14 wt
% of ZIF-7-OH loading, a CO2 permeability of 273 Barrer and
CO2/N2 selectivity of 38 were obtained, representing improve-
ments of 60% and 145% over the respective permselectivities of
the pure Pebax membrane.
Ge et al.147 fabricated MMMs composed of amine-modified

Cu-BTC (Cu-BTC-NH2) and sub-micrometer-sized amine-
modified Cu-BTC (sub-Cu-BTC-NH2)) embedded in the
Pebax 1657 matrix. SEM images showed the existence of some
voids when the parent Cu-BTC particles are loaded into the
polymer matrix. After the amination modification, the interfacial
compatibility was greatly improved, which was attributed to the
formation of hydrogen bonding. By enhancing Cu-BTC content,
the CO2 permeability of MMMs increased remarkably, which
was due to the high affinity of CO2 molecules with unsaturated
Cu sites as well as the formed nonselective voids as confirmed by
SEM images. The membranes filled with Cu-BTC-NH2 MOFs
showed lower CO2 permeability as compared to the unmodified
MMMs, but higher selectivities. The Pebax/sub-NH2−Cu-BTC
MMMs possessed the highest CO2/N2 and CO2/CH4

Figure 7. CO2 permeability (left) and CO2/CH4 selectivity (right) of MMMs before and after the chemical modification of the zeolite surface (pure
gas measurement at 35 °C and 10 bar). Reproduced with permission from ref 141. Copyright 2006 Elsevier.
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selectivity at the cost of a slight CO2 permeability. At the optimal
loading (3 wt %), the neat Pebax exhibited a CO2 permeability of
26.89 Barrer and CO2/N2 and CO2/CH4 selectivity of 38 and
14.24, respectively. The corresponding values for Pebax/sub-
Cu-BTC-NH2 were 108.5 Barrer, 66.27, and 29.05, promising
performance for carbon capture purposes. The significant
enhancement in selectivity was ascribed to the reduced
nonselective voids, the smaller size of the filler after the sub-
micrometer treatment, as well as the existence of more amino
and carboxyl groups on the crystal surface, which provided
strong interactions between the filler and CO2 molecules. Gas
separation performances of Pebax/Cu-BTC and Pebax/Cu-
BTC-NH2 MMMs were positioned between these two
membranes.

Zornoza et al.148 incorporated NH2-MIL-53(Al) into the PSf
matrix for CO2/CH4 separation. At 25 wt % loadings, the
moderate enhancement in CO2 permeability was accompanied
by a decrease in CH4 penetration, which increased the CO2/
CH4 separation factor by 200%. The improved permselectivity
resulted from the high CO2/CH4 selective adsorption of filler as
well as the excellent polymer−filler adhesion induced by
hydrogen bonding between the amine and sulfone groups.

3.3.3.3. Incorporation of the Third Component. The third
component as an additive can be incorporated into the
membrane lattice to further improve the polymer−filler
adhesion and adjust filler characteristics. The third component
can either be positioned at the polymer−filler interface,
encapsulated in the filler pore channels, or dispersed in the

Figure 8. SEM images of the surface (left) and cross-section (right) of (a, b) the pure Pebax2533 membrane and its MMMs containing: (c, d) ZIF-7,
(e, f) ZIF-7-NH2, (g, h) ZIF-7-OH and (i, j) ZIF-7-CH3OH fillers. Reproduced with permission from ref 146. Copyright 2020 Elsevier.
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polymer network, as demonstrated in Figure 9.54 For instance,
the third component placed at the polymer−filler interface can
bind the borders to remove the pinholes or fill in the gaps, as
depicted in Figure 9.54

Such additives include54,55,103

• Small molecules such as organic silanes, ILs, metal ions, 2-
hydroxy 5-methyl aniline (HMA), glycerol triacetate
(GTA), and diethanolamine (DEA)

• Macromolecules such as polyethylene glycol (PEG) and
its derivatives, polydopamine (PD), polyethylenimine
(PEI), polyvinylpyrrolidone (PVP), PDMS, and carbox-
ymethyl chitosan (CMC)

• Porous materials such as MOFs, COFs, carbon materials
(CNTs, GO), and others (zeolites, silica, etc.)

3.3.3.3.1. Organic Silanes. Organofunctional silanes as
members of coupling agents are utilized as adhesion promoters
between the polymer and filler. They can be hydrolyzed to form
silanol groups that are reactive to inorganic materials and
organic functional groups that are reactive or compatible with
organic materials (i.e., polymers). Thus, they can effectively
interact with both phases, acting as bridges between the two
phases and decreasing the repulsion force between them,
thereby enhancing interphase compatibility.54,149 The stable
siloxane bond also allows for larger stresses to be tolerated
during membrane fabrication before defects appear.127 More-
over, the functional groups in organic silanes can significantly
enhance the affinity of CO2.
There are three different techniques for the introduction of

silane coupling agents:149

• Direct addition of the coupling agent to the polymer/
filler/solvent mixture.

• Treat the external surface of the filler with the coupling
agent before mixing it with the polymer solution
(chemical bonding).

• The addition of the coupling agent to the polymer
solution before the addition of filler.

Hillock et al.127 prepared PDMC/SSZ13 MMM silanated
with APDMES. PDMC was 6FDA-DAM-DABA polyimide
chemically modified with 1,3-propane diol. Compared with the
neat PDMC membrane, the CO2 permeability and ideal CO2/
CH4 selectivity of the silanated membrane were enhanced by
54% to 88.6 Barrer and by 13% to 41.9, respectively.
Amooghinet al.149 modified the surface of NaY particles by
APDMES, as illustrated in Figure 10. As can be seen, the
hydrolyzed silanol reacted with −OH groups on the zeolite
surface, and the amino groups of silanol also reacted with the
imide moiety of Matrimid. As a result, the covalent bonds
formed between zeolite and Matrimid led to better adhesion

between the two phases. The MMM containing 15 wt % of
modified NaY demonstrated a CO2 permeability of 9.70 Barrer
and an ideal CO2/CH4 selectivity of 57.1, representing
improvements of 16% and 57% respecting the permselectivities
of the pure Matrimid membrane (35 °C and 2 bar).
Laghaei et al.150 used 3-aminopropyltrimethoxysilane

(APTMS) as a coupling agent to modify the MCM-41 surface
before embedding it into the PES matrix. In comparison with
unmodified particles that led to no-ideal effects (i.e., non-
selective voids), the APTMS-modified MCM-41 with polar N−
H groups and long side chains had excellent compatibility with
the PES matrix, which resulted in crack-free MMMs with gas
separation performance by 250% and 40% enhancement in CO2
permeability and CO2/CH4 selectivity, respectively.
3.3.3.3.2. Ionic Liquids. Ionic liquids (ILs) are organic salts�
consisting of an organic cation and an inorganic or organic
anion�in a liquid state with a low melting temperature usually
below 100 °C. ILs possess distinguishing features such as high
thermal stability, high CO2 solubility, negligible vapor pressure,
high boiling point, and adjustable structure, which have gained
considerable attention in various applications, particularly in
CO2 separation and sequestration.

32,87 On the other hand, their
high price and viscosity have hindered their widespread
usage.151 To take full advantage of ILs’ potential and avoid
their shortcomings, ILs can be added to MMMs acting like
lubricants between the polymer matrix and filler, which may
result in better adhesion and high CO2 permselectivity of the
MMMs.
Huang et al.21 functionalized GO nanosheets with 1-(3-

aminopropyl)-3-methylimidazolium bromide (IL-NH2) prior to
MMM preparation. The modified GO-IL-NH2 particles were
then dispersed in the Pebax1657 matrix to increase CO2
solubility and the compatibility of fillers with the polymer
chains. The reaction of GO and amine-terminated IL and the
SEM images of fabricated membranes have been depicted in
Figures 11 and 12. The amino moieties readily reacted with the
epoxide rings, which led to the formation of hydrogen bonds and
the production of more hydroxyl groups. At high GO loading
(0.2 wt %), due to the strong hydrogen bonding between GO
sheets, the aggregation of filler occurred (Figure 12c,d). By
contrast, a homogeneous morphology without any agglomer-
ation and nonselective regions was observed when GO-IL was
added, representing the improved interface compatibility as a
result of the strong hydrogen bonding between the amide groups
of Pebax and GO-IL (Figure 12e,f). The CO2 permeability and
ideal CO2/N2 selectivity for the neat Pebax were simultaneously
increased from 92.4 Barrer and 42 to 143 Barrer and 79.4,
respectively, for the Pebax/GO-IL 0.2 wt %, showing an
enhancement of 54% in CO2 permeability and 89% in CO2/N2

Figure 9. Schematic illustration of possible existing forms of the third component in ternary MMMs (a−c, left); schematic illustration of interfacial
void healing by the third component (a, b, right). Reproduced with permission from ref 54. Copyright 2019 Royal Society of Chemistry.
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selectivity. The extraordinary performance was associated with
the high aspect ratio of GO enhancing diffusivity selectivity, the
presence of ILs as CO2-philic moieties increasing CO2 solubility,
and the enhanced polymer−filler compatibility.
Shindo et al.152 investigated the gas separation properties of

6FDA-TeMPD/ZCM-5 MMM containing [C4mim][Tf2N]. In
comparison with the pristine PI membrane, the gas permeability
of the PI/ZCM-5 MMM was enhanced significantly at the cost
of selectivity, indicating the weak polymer−zeolite interactions
leading to the formation of nonselective interfacial voids. On the

other hand, the voids were approximately eliminated by the
introduction of IL, particularly at higher IL content, which
resulted in a higher selectivity value than that of the PI/ZCM-5
MMM.
Lin et al.153 engineered the polymer-MOF interphase by

minimizing free IL in the polymer matrix. HKUST-1 crystals
were simply mixed with [Emim][Tf2N] and denoted as un-
HKUST-IL. To minimize the free-IL in MMMs, the un-
HKUST-IL crystals were washed with chloroform several times.
The weight percentages of IL in un-HKUST-IL and HKUST-IL

Figure 10. (a) Grafting reaction between APDEMS and zeolite surface, and (b) the reaction between Matrimid and the surface modified zeolite.
Reproduced with permission from ref 149. Copyright 2015 Elsevier.
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were 34.6% and 13.8%, respectively. The obtained ILs decorated
HKUST-1 were then embedded in 6FDA-Durene to prepare
MMMs. Gas permeation measurements indicated much higher
CO2 permeability for HKUST-1 MMM (1309.3 Barrer) and
HKUST-IL (1101.6 Barrer) MMM as compared to the neat PI
(774.3 Barrer), surely caused by the disruption of chains packing
resulting in the formation of more free volume, and
consequently the increase of the permeability of the membranes.
On the other hand, the un-HKUST-IL experienced a reduction
in gas permeability, which was due to the occupation of the free
volume of the polymer by the free IL from un-HKUST-IL,
blocking the gas diffusion paths and reducing gas diffusivity. The
HKUST-IL MMM exhibited the highest selectivity values
originating from the excellent interaction between theMOF and
polymer that led to the defect-free filler−polymer interface
coupled with the presence of IL on HKUST-1 that enhanced the

CO2 sorption affinity of the filler. Therefore, as a strategy, by
controlling IL location and free IL volume in the polymermatrix,
both enhanced permeability and CO2 selectivity of MMMs can
be obtained.
3.3.3.3.3. Macromolecules. In comparison with small mole-
cules, macromolecules have long molecular chains, plentiful
functional groups (EO and amine groups), and good
compatibility with the polymer matrix.54 Hydrogen bonding is
easily formed between the polymer and modified filler, which in
turn improves the interfacial adhesion, consequently, resulting
in an enhanced gas separation performance. Due to the attractive
forces for CO2 molecules, PEG, PD, and PEI have been widely
used as the third component.
Zhu et al.154 synthesized MMMs by using DA/PEI-grafted

TiO2 nanoparticles embedded in the Pebax1657 matrix. Amine
groups were grafted onto the TiO2 fillers via a one-step reaction

Figure 11. Synthesis route for the GO-IL preparation. Reproduced with permission from ref 21. Copyright 2018 Elsevier.

Figure 12. Cross-section SEM images of (a, b) the neat Pebax; (c, d) 0.2 wt % GO/Pebax MMM; (e, f) 0.2 wt % GO-IL/Pebax MMM. Reproduced
with permission from ref 21. Copyright 2018 Elsevier.
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with DA and PEI, as depicted in Figure 13. DA played a bridging
role between TiO2 and PEI, and the PEI with plenty of amine
group facilitated CO2 transport due to the reversible reaction
between CO2 and amine groups. Consequently, the synergistic
effect of DA and PEI of the modified TiO2 nanofillers greatly
improved the gas separation properties of the membranes. The
best performing membrane was the Pebax-DA-PEI-TiO2 3 wt %
(DA/PEI mass ratio of 1/1 and PEI molecular weight of 1800),
demonstrating a CO2 permeability of 67 Barrer and CO2/N2
selectivity of 101, which exceeded the 2008 Robeson upper
bound.
Xin et al.116 prepared composite membranes by incorporating

amino acid-functionalized graphene oxide (GO−DA-Cys)
nanosheets into a sulfonated poly(ether ether ketone)
(SPEEK) polymer matrix. GO nanosheets were functionalized
with amino acids through a facile two-stepmethod usingDA and
cysteine (Cys) in succession, as illustrated in Figure 14. Amino
acids with carboxylic acid and primary amine groups
simultaneously enhanced the solubility selectivity and reactivity
selectivity, and subsequently, CO2 molecules were transported
quickly within the polymer matrix due to the enhanced
selectivity. In addition, the MMMs loaded with GO−DA-Cys
indicated an increased FFV, leading to an increment in gas
permeability. The MMM containing 8 wt % of GO−DA-Cys
loading exhibited a CO2 permeability of 1247 Barrer, CO2/CH4,
and CO2/N2 selectivities of 81.8 and 114.5, which were 2.2-fold,
3.1-fold, and 3-fold higher than those of the pristine membrane,
respectively, under the humidified condition.
Wang et al.155 coated the surface of ZIF-8 nanoparticles with

an ultrathin polydopamine (PD) layer. The authors cited three
main reasons for the selection of PD as the interface modifier:
(a) adhesive PD can wrap on various solid surfaces in a well-
controlled way at the nanometer or even molecular level scale,
and (b) the relatively porous structure of the PD layer can
protect the pores of ZIF-8 from blocking, and (c) as a kind of
polymer, PD would enhance the compatibility between the PI
matrix and ZIF-8 particles. After postmodification, the ZIF-8@
PDnanoparticles were embedded in a high permeable polyimide
with a Tröger’s Base (TB) functional group, named TBDA2-
6FDA-PI. The strong hydrogen bonding between the secondary
or primary amine groups on the PD molecule and the tertiary
amine in the TB polymer could provide a compatible interface

between the MOF/polymer phases. This, in turn, prevented the
formation of interfacial voids, and thereby the gas permselec-
tivity of the modified MMMs was markedly improved. For
example, the CO2 permeability increased from 285 Barrer for the

Figure 13. Schematic structure of the DP/PEI grafted TiO2/PEBA MMM. Reproduced with permission from ref 154. Copyright 2019 Elsevier.

Figure 14. Grafting mechanism of dopamine and cysteine on GO
nanosheets. Reproduced with permission from ref 116. Copyright 2015
Royal Society of Chemistry.
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neat PI to 1056 Barrer for PI/ZIF-8@PD MMM, revealing a
271% enhancement. Although the obtained results exhibited a
reduction in gas pair selectivities compared to the neat TB
polymer, all ZIF-8@PD-PIs stood at a higher position than those
of ZIF-8-PIs under the same filler loading.
Li et al.156 fabricated multipermselective MMMs by

incorporating PEG and PEI-functionalized GO nanosheets
(denoted as PEG−PEI−GO) into the Pebax1657 matrix. The
GO nanosheets with a high aspect ratio increased the length of
the tortuous path of gas diffusion, especially for larger molecules,
thus enhancing the diffusivity selectivity. The EOmoiety of PEG
with high affinity for CO2 molecules increased the solubility
selectivity. PEI with abundant primary, secondary, and tertiary
amine moieties could also react reversibly with CO2 molecules
and enhance the reactivity selectivity. The grafting process could
greatly increase the amine group contents in the parent GO. In
this regard, hydrogen bonding could form not only between the
amino group of PEI and the ether oxygen group (or amide
group) of Pebax1657 but also between the ether oxygen group of
PEG and the amide group of Pebax. Consequently, PEG and PEI
on the surface of GO enhanced the interfacial adhesion between
the Pebax matrix and GO nanosheets, as confirmed by SEM
images. Gas permeation measurements demonstrated the high
separation capability of multipermselective MMMs. The
optimum separation performance was achieved at a PEG−
PEI−GO content of 10 wt % with a high CO2 permeability of
1330 Barrer and selectivities of 45 and 120 for CO2/CH4 and
CO2/N2, respectively, under the humidified state, successfully
transcending the 2008 Robeson upper bound.
3.3.3.4. In Situ Polymerization. Typical fabrication of

MMMs, where the presynthesized polymer and filler are simply
mixed in a solvent before casting, often suffers from poor contact
between polymer and filler. One of the most effective strategies
to improve compatibility is the in situ self-assembly of fillers
during membrane fabrication and the participation of fillers in
polymer synthesis by in situ polymerization.157 The chemical
bonding formed between polymer and filler will lead to better
polymer−filler adhesion. To do so, Tien-Binh et al.158 fabricated
a series of MMMs with two different preparation methods for
pure and mixed gas separation. In method A, PIM-1 and
functionalized UiO-66 (UiO-66-NH2) were synthesized sepa-
rately before mixing in chloroform (non-cross-linked mem-
branes). In method B, UiO-66-NH2 was first suspended in
DMF, followed by the addition of monomers (TTSB1 and
DCTB) and the reagent (K2CO3) at 70 °C for 12 and 72 h (the
in situ derived MMMs). UiO-66-NH2 particles were also mixed
with the monomer DCTB in DMF (termed UiO-66-F12h) to see
the fluoro group functionalization effect on the membrane
performance (postsynthetic functionalization and method A).
The permeation studies showed a two-fold rise in CO2
permeability for the in situ derivedMMMswith a corresponding
increase in ideal selectivities, as compared to the neat
membrane. The enhancement also depended on the degree of
cross-interface linking between PIM-1 and UiO-66-NH2. For
example, as the in situ polymerization time extended from 12 to
72 h, the ideal CO2/N2 selectivity was increased from 28.5 to
54.2. These notable improvements were justified with the aid of
the SEM images, as indicated in Figures S2 and S3. Non-cross-
linked MMMs showed poor adhesion arising from the different
wetting properties of polymer with a hydrophobic nature in
contrast to the filler with a hydrophilic nature, which resulted in
the formation of interfacial gaps, thus limiting the MMMs
performance. On the opposite side, no interfacial voids were

seen for the in-site derived MMMs, indicating good interaction
between the materials. While the neat PIM-1 membranes
showed a drastic loss in permeability (up to 80% for CO2 and
90% for CH4) over 400 days, the in situ derived MMMs
indicated just a 20% drop in permeability with an almost
unchanged selectivity compared to the fresh MMMs.
For binary gas tests of CO2/CH4 (50%/50%), UiO-66-NH2

and UiO-66-F12h were simply blended with PIM-1 polymer
(Method A). As can be seen from Figure 15a, the CO2

permeability of non-cross-linked membranes was enhanced
slightly with filler loading. Upon increasing the filler content to
30 wt %, the selectivity for PIM-1/UiO-66-NH2 MMM reduced
slightly, while for PIM-1/UiO-66-F12h MMM it initially
increased up to 20 wt % and then dropped at 30 wt %. On the
other hand, similar to single gas experiments, both MMMs
prepared by method B presented impressive performance due to
the chemical bonds between PIM-1 and UiO-66-NH2 as well as
the good polymer−filler interface as discussed above. Referring
to Figure 15b, the in situ polymerization derived the overall gas
separation performance surpassing the upper bound.
Lin et al.159 fabricated novel MOF MMMs made of Cd-6F

MOF incorporated into the 6FDA-ODA polyimide matrix. Cd-
6F MOF ([Cd2L(H2O)]2·0.5H2O) was synthesized using 4,4′-
(hexafluoroisopropylidene)diphthalic anhydride (6FDA) as the
organic linker. The 6FDA-ODA polymer was also prepared by a

Figure 15. (a)Mixed gas permeation, at 25 °C and 4 bar, for PIM-1 and
MMMs prepared by two different methods and (b) comparison of
CO2/CH4 separation performance of PIM-1 and MMMs prepared by
method A (non-cross-linked PIM/UiO-66-NH2) andmethod B (in situ
cross-linked PIM-��-UiO-66) relative to the 2008 Robeson upper
bound. Reproduced with permission from ref 158. Copyright 2018
Elsevier.
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three-step method. Poly(amic acid) (PAA) in step 1, poly(amic
acid) tertiary amine salt (PAAS) in step 2, and 6FDA−ODA
polyimide in step 3 were obtained. Following that, three
different synthesis routes were used for Cd-6F-based MMMs, as
depicted in Figure 16. As can be viewed, route A shows the in
situ polymerization of Cd-6F filler and 6FDA and ODA
monomers, whereas routes B and C indicate the physical mixing
method for PAAS and 6FDA−ODA polyimide MMMs. Figure
17 exhibits the cross-sectional images of membranes fabricated
with different procedures. The SEM images of neat 6FDA−
ODA polyimide expresses a dense consistent structure without
any imperfection. As can be noticed, the cross-section structure
of MMMs has lost the smooth integration pattern owing to the
insertion of micrometer-sized Cd-6F crystals into polymer
matrices. In Figure 17c,d, an excellent adhesion (with no
interfacial gaps) between the filler and 6FDA−ODA polyimide
in MMM-A is observed. The specific interaction formed
between the uncoordinated −COO− on the surface of Cd-6F
and the −NH2 groups of the ODA monomer at the terminal of
poly(6FDA−ODA) chains during the in situ polymerization was
mentioned as the underlying reason for enhanced compatibility,
as illustrated in Figure S4. The MMM-A presented a
simultaneous enhancement in gas permeation and CO2
selectivity over N2 and CH4. CO2 permeability, CO2/CH4,
and CO2/N2 selectivity were dramatically increased by 83%,
35%, and 33%, respectively, compared to the neat membrane. By
contrast, some voids and poor adhesion at the MOF-polymer
interface are detected in MMM-B and MMM-C. MMM-B and
MMM-C indicated a slightly higher gas permeation but
extremely lower CO2 selectivity compared to MMM-A. The
obtained results imply that the membrane preparation
procedure is also a critical factor to achieve a crack-free high-
performance membrane.
3.3.3.5. Polymer Functionalization. Polymer functionaliza-

tion aims to improve compatibility. The functionalized polymer
can interact with functional groups containing a filler leading to
enhanced interfacial adhesion, consequently, enhancing the gas
separation performance of MMMs.103

Tien-Binh et al.160 prepared a series of MMMs containing
hydroxyl-functionalized homo- and copolyimides 6FDA−
(DAM)	−(HAB)
 (with a 	:
 molar ratio of 1:0; 2:1; 1:1;
1:2) and two MOFs [MIL-53(Al) and NH2-MIL-53(Al)] for
CO2/CH4 separation. 6FDA-DAM homopolyimide and
6FDA−(DAM)	−(HAB)
 hydroxyl-polyimides were denoted
FD and FDHs-xy, respectively. Structures of FD and FDH have
been sketched in Figure 18. “Priming” of the MOF particles
before dispersion in the bulk polymer was used to promote filler
distribution in the polymer matrix and prevent void formation. It
was found that the FDHs exhibited a much better filler-
compatibility behavior than their non-hydroxyl counterpart,
surely caused by the strong hydrogen bonding between the
hydroxyl moieties of the copolyimides and the −NH2 groups in
the functionalized MOFs. As a result, those MMMs exhibited
much higher CO2/CH4 selectivity than that of the pure
copolymers while maintaining good CO2 permeability. The
high CO2/CH4 selectivity was also ascribed to (i) the enhanced
polymer−filler interaction, (ii) polymer chain rigidification, and
(iii) the CO2/CH4 competitive adsorption inside the one-
dimensional framework of NH2-MIL-53. The optimal perform-
ance was obtained by the MMMmade of FDH-11 and 10 wt %
NH2-MIL-53, which could finally be approached the upper
bound curve. The results have been tabulated in Table 3.
To sum up, the interface quality in MMMs is one of the most

critical factors determining the permselectivity of membranes.
The formation of pinholes and voids at the polymer−filler
interface gravely affects the separation properties of membranes.
There are numerous strategies to create better contact at the
interphase. As discussed above, during these modification
procedures, hydrogen bonding and/or chemical bonding
forms, which leads to strong interactions between the polymer
matrix and filler particles, resulting in improved interfacial
compatibility. Apart from the above-mentioned modification
techniques, other methods such as the particle fusion approach,
Grignard reagents treatment, whisker surface modification, and
intercalation/delamination modification can be used to enhance
compatibility; however, they are not commonly used. For more

Figure 16. Representation of three different synthesis routes for Cd-6F-based MMMs. Reproduced with permission from ref 159. Copyright 2014
American Chemical Society.
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information, please see Rezakazemi et al.,55 Wang et al.,103 and
Bastani et al.104

3.4. Improvement ofMMMs Function toward Robeson
Upper Bound.As cited above, the existingmaterials suffer from
the well-known trade-off between permeability and selectivity
whichmakes them a place under the upper bound curve. To pass
the line, the membrane materials must be modified. To deal with
challenges, several polymer modification methods have been
attempted, resulting in enhanced gas transport properties of the
membranes.
3.4.1. Polymer Blending. Polymer blending counts as an

attractive method used in mixing two or more polymers that are
not covalently bonded, resulting in new materials having

different physical properties. Blended membranes would offer
a powerful combination of the advantages of each polymer into a
novel product, which cannot be found in an individual polymer.
The performance of blended membranes can be easily predicted
by controlling the blend composition and micro- and macro-
structures.161 Polymer blends can be homogeneous (miscible)
or heterogeneous (partially miscible or immiscible).55,162,163

Homogenous blends are usually preferred due to the weak
mechanical strength of heterogeneous blends.55,162 Several
favorable features such as simplicity, reproducibility, and
commercial character have caused polymer blending to be
preferred to other modification strategies or even the synthesis
of novel materials.39,162,164 The membranes fabricated via the

Figure 17. SEM images of the neat 6FDA-ODA (a, b), MMM-A (c, d), MMM-B (e, f), and MMM-C (g, h). Arrows point to the MOF particles
embedded in the polymer matrix. Circles show defects and voids betweenMOF and polymer matrix. The Cd-6F content of all the membranes is 10 wt
%. Reproduced with permission from ref 159. Copyright 2014 American Chemical Society.
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blending method have also presented enhanced mechanical
properties, better film-forming ability (better processability),
and higher gas permeability (often at the cost of selectiv-
ity).39,164

Kheirtalab et al.165 modified the pure Pebax1657 with various
amounts of PVA (0−20 wt %). Both CO2 permeability and its
relative selectivities were enhanced at the same time. At 30 °C
and transmembrane pressure of 2 bar, the CO2 permeability
increased from 79.42 Barrer (for the pristine Pebax) to 81.24

Barrer (for the Pebax/PVA (10 wt %)) and 90.70 Barrer (for
Pebax/PVA (15 wt %)). The ideal CO2/CH4 selectivity also
increased from 12.37 (for the pristine Pebax) to 16.41 (for the
Pebax/PVA (10 wt %)). In the case of CO2/N2 selectivity, a
drastic increment from 36.93 (for the pristine Pebax) to 74.34
(for the Pebax/PVA (15 wt %)) was observed.
Yong et al.163 investigated the gas separation performance of

Matrimid/PIM-1 blend membranes by the inclusion of different
compositions of PIM-1 in the Matrimid matrix. The
incorporation of PIM-1 in the Matrimid matrix resulted in a
dramatic increase in gas permeability, particularly at 30 wt % of
PIM-1, accompanied by a very slight decrease in selectivity (35
°C and 3.5 bar). The CO2 permeability increased by 25% and
77%with the addition of 5 and 10 wt % PIM-1 into theMatrimid
network, respectively. With further increasing of the PIM-1
content from 10 to 30 wt %, a sudden increase in CO2
permeability was observed, reaching 56 Barrer versus 9.6 Barrer
for the pure Matrimid. In addition, for mixed gas tests (50%/
50% of CO2/CH4 and 35 °C and 7 bar), the Matrimid
membrane including 30 wt % PIM indicated a CO2 permeability
of 50 Barrer and a CO2/CH4 selectivity of 31.

Figure 18.Chemical structure of the polyimidematerials: 6FDA-DAM (top), 6FDA-DAM-HAB (bottom). Reproduced with permission from ref 160.
Copyright 2015 Royal Society of Chemistry.

Table 3. Pure Gas Measurements of Hydroxyl Polyimide
(FDH) MMMs at 35 �C and 10.34 bar160

membrane
MOF
(wt %)

�COd2

(Barrer)
�CHd4

(Barrer) �COd2/CHd4

FDH-11 0 54.1 3 18.03
FDH-11/MIL-53 10 61.4 3.9 15.74

15 71.1 4.7 15.13
FDH-11/MIL-53-
NH2

10 47.1 0.6 78.50

15 46.7 0.8 58.38
20 44.3 1.6 27.69

Figure 19. Representation of PMP cross-linking under UV irradiation. Reproduced with permission from ref 25. Copyright 2018 Elsevier.
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Sanaeepur et al.166 also prepared a blend membrane made of
acrylonitrile−butadiene−styrene (ABS) and PVAc for CO2/N2
and CO2/CH4 separation. Gas separation properties of ABS
were examined in terms of various PVAc content at ambient
conditions and 1 bar. It was found that the CO2 permeability
with PVAc content does not have a specific behavior. The
highest values for CO2 permeability, CO2/CH4, and CO2/N2
selectivities were obtained by ABS/PVAc-10 wt % (5.72 Barrer),
ABS/PVAc-20 wt % (29), and ABS/PVAc-30 wt % (40.41),
respectively. The optimal performance was attained by ABS/
PVAc-30 wt % with a CO2 permeability of 4.93 Barrer, CO2/
CH4, and CO2/N2 selectivities of 25.81 and 40.41, respectively,
whereas the corresponding values for the pure ABS were 5.22
Barrer, 24.51, 25.97, respectively. The better performance of the
blend membrane compared to the pure ABS membrane was
attributed to the combination of several factors including acetate
polar groups of PVAc, the acrylonitrile and flexible butadiene
contents of ABS, and the compacted structure in the presence of
high molecular weight PVAc.
Sańchez-Laińez et al.167 synthesized MMMs with the PIM-1/

6FDA-DAM blends containing various loading of ZIF-8.
Increasing the amount of PIM-1 in the blend made the �-
spacing of the polymer chains higher and increased gas
permeability. The introduction of ZIF-8 particles into the
matrix of the blend membrane advanced the gas separation
performance of the MMMs in terms of permeability and
selectivity for 50/50 CO2/CH4 and 10/90 CO2/N2 mixtures.
The optimum separation performance was obtained at PIM-1/
6FDA-DAM 10/90 (w/w) containing 10 wt % of ZIF-8 with a
high CO2 permeability of 2891 Barrer and CO2/CH4 selectivity
of 45 and 2802 Barrer of CO2 with a CO2/N2 of 18.1.
3.4.2. Cross-Linking. Cross-linking has been proven to be an

effective tool for improving the gas transport properties of the
membranes as it refers to using chemically modifying groups to
enhance bonding between two segments. So modifying the
microstructure of the polymer would improve the membrane
characteristics such as selectivity, mechanical strength, thermal
stability, and resistance to swelling and plasticization.104 The
effect of cross-linking on the transport characteristics of the
membrane depends heavily on the cross-link density, the
polymer structure, and the physical properties of the cross-
linking agent.168

Abedini et al.25 evaluated the gas separation performance of
azide cross-linked poly(4-methyl-1-pentyne) (PMP) filled with
Cu-BTC particles. The mechanism of cross-linking reaction has
been depicted in Figure 19. As the cross-linking percent
increased, the FFV decreased, which resulted in lower gas
permeability. But, the CO2/CH4 and CO2/N2 selectivities were
increased from 11.2 to 15.2 and 16.4 to 20.5, respectively. The
permeation studies also displayed better gas permeation
properties for MMMs compared to the neat cross-linked
PMP. For all the gases under study, permeability was increased
with increasing the filler content. CO2 exhibited superior
permeability compared to other gases upon adding Cu-BTC due
to the high affinity to filler. 20 wt % Cu-BTC/cross-linked PMP
membrane exhibited optimum results with a CO2 permeability
of 143.8 Barrer (1.9-fold growth), CO2/CH4 selectivity of 24.3
(1.6-fold rise), and CO2/N2 selectivity of 28.6 (1.4-fold rise), as
compared to the neat cross-linked PMP membrane.
Hillock et al.127 prepared cross-linked MMMs to upgrade

natural gas. The SSZ-13 particles (15 wt %) were incorporated
into a cross-linkable polymer, 3:2 6FDA-DAM-DABA, chemi-
cally modified with 1,3-propane diol (PDMC polymer). To

optimize adhesion between the zeolite particles and PDMC
matrix, three membrane modification techniques were utilized:

• PDMC/SSZ-13membranes primed with PDMCpolymer
• PDMC/SSZ-13 membranes primed with unmodified
PDMC polymer (3:2 6FDA-DAM:DABA)

• PDMC/SSZ-13 membranes silanated with APDMES
Gas separation performance of MMMs was characterized by

both pure and binary (10/90 CO2/CH4) permeation measure-
ments at 35 °C and ∼4.5 bar. The cross-linked MMMs results
have been listed in Table 4. As can be seen, a simultaneous

increase in CO2 permeability and CO2/CH4 selectivity was
achieved with a maximum of 88.6 Barrer and 47 for the cross-
linked PDMC/SSZ-13 MMM. The cross-linked PDMC/SSZ-
13 MMM (with no modification) could withstand CO2
plasticization up to 31 bar. All three modification techniques
delivered an attractive performance with a steady increase in
both permeability and selectivity, therefore, shifting the MMMs
performance upward and exceeding Robeson’s upper bound.
Xing et al.169 applied the cross-linking method for the PEG

and PVA blend membrane via glutaraldehyde as the cross-
linking agent. To do this, a certain amount of glutaraldehyde was
added to the PVA/PEG solution for obtaining a 16.5 mol %
degree of cross-linking of PVA/PEG via the condensation
reaction. After chemical cross-linking, the ethylene oxide
segments could be connected with the vinyl alcohol-containing
segments via covalent bonds, and thus the crystallization of PEG
was prevented. They examined the effect of cross-linking time
(varying from 40 to 115 min) on the separation performance of
the PVA/PEG blend membranes. The CO2/CH4 selectivity was
substantially enhanced from 2.4 to 33 as the cross-linking time
increased from 40 to 84min. It started falling steadily to 30 when
the cross-linking time increased from 84 to 120min owing to the
loss of hydroxyl groups. By contrast, there was a progressive
decline in CO2 permeability from 187.3 to 74.3 Barrer as the
cross-linking time increased because of the reduced chain
mobility and the gradual densification of the polymer chains.
The obtained results revealed that a longer cross-linking time is
not always favorable and should be closely controlled. In
addition, excessive cross-linking may lower mechanical stability
and make the membrane brittle. The cross-linked blend
membrane of 36 wt % PVA and 64 wt % PEG (MW 200)
exhibited an acceptable CO2 permeability of 80.2 Barrer and
CO2/CH4 selectivity of 33 at 30 °C and 1 bar. Wind et al.168 also
showed that cross-linking with 1,4-butylene glycol and 1,4-
cyclohexanedimethanol is highly useful in controlling CO2
permeability up to 40 bar by controlling the polymer chain
mobility.

3.4.3. Thermal Annealing. Thermal annealing is the most
economical and simplest post-treatment process to remove the

Table 4. Separation Performance of Cross-Linked PDMC/
SSZ-13 MMMs127

membrane
�COd2

(Barrer) �COd2/Nd2

cross-linked PDMC, pure gas 57.5 37.1
cross-linked PDMC/SSZ-13, PDMC polymer primed 66 41
cross-linked PDMC/SSZ-13, 3:2 6FDA-DAM:DABA
polymer primed

56.5 43.8

cross-linked PDMC/SSZ-13, silanated 88.6 41.9
cross-linked PDMC, mixed gas 57.5 44.8
cross-linked PDMC/SSZ-13, silanated, mixed gas 88.8 47
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residual solvents and reduce the stress from MMM so as to
finally accelerate the cross-linking reaction.142 To do so, the
polymer is heated to a specific temperature (a temperature close
to �g) under a vacuum. When the temperature is high enough,
the solvent rapidly evaporates from the membrane, and the
membrane becomes more flexible to provide relaxation at the
polymer−filler interface. Under this circumstance, polymer
chain mobility is increased, promoting the adhesion between the
polymer and filler but no significant improvement in the
morphology.104 Annealing may also cause higher gas perme-
ability as the free volume is increased.142

Wind et al.168 showed that the CO2 permeability of PI cross-
linked with 1,4-butylene glycol at 295 °C is three times higher
than the membrane annealed at 220 °C and 10 bar (pure gas). In
another work, they examined the mixed gas permeation
properties of the previously mentioned membrane at elevated
pressures up to 55 bar. They found that as the annealing
temperature increases from 220 to 295 °C, at a feed pressure of
20 bar, the CO2 permeability of the film cross-linked with 1,4-
butylene glycol and 1,4-cyclohexanedimethanol is enhanced by
4.1 and 2.4 times, respectively, without sacrificing the CO2/CH4
separation factor.170

Song et al.139 synthesized MMMs composed of Matrimid
5218 loaded with ZIF-8 nanoparticles subjected to annealing
over the temperature range of 60−300 °C. Upon increasing ZIF-
8 content to 20 wt %, although the permeability of all gases was
enhanced two times that of the neat membrane, the gas pair
selectivities were relatively similar to the neat membrane (all
membranes were annealed at 230 °C). For Matrimid/ZIF-8 30
wt %, the noticeable increase in gas permeabilities was
accompanied by a significant reduction in selectivities. Table 5

displays the gas permeation properties of the neat Matrimid as
compared to the MMMs with 30 wt % loadings annealed at
various temperatures. As can be observed, MMMs have much
higher CO2 permeability but lower gas pair selectivities. A
dramatic enhancement in permeability is seen when the MMMs
are exposed to temperatures from 180 to 260 °C while still
presenting excellent separation factors. This brilliant perform-
ance could be firmly due to the activation of selective pores in
ZIF-8 at a higher temperature.
It must be pointed out that the cooling process after annealing

plays a vital role in the prevention of voids formation. It can be
carried out through the natural and/or immediate quenching

cooling processes.142 In addition, the polymer must be stable at
the annealing temperature to not degrade the film structure. Li et
al.129 prepared PES/zeolite (3A, 4A, and 5A) MMMs with
excellent adhesions after annealing the membranes at 250 °C for
12 h. The permselectivity results demonstrated that the MMMs
with natural cooling have superior performance to that of
MMMs with immediate quenching surely due to better
adherence between polymer chains and zeolites surface.
Hibshman et al.171 investigated the gas separation performance
of PI−organosilicate hybrid membranes subjected to annealing.
The membranes contained organosilicate domains covalently
bonded to a 6FDA−6FpDA−DABA polyimide using partially
hydrolyzed tetramethoxysilane (TMOS), methyltrimethoxysi-
lane (MTMOS), or phenyltrimethoxysilane (PTMOS). The
pure gas permeation tests were measured at 35 °C and a
transmembrane pressure of 4 bar, and the results have been
listed in Table S2. The samples were annealed at 400 °C (�g =
310 °C) for 30 min and then immediately cooled. Although the
gas permeability of all membranes was enhanced by 200−500%
after the heat treatment, the permselectivity declined anywhere
from 0 to 50%. Nonetheless, the 6FDA−6FpDA−DABA-25
22.5% TMOS and MTMOS hybrid membranes indicated
increments in CO2 permeability, CO2/CH4, and CO2/N2
selectivities. The remarkable enhancement in gas permeability
was mainly due to changes in free volume distribution and
enhanced local segmental mobility of the chain ends resulting
from the removal of sol−gel condensation and polymer
degradation byproducts. This increase in permeability also
revealed that themembranes becomemore cross-linked with the
annealing procedure.

4. PEBAX-BASED MMMs
Although molecular sieve inorganic materials (i.e., zeolite) do
present a performance much above the upper bound trade-off
curve, several issues such as fabrication process and manufactur-
ing cost have hindered their widespread utilization.172 On the
other hand, the interest in MMMs has rapidly grown due to the
combination of the processability and low cost of polymeric
materials with the separation characteristics of nanosized
materials. To obtain a high level of CO2 separation, the polymer
used should possess high CO2 permeability as well as high
selectivity over light gases. To achieve high CO2 selectivity, the
polymer should have high solubility selectivity (reactivity
selectivity). Accordingly, the polymers that contain functional
groups with a high tendency for CO2 molecules should be
selected.103 The polymer should also be mechanically robust
and thermally/chemically stable to tolerate different sources of
CO2. Besides the PIs family, the most used polymer type, PSf,
CA, PC, PEI, PPO, PES, Pebax, and PDMS are the other
common polymeric materials applied for the preparation of free-
standing MMMs. Among them, the Pebax family has been
extensively studied and recognized as an excellent material for
gas separation purposes.67,101,173−179

4.1. Properties of Pebax Polymer. Poly(ether-�����-
amide)�a family of elastomeric multiblock copolymers
commercially available under the trade name Pebax�contains
linear chains made of soft polyether (PE) blocks covalently
linked to hard polyamide (PA) blocks,174,180 as sketched in
Scheme 1. It can be synthesized via the catalytic polycondensa-
tion of polyether diol and dicarboxylic polyamide in a vacuum
and at elevated temperatures.173 Pebax contains a microphase-
separated structure in which the first segment is responsible for
the gas separation, whereas the PA domain enhances the

Table 5. Pure Gas Permeation of the Neat Matrimid
Compared to the MMMs Containing 30 wt % ZIF-8�

sample �COd2
(Barrer) �COd2/CHd4

�COd2/Nd2

Matrimid-60 °C 13.64 14.10 16.60
Matrimid-150 °C 6.68 23.30 20.10
Matrimid-180 °C 7.43 31.50 24.30
Matrimid-200 °C 7.06 34.60 22.60
Matrimid-230 °C 8.07 35.20 22.40
Matrimid-260 °C 6.29 33.80 22.60
Matrimid-300 °C 6.60 33.80 22.60
Matrimid/ZIF-8−30 wt %-150 °C 9.10 1.05 0.99
Matrimid/ZIF-8−30 wt %-180 °C 29.24 25.10 14.60
Matrimid/ZIF-8−30 wt %-200 °C 27.50 28.30 17.80
Matrimid/ZIF-8−30 wt %-230 °C 28.72 24.90 17.10
Matrimid/ZIF-8−30 wt %-260 °C 21.35 29.30 19.80
Matrimid/ZIF-8−30 wt %-300 °C 29.19 6.30 6.60

�The data were measured at a feed pressure of 4 bar and 22 °C.139
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mechanical strength.174 The amorphous PE block not only gives
Pebax a rubbery nature with a low glass transition temperature
(�g), but also its great chain mobility enhances the interfacial
interaction between the polymer−filler leading to higher
compatibility.38 The �g for two segments of PE and PA are
below and above room temperature, respectively.101 Further, the
PA blocks would act as intermediate spacers between the flexible
PE segments, thus restricting their crystallization, thereby the
higher motion of polymer chains.109

By changing the PE and PA ratio, diverse types of Pebax block
copolymers can be produced. Different grades of Pebax are
1041, 1074, 1205, 1657, 1878, 2533, 3000, 3522, 3533, 4011,
4033,5533, 6100, 6333, 7033, and 7233.111,124,173,181−184 The
grades 1657, 2533, and 1074, which contain 60%, 80%, and 55%
of PE, are among the most used types. Pebax2533 expresses
higher permeability values due to its high ethylene oxide (EO)
content, while 1074 and 1657 are more selective and
mechanically stable.181 It means that each grade will present
distinctive material characteristics, so their practical applications
depend only on these features. In comparison with other grades,
Pebax1657 is preferred for hydrogen purification and syngas
cleanup, while for sweetening of natural gas, Pebax1074 seems to
be the best candidate.124 The chemical structures of the PE
block (PEO and PTMO) and the PA block (PA6 (nylon-6) and
PA12 (nylon-12)) are illustrated in Scheme 2. Table 6 also
displays the physical characteristics of the most frequent grades
of Pebax used for gas separation applications.
Owing to the strong tendency of ether oxygen of the PE

segment toward polar molecules, a high separation degree of
CO2 over nonpolar gases (i.e., N2 and CH4) can be
expected.109,176,185 In the presence of water, Pebax presents a
high CO2 selectivity over light gases.

38 As hydrophilic Pebax can
absorb and preserve water molecules inside its polymer chains,
the fractional free volume enhances, and consequently, the CO2
permeability value increases.38 Studies have shown that the
incorporation of CO2-facilitated transport fillers (i.e., amine-
functionalized GO156 and TiO2

154) into the Pebax matrix can
further enhance the gas separation performance selectivity

owing to the reversible reaction between CO2 and amine carrier.
Polymer blending is also an efficient approach to improving
separation performance.186,187Wang et al. synthesized a series of
hybrid membranes based on Pebax-PEG-MWCNT. The CO2
permeability of hybrid membranes increased due to the
enhanced amorphous phase as a result of incorporating PEG-
based polymers.188

4.2. Factors Influencing the Preparation of the Pebax
Membrane. Pebax-dense membranes are typically prepared
using a solution casting technique with three separate steps:
polymer solution preparation, solution casting, and solvent
evaporation. During the preparation procedure, several
parameters determine the membrane film’s final microstructural
and thermal features, including the Pebax type, the polymer
solution concentration, the type and composition of the solvent
used, the solvent evaporation rate, and the film thickness, being
the solvent applied the most critical element.191

As a prerequisite, a suitable solvent must completely dissolve
the selected polymer. In addition, the solvents applied must be
cheap, easily available, and environmentally friendly. Most
studied high-performance polymers are only soluble in aprotic
solvents such as tetrahydrofuran (THF), 
,
-dimethylforma-
mide (DMF), or 
-methyl pyrrolidone (NMP).192 Besides,
these aprotic solvents may harm the porous polymer substrate,
thus hindering the widespread fabrication of the TFC
membranes.192 On the contrary, Pebax is soluble in the solvents
or mixtures of them that are typically polar. In the case of
Pebax1657, the most studied Pebax grade, a homogeneous
solution can be prepared by dissolving a certain amount of
polymer into a mixture of water and ethanol (30:70 wt % @ 70
°C) under constant stirring and reflux conditions.193−196 For
others, pure alcohols or a mixture of them can be utilized. For

Scheme 1. General Chemical Structure of Pebax Polymer

Scheme 2. Chemical Structures of (a, b) Polyether and (c, d) Polyamide Blocks�

�Polyether block could be poly(ethylene oxide) (PEO, 
 = 2) or poly(tetramethylene oxide) (PTMO, 
 = 4) and polyamide block could be PA6 (	
= 5) or PA12 (	 = 11).

Table 6. General Features of Different Pebax189,190

Pebax
grade PE type

PA
type

PE/PA
(wt %)

density
(g·cm−3)

melting point
(°C)

1041 PTMO PA12 75:25 1.04 170
1074 PEO PA12 55:45 1.09 158
1657 PEO PA6 60:40 1.14 204
2533 PTMO PA12 80:20 1.01 134
3533 PTMO PA12 70:30 1.01 144
4033 PTMO PA12 53:47 1.01 160
5533 PTMO PA12 38:62 1.01 159
6333 PTMO PA12 24:76 1.01 169
7033 PTMO PA12 25:75 1.01 172
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example, 1-butanol and 1-propanol have been widely used for
Pebax1074, 2533, 4033, and 4011.109,197,198

It should be mentioned that although numerous solvents such
as DMF, NMP, dimethylacetamide (DMAc), formic acid, and
water/ethanol mixture can evenly dissolve Pebax1657, only a
formic acid and water/ethanol mixture can form a proper
solution that prevents gelation at ambient temperature or
beyond a certain concentration. This can be due to the existence
of a more polar PA6 group in Pebax1657. Noteworthy, owing to
the high price and toxicity of formic acid, the water/ethanol
mixture is widely used in Pebax1657 fabrication.189 In the case of
Pebax1074, which contains long PA12, Wang et al.191 claimed
that the use of a 1-propanol/water mixture led to a gelation effect
at concentrations higher than 1 wt %. Therefore, single organic
solvents such as 1-butanol, DMF, or NMP would be a better
choice. As a result, when choosing a solvent, the chemical
composition and polarity of the Pebax segments should be taken
into consideration.
Other important parameters are the Pebax grade and the

polymer solution concentration. Wang et al.191 explored the
effects of polymer solution concentration and drying conditions
on the CO2/N2 separation performance of Pebax1657 and
Pebax1074 membranes. 1−6 wt % Pebax-1657 solutions were

prepared by dissolving the polymer in an ethanol/water mixture
(2:1 w/w) under heating at 65 °C for 2 h. The cast films were
homogeneous at ambient temperature without a gelation effect.
The Pebax-1074 polymer was also dissolved in a 1-propanol and
water mixture (2:1 w/w) under heating at 90 °C for 24 h. They
observed rapid gel formation at room temperature at higher
concentrations of 1 wt %. Therefore, membranes with
concentrations of 3% and 5% were cast by maintaining the
solution at 60 °C. As can be noticed in Figure 20, themembranes
fabricated with higher concentrations (5% and 6%) had higher
CO2 permeabilities with respect to membranes with lower
concentrations (1% and 3%). 6 wt % Pebax1657 membrane
demonstrated superior results with a 2-fold rise in CO2
permeability, as compared to the membrane with 1% solution.
Likewise, the CO2 permeability of the Pebax1074 membrane
with 1 wt % significantly increased by 55% from 170 Barrer to
263 Barrer for the 5 wt % Pebax1074 membrane. Additionally,
more rapid solvent evaporation resulted in membranes with
higher CO2 permeabilities. At 35 °C, the membranes indicated
approximately 15−45% higher CO2 permeabilities than those
cast at ambient temperature (<25 °C).
Karamouz et al.175 fabricated Pebax1074 membranes by the

solvent evaporation method with DMF as the solvent. To

Figure 20. Relationships of CO2 permeability and CO2/N2 selectivity with the polymer solution concentration and drying conditions for (a)
Pebax1657 and (b) Pebax1074 membranes. Reproduced with permission from ref 191. Copyright 2015 American Chemical Society.
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scrutinize the effects of evaporation temperature on the
morphology and performance of the membranes, three different
temperatures (60, 80, and 100 °C) were employed. Referring to
Table 7, a nonselective membrane is seen when the evaporation

temperature is as high as 100 °C. The nonselective defects were
surely made by the rapid evaporation of DMF solvent. The
membranes fabricated at 60 and 80 °C were dense films, and
therefore, they were tested for CO2/CH4 separation. The
optimum performance was achieved by the membrane prepared
at 80 °C with a CO2 permeability of 591 Barrer coupled with
CO2/CH4 selectivity of 18.4 at 7 bar and 30 °C.
In brief, a higher polymer concentration, slow evaporation

rate, and low solubility parameter difference between solvent
and polymer substantially contribute to the formation of a high-
performance membrane film.
4.3. Pebax-Based MMMs for CO2/Gas Separation. An

effective strategy to enhance the solubility selectivity for CO2
and to cope with the trade-off effect is to introduce/increase the
EOunits in the polymer network as they can readily interact with
CO2 molecules through dipole−quadrupole interactions.185,191
To introduce poly(ethylene oxide) (PEO) segments into the
polymer structure, several useful techniques have been
employed, including physical blending, cross-linking, and
synthesis of PEO-based block copolymers such as PEO−PI
(polyimide), PEO−PA (polyamide), PEO−PBT [poly-
(butylene terephthalate)], PEO−PU (polyurethane), PEO−
PUU [poly(urethane urea)], and PEO−PE (polyester).191 The
PEO-based block copolymers have distinct advantages such as
robust mechanical strength and chemical/thermal resistance
thanks to the semicrystalline hard phase.191 Toward this
strategy, phase-separated block copolymer Pebax membranes
have been widely considered as they own high CO2 permeability
combined with high CO2 selectivity over nonpolar gases (i.e.,
CO2/H2, CO2/CH4, CO2/N2). The polar ether oxygen atoms in
the soft segment provide excellent CO2 affinity. These
membranes have been used for different separation applications,
which are discussed below.
4.3.1. CO2/CH4 Separation. Natural gas consumption has

dramatically increased every year which makes natural gas
processing the largest industrial application. Raw natural gas
contains a wide range of compounds (i.e., H2S, COS, CO2, N2,
water vapor, heavier hydrocarbons, mercury, etc.) in addition to
CH4.

199 Accordingly, gas conditioning operations are highly in
demand to remove contaminants so as to meet downstream
specifications. Up to now, a wide number of membranematerials
(both polymeric and inorganic) have been synthesized for CO2/
CH4 upgrading. Many membrane researchers have used Pebax-

based MMMs for this application. Gou et al.200 introduced a
two-dimensional (2D)MOF named Cu(BPY)2(OTF)2 (OTF =
trifluoromethanesulfonic acid anion (CF3SO3−), BPY = 4,4-
bipyridine) into the Pebax1657 matrix. The permeation results
revealed higher separation performance for the fabricated
MMMs than the neat Pebax polymer. For 4 wt % CuMOF/
Pebax MMM, the CO2 permeability and CO2/CH4 selectivity
enhanced to 84.44 Barrer and 13.54, representing enhancements
of 87% and 48%, respectively. The CO2/CH4 mixed gas tests
(10/90 vol %) similarly showed a simultaneous increment in
CO2 permeability and separation factor up to 4 wt % filler
loading. The CO2 permeability increased to 355.3 Barrer (about
95%), andCO2/CH4 enhanced to 43.3 (about 22%). The results
were explained in terms of the presence of multiple CO2-philic
sites from CuMOF nanosheets such as �-complexation between
Cu2+ and CO2, the preferable interaction between Lewis basic
nitrogen of bipyridine and the Lewis acidic CO2, and the
quadrupole interaction between CO2 and bipyridine C−N/C�
N dipole, which greatly enhanced the dissolution of CO2
molecules.
Rabiee et al.124 studied the CO2/CH4 separation performance

of Pebax1074/SAPO-34 MMMs at 25 °C and feed pressure of
4−24 bar. The zeolite filler was first primed with 10−15 wt % of
polymer in order to promote the dispersion of zeolite and
improve the polymer−filler compatibility. No significant change
in permeability was observed up to 5 wt % of filler, indicating the
gas transfer mainly through the polymeric matrix. Upon
enhancing the filler content to 30 wt %, a noticeable increase
in CO2 permeability was coincident with the decline of CH4
permeability, leading to the increase of gas pair selectivity. The
pore structure of porous fillers (molecular sieving effect), the
high adsorption capacity of SAPO-34 for CO2, and the long
diffusion path (for CH4 gas) determined the separation
performance of MMMs. For instance, at 4 bar, the ideal
selectivity increased from 18 to 30 for 20 wt % SAPO MMM,
showing an increase of about 67%. This brilliant performance
was also justified with the aid of SEM images. As shown in Figure
21, the SAPO particles were surrounded by polymer, and no
interfacial defects were seen, proving the excellent interfacial
adhesion between the two phases.
Ghasemi Estahbanati et al.201 synthesized ternary MMMs

containing Pebax1657, silver nanoparticles/[Bmim][BF4] to
inspect the influences of IL on the gas transport properties. A
priming protocol was used to coat the nanoparticle surface for
better dispersion and adhesion. Gas permeation properties of
MMMs were determined at 35 °C and transmembrane pressure
up to 10 bar. The embedment of nanosilver into the polymer
matrix substantially enhanced the permeability of CO2 gas. For 1
wt % Ag/Pebax 1657, permeability increased from 110 to 325
Barrer at 35 °C and 10 bar. Gas permeation results also exhibited
significant enhancements in transport properties for ternary
MMMs. For the Pebax 1657/0.5%Ag/50%IL membrane,
permeability and selectivity increased coincidently, where the
CO2 permeability increased from 110 to 180 Barrer (64%), and
the corresponding CO2/CH4 selectivity was increased from
20.75 to 61.02 (194%). The results confirmed the proper
adhesion between the positively charged surface of nanoparticles
and the polymermatrix. Moreover, both filler and IL reduced the
crystallinity of the membranes, which could enhance the polar
gas transport properties. Nonetheless, the introduction of IL in
the binary membranes reduced the CO2 permeability arising
from occupying free volume, but the gas pair selectivity was
increased.

Table 7. Influence of Solvent Evaporation Temperature on
the Separation Performance of Pebax1074 Membranes175

permeability
(Barrer)

solvent evaporation
temperature (°C)

pressure (bar) at
30 °C �COd2

�CHd4

CO2/
CH4

100 3 1266 1266 1
80 3 274 9 7.5

5 434 9 15
7 591 9 18.4

60 3 67 22.8 12
5 135 22.9 18.9
7 165 24.2 24.5
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Figure 21. Cross-sectional morphology of the pure and MMMs: (a) pure Pebax1074, (b) and (d) 10 wt % MMM, (c) and (e) 30 wt % MMM, (f)
example of good interfacial adhesion. Reproduced with permission from ref 124. Copyright 2015 Elsevier.
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Cheng et al.53 separated CO2 from a mixture of CO2/CH4
(50/50 vol %) at 25 °C and 1 bar using an MMM-based
Pebax1657/COF-300. Good interfacial compatibility was
attained as the organic nature of 3D COFs provided a high
affinity with the pure organic polymer matrix. The permeation
results showed a simultaneous increment in gas permeability and
selectivity. The increase in permeability was ascribed to the
highly porous nature of filler, which rendered fast gas transport
paths inside the MMMs. The enhanced gas pair selectivity also
resulted from the ultrasmall pores of COF-300 fillers (4 Å) as
well as the rigidified polymer chains at the filler surface. The
optimum filler content (10 wt %) showed enhancements of
∼57% and ∼37% for CO2 permeability and CO2/CH4
selectivity, respectively.
Karamouz et al.176 investigated the behavior of the Pebax1074

membrane for gas separation with different loadings of DDER
zeolite at 30 °C and 5 bar. The CO2 showed much higher
permeability for all the membranes than that of CH4, which was
attributed to the combination of solution-diffusion and surface-
diffusion mechanisms of gas transport through dense polymeric
and zeolite membranes, respectively. The permeation results
indicated that both CO2 and CH4 permeabilities decreased with
the DDER loading. The CH4 permeability was reduced by the
incorporation of DD3R as a result of the increased tortuosity
penetration path as well as the decreased effective transport
cross-section. On the other hand, due to the electrostatic
interaction of CO2 with DD3R, a lower decrease in permeability
was observed for CO2 respecting the CH4 gas by increasing the
filler content to 5 wt %. Therefore, the ideal gas selectivity was
enhanced at lower loadings (1−5 wt %) and then started going
down. Upon increasing the DD3R loading from 0 to 5 wt %, the
CO2/CH4 selectivity was substantially increased from 18 to 31.
The fabricatedmembranes with 1 and 5 wt%DD3Rwere placed
in the region beyond the 1991 Robeson curve for CO2/CH4 gas
pairs.
4.3.2. CO2/N2 Separation. The mature amine process was

successfully utilized to treat CO2-contained industrial gas
streams for decades. But issues such as solution degradation,
high energy consumption, high solution circulation rate, and
extreme equipment corrosion, to mention a few, have stimulated
scientists to seek efficient techniques with minimal short-
comings.33,83 The membrane-based system is considered an
environmentally friendly and energy efficient alternative with
enormous potential, but the point is the use of a membrane with
both high CO2 permeability and CO2/N2 selectivity as the
majority of the flue gas streams contain a high concentration of
N2 (about 85%) with a relatively low CO2 concentration (about
15%). As such, Pebax-based MMMs have been widely used for
this application.
Wang et al.185 prepared novel MMMs based on Pebax1657

filled with silica nanoparticle organic hybrid materials
(NOHMs) to tackle nanoparticle aggregation. NOHMs with
core/corona/canopy structures based on silica with various
particle sizes (120, 220, and 380 nm) were synthesized,
respectively, as illustrated in Figure S5. SEM images showed
excellent interfacial compatibility (Figure S6). To inspect the
influence of NOHMs on the membranes, mixed gas tests were
conducted at 25 °C and 2 bar. As the filler loading enhanced up
to 25 wt %, the permeability of CO2 increased constantly. In
addition, the permeation results indicated the dependency of
CO2 permeability on NOHMs types. The CO2 permeability of
the neat Pebax (67.1 Barrer) increased to 293.91 Barrer for
Pebax-NOHMs-120-(25), 235.08 Barrer for Pebax-NOHMs-

220-(25), and 240.85 Barrer for PNOHMs-380-(25). The
increased CO2 permeability was associated with the disrupted
chain packing and accessible gas transmission path. The CO2/
N2 selectivity showed an ascending trend up to 15 wt % and then
indicated a considerable drop with further loading. The
maximum CO2/N2 selectivity was 66.4 (P-NOHMs-120-
(15)), 59.6 (P-NOHMs-220-(15)), and 68.7 (P-NOHMs-
380-(15)), displaying a 76%, 58%, and 82% increase than that of
the neat Pebax membrane, respectively. The weak interaction
between CO2 molecules and secondary amine (−NH−) in the
canopy led to superior CO2 selective sorption.
Wang et al.188 used PEG and its derivatives as the third

component to enhance the CO2/N2 separation properties of
Pebax1657/MWCNT MMMs. SEM pictures revealed an
improved distribution of MWCNT within the polymer matrix
originating from the hydrophilic modification of PEG-based
polymers. The permeation data indicated dependence on PEGs
molecular weight. The high molecular weight PEGs that caused
the crystallization of both PA6 and PEO segments reduced the
CO2 permeability, whereas low molecular weight PEGs that
effectively inhibited crystallization improved the CO2 perme-
ability relative to the neat Pebax membrane. In addition,
poly(ethylene glycol) dimethyl ether (PEGDME), with almost
the same PEO content as PEG400 or PEG600, recorded the best
permeability values as the end group −OCH3 in PEGDME
other than −OH in PEGs did not form hydrogen bonding
between polymer chains, resulting in increased FFV. The best
performing membrane was Pebax/CNT(5)/PEGDME(40)
with a high CO2 permeability of 743 Barrer and excellent
CO2/N2 mixed gas selectivity of 108 at 22 °C and 10 bar.
Cheng et al.53 improved the separation performance of

Pebax1657/COF-300 MMMs by functionalizing the filler with
PEI for CO2/N2 separation. The ample amine moieties in PEI
not only improved the polymer−filler affinity through hydrogen
bonding but also provided higher CO2 sorption over N2. This
was validated by an increase in CO2 permeability accompanied
by a reduction in N2 permeability, which finally resulted in
enhanced gas pair selectivity, as shown in Figure 22. The severe
polymer chain rigidification arising from the strong polymer−
filler interactions in the presence of the PEI also reinforced the
selectivity enhancement. Grafting PEI to COF-300 led to the
optimum filler loading for the parent COF-300 (10 wt %)

Figure 22. CO2/N2 separation performance of the neat polymeric
membranes and MMMs containing different fillers. All membranes
were evaluated with an equal molar mixture of CO2/N2 at 25 °C with a
feed pressure of 1 bar. Reproduced with permission from ref 53.
Copyright 2019 Royal Society of Chemistry.
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increases to 20 wt %, which further proved the potency of PEI
coating in improving polymer−filler adhesion. Moreover, the
performance of fabricated MMMs was compared with a highly
permeable glassy polymer, namely, 6FDA-DAM. Similar to the
Pebax-based MMM, a concurrent enhancement in permeability
and selectivity was observed for the PI-based MMM. It can be
seen that although the PI polymer has amuch higher permeation
rate the CO2/N2 selectivity of the Pebax-based MMM is two
times higher than that of PI-based MMM.
Tang et al.202 incorporated a variety of MOFs into the

Pebax1657 matrix. The Pebax polymer was dissolved in a
methanol/water mixture (70:30) to produce a 6 wt % Pebax
casting solution. The same procedure was used for the
preparation of Pebax/MOF MMMs, but the polymer concen-
tration was 5 wt %. The authors first embedded 5 wt % of ZIF-8
in the polymer matrix and denoted it as P-Z5. It was found that
P-Z5 (dry-free) has better dispersion without particle
accumulation, as opposed to that of P-Z5 (using the conven-
tional method of drying before incorporating) with obvious
aggregation, as shown in Figure 23a−d. Consequently, The P-
MOFMMMs were synthesized via a dry-free method of MOFs.
As illustrated in Figure 23e, all fabricated MMMs exhibited
better separation performance relative to the pure Pebax
polymer. The P-UiO-66 (5 wt %) demonstrated the best
performance with a maximum CO2/N2 of 85.94 and a CO2
permeability of 189.77 Barrer, successfully surpassing the 2008
Robeson line.
4.3.3. CO2/H2 Separation. Hydrogen (H2) is considered as

themost promising new/clean energy source of the new century.
It has been extensively utilized in electricity generation and fuel-
cell vehicles due to its high calorific value, lack of pollution, and
availability from countless sources.203 It can be achieved through
coal gasification, methane reforming, and photocatalysis
processes.203 Unavoidably, there are several undesirable gases
(i.e., CO2, O2, CO, and other byproduct gases) that coexist in
the final H2 product; therefore, the commercialization of H2 has
encountered a serious problem. Thus, many researchers have
examined the gas separation potential of membranes. Rahman et
al.109 explored the CO2/H2 separation capability of Pebax1657
by incorporation of PEG−POSS nanoparticles (poly(ethylene
glycol) modified poly octahedral oligomeric silsesquioxanes).
The CO2 permeability exhibited a trend to decrease initially and
then increase substantially with increasing PEG−POSS
concentration. At 10 wt % loading, a slight reduction in

permeability was observed presumably due to the crystallinity of
the polyether domain. The CO2 permeability increased from 73
to 152 Barrer, showing a two-fold growth, after the insertion of
30 wt % PEG−POSS into the Pebax1657matrix, while the CO2/
H2 selectivity was not significantly affected which increased from
9.5 to around 11 at 30 °C and 1 bar.
Huang et al.21 synthesized MMMs by incorporating GO

nanosheets into the Pebax1657 matrix for CO2/H2 separation.
The CO2 permeability and ideal CO2/H2 selectivity of the neat
Pebax membrane were 92.4 Barrer and 9.3, respectively. As the
GO loading increased from 0 to 0.05 wt %, the CO2 permeability
and CO2/H2 selectivity increased at the same time, reaching 113
Barrer and 12.2, respectively, representing the higher CO2
solubility in the GO/Pebax MMMs. The interaction of the
GO with PA chains decreased the interferences of the PEO
groups with PA segments, providing more sorption sites for CO2
molecules to interact with polar PEO groups. Nonetheless, the
permselectivity data experienced an increase-and-decrease
pattern. A further increment in GO loading to 0.5 wt % resulted
in a huge drop in both gas permeability and selectivity, surely
caused by the agglomeration of filler. They used an effective
strategy to enhance the membrane separation performance. The
GO nanosheets were modified with amine-functionalized IL
(IL-NH2). The hydrogen bonding between the IL and amide
groups in the Pebax chains delivered a uniform distribution of
GO-IL within the polymer matrix. 0.2 wt % GO-IL/Pebax
membrane exhibited superior results with a CO2 permeability of
143 Barrer and CO2/H2 of 13.8, respectively, as compared to the
neat Pebax membrane.
Yu et al.111 fabricated Pebax1657-based MMMs embedded

with different fillers including silica nanoparticles, polystyrene
(PS) colloids, and CNTs. The Pebax-1657/CNT MMMs
exhibited enhanced CO2 permeability in such a way that it
reached a maximum of 102 Barrer at 5 wt % SWCNTs and 90
Barrer at 5 wt % MWCNTs, indicating improvements of 28%
and 13% over the respective permeability of the pristine matrix
polymer. But, the addition of CNTs had a slight impact on the
selectivity. The ideal CO2/H2 selectivity at 5 wt % SWCNTs was
around 11.3, almost equal to the corresponding value for the
neat membrane which was 11. The obtained results revealed the
CNT-increased gas diffusivity and no effect on the CO2
solubility. The tensile modulus of Pebax1657 was enhanced by
43% and 24% after adding 5 wt % of SWCNTs and MWCNTs,
respectively. Therefore, due to the improved mechanical

Figure 23. SEM image for P-Z5 (dry-free) [(a): surface, (b): cross-section] and P-Z5 (dried) [(c): surface, (d): cross section], and (e) separation
performance of fabricated MMMs. Reproduced with permission from ref 202. Copyright 2021 MDPI.
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strength and good gas separation performance, the Pebax/CNT

MMM can be a potential candidate for carbon capture

applications. Moreover, the Pebax-1657/silica and Pebax-

1657/PS colloid MMMs indicated a reduced CO2 permeability
accompanied by a slight decrease in selectivity.
Table 8 illustrates the separation performance of various

Pebax MMMs along with the type of additives. The obtained

Table 8. Permselectivity of the Neat Pebax Membrane and MMMs with Various Quantities of Additives

selectivity

polymer type (concentration
wt %) solvent additive (wt %)

condition � (°C)
/P(bar)

�COd2

(Barrer)
CO2/
H2

CO2/
CH4 CO2/N2 ref

Pebx1074 (15) 1-butanol 25/4 118 18 60 124
SAPO-34 (20) 151 30 69

Pebax2533 (3) �-butanol 25/1 225 5 8 26 109
PEG−POSS(30) 300 6 9 31
PEG−POSS(50) 150 6 10 35

Pebax2533 (3) ethanol 25/2 351 8.36 35.10 204
ZIF-8 (10) 427 8.54 30.50
ZIF-8 (15) 574 10.44 30.21
ZIF-8 (25) 1082 8.52 30.97
ZIF-8 (35) 1287 9 32.18

Pebax1657 (5) Et/H2O (70/30 wt %) 30/2 79.42 12.37 36.39 165
PVA(10)-GO(6) 30/10 236.48 33.63
PVA(15)-GO(6) 228.34 124.09

Pebax1657 (3) 1-butanol 25/10 65.71 81.90 205
Gl (15)� 50.42 222.70
Gl/Cu (1.5) 63.60 200

Pebax1657 (3) 1-butanol 35/4 87 69.60 201
Ag (0.5) 150 93.75
Ag (0.5)/IL(50)� 174.36 185.49

Pebax1657 (5) Et/H2O (70/30 wt %) 35/10 54.40 8.20 15.40 39.80 206
MIL-53 (5) 127.40 11.10 18.70 59.20
MIL-53 (10) 129 12.10 23.30 59.40
MIL53-NH2(10) 134.60 11.60 19.10 59.30
MIL53-NH2(10) 149.10 10.60 20.50 55.50

Pebax1657 (4) Et/H2O (70/30 wt %) 25/2 66 37.70 185
NOHMs (15) 246.70 66.40

Pebax1657 (4.5) Et/H2O (70/30 wt %) 25/2 88.40 20.40 49.40 188
MWCNT (2) 119.30 17.60 51.50

Pebax1657 (4) Et/H2O (70/30 wt %) 25/3 70.67 18.40 207
Fe-BTC (10) 82.32 19.40
Fe-BTC (20) 98.32 22.20
Fe-BTC (25) 148.44 21.90
Fe-BTC (30) 402.69 21.50

Pebax1657 (3) Et/H2O (70/30 wt %) 30/2 60 56 208
PRG (5)� 119 104

Pebax1657 (10) Et/H2O (80/20 wt %) 35/1 103.30 31.2 209
PBE (3)� 161.10 47.40
PBE (5) 175.30 48.20
PBE (10) 196.90 42
PBE (20) 224.40 38.70

Pebax1657 (3) Et/H2O (70/30 wt %) 30/1 95 31.30 210
COF-5 (0.4) 493 49.30

Pebax1657 (4) Et/H2O (70/30 wt %) 35/2 463.87� 18.54 211
PDA/TEPA (5)� 450.36 27.53

Pebax1657 (4) Et/H2O (70/30 wt %) 25/2 90.70� 37 212
CNT-PEG (3) 214.50� 44
CNT-PEG 256.60�,� 78.40
CNT-PEG (3) 369.10�,�,� 110.80

�Glycerol. �[Bmim][BF4],
�Porous reduced GO, �The graft copolymer poly(2-[3-(2H-benzotriazole-2-yl)-4-hydroxyphenyl]ethyl methacrylate)-

���� �-poly(oxyethylene methacrylate) incorporated as filler into the Pebax1657 matrix. The membranes indicated a dual-phase, microphase-
separated morphology, �Polydopamine submicro-particles were chemically modified by tetraethylenepentamine (TEPA), �Mixed gas, �Humidified
condition, and �Poly(vinyl alcohol) (PVA) blend with Pebax1657. The blended membranes were then loaded with various loading of GO
nanoparticles.
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data validate the effectiveness of fillers in improving the
separation performance of Pebax-based MMMs. Therefore,
Pebax could be one of the best options for the selective
separation of CO2.

5. THIN-FILM (NANO) COMPOSITE (TFC/TFN)
MEMBRANES

Gas separation using membranes has been industrialized for
more than three decades and is continuously growing.213 At the
current stage, however, it is unrealistic to expect a high gas flux
coupled with adequately high selectivity for gas separation
membrane processes. During the past decade, a great deal of
research has been undertaken on TFC/TFN membranes to
enhance the membranes’ productivity and selectivity as well as
their durability.213−215 Amultilayer composite membrane (TFC
or TFN) consists of at least two layers where a thin dense skin
layer is overlaid on top of a porous support layer. However,
different layers can be applied for the design of high-
performance gas separation membranes including the middle/
gutter layer, the protective layer, and a thick, nonwoven fabric
sublayer if needed, as depicted in Scheme 3. Jeong and co-
workers were the early pioneers of studying TFC/TFN
membranes.216 They released the first research work for the
preparation of a reverse osmosis membrane in early 2007 where
polyamide films loaded with zeolite NaA nanoparticles were
coated on PSf ultrafiltration membranes via an interfacial
polymerization technique. A distinct advantage of thin-film
composite technology is that every single layer can be
independently optimized concerning structure, stability, and
performance.216 In addition, it is possible to successfully
assemble the ultrathin layers of barrier materials formed from
almost any chemical combination.216 These layers will perform a
variety of functions that will be presented in more detail in the
next sections.
5.1. TFC/TFN Structure. 5.1.1. Nonwoven Sublayer. For a

membrane to become resistant to high pressures, a bottom
nonwoven layer that offers mechanical strength to the whole
membrane sheet must be employed.217 This highly porous
nonwoven backing layer has a thickness of around 150 �m
mainly made of polyester,217,218 polypropylene,219 and poly-
propylene/polyethylene.220

5.1.2. Support Layer. The porous substrate layer supplies
sufficient mechanical stiffness and can be reinforced with a

nonwoven fabric sheet if needed. In addition to providing
mechanical strength, the support layer must possess (a) an
adequate thermal/chemical endurance; (b) a highly porous bulk
structure; (c) a porous and thin skin layer; (d) a smooth outer
surface; and (e) a high surface porosity but with small surface
pores and a narrow pore size distribution.221 The thickness of
the substrate varies from 50 to 200 �m (or more). Its surface
porosity also ranges between 1 and 10% with small surface pores
less than 100 nm to provide a relatively smooth surface for the
thin skin layer.222 Upon these advantages, the mass transport
resistance is minimized, and the intrusion of coating solution
into the substrate is significantly diminished. Tomake sure that a
negligible mass transport resistance is created by the substrate
layer, its permeance should be at least 10 times higher than
(�105 GPU) that of the selective layer.157 Since the substrate
layer provides only pathways for the channeling species with
minimal effect onmolecular separation, its gas transfer resistance
can be neglected.44,223

Depending on the membrane fabrication conditions (i.e., type
of solvents, additive ratio, etc.), the substrate can have sponge-
type or finger-like structures.224 It can be also fabricated in a flat
sheet/disc or tube/hollow fiber configuration.221 Both inorganic
and organic materials are employed for the fabrication of
substrates. Alumina, titanium, zinc oxide, ceramic, glass, metal,
and carbon are the most common inorganic materials, which are
thermally and chemically stable, but they are pricey, fragile, and
have a low packing density.221,225−227 Owing to the good
processability and lowmanufacture cost, PSf, PI, PEI, poly(ether
sulfones) (PES), polyacrylonitrile (PAN), poly(vinylidene
fluoride) (PVDF), polypropylene, and polytetrafluoroethylene
(PTFE) with a pore size between 10 and 30 nm are the most
extensively investigated organic materials,37,228−230 which can
be prepared by various techniques such as phase inversion, melt
extrusion, controlled stretching, electrospinning, and track
etching.157,221

5.1.3. Gutter Layer. During the coating process, the diluted
polymer solution penetrates the open structure of the porous
substrate (the so-called pore filling) that significantly increases
the thickness of the coating layer and subsequently the overall
transport resistance, thereby drastically reducing the gas
permeance. To prevent and/or reduce the intrusion phenom-
enon, several effective approaches have been employed
including (a) annealing: decreasing the surface pore size of the

Scheme 3. Schematic Representation of a Multilayer Composite Membrane (Called TFC) for CO2 Separation
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support, (b) quenching: increasing the viscosity of polymer
solution, (c) presoaking: covering temporarily the pores of
support with an agent before coating procedure, and (d)
guttering: introducing a third layer between the skin layer and
porous support.213,231 Among them, the three-layer structure
(guttering) has been the most adopted approach.
In principle, the intermediate layer, the so-called gutter layer,

is placed between the top skin layer and the bottom porous
substrate. The gutter layer is a key part of the TFC/TFN
membrane owing to (a) acting as an adhesive between the
selective layer and the porous substrate, (b) reducing the impact
of pinhole defects, (c) inhibiting the penetration of selective
materials into the pores of the substrate, (d) smoothing the
roughness of the porous support surface, (e) reducing the
effective diffusion length of the gasmolecules, and (f) optimizing
the gas flow distribution and cooperating with the removal of the
gas molecules from the skin layer to the substrate,66,232,233

thereby improving the overall TFC membrane performance.
The concept of the gutter layer was first introduced by Browal
and Salemme in 1975234 when an ultrathin organopolysiloxane
polycarbonate copolymer was placed between PPO and
Acropore AN-200 (and also polycarbonate resin). They stated
that these intermediate layers would serve as an adhesive
medium and as a cushion for the PPO layer to compensate for
minor surface imperfections in the support.
To minimize mass transfer resistance, materials with ultrahigh

permeability (>104 GPU) are preferred as the gutter layer. The
gutter layer is usually made of polymers such as PDMS and
poly(1-trimethylsilyl-1-propyne) (PTMSP).235,236 They are
high-permeable polymers but less selective materials. PDMS is
the most permeable rubbery polymer, and PTMSP is the most
permeable glassy polymer. Due to an exceptionally high
fractional volume (0.34),233 PTMSP possesses by far the
highest gas permeability among all polymers used237,238 (e.g., a
CO2 permeability up to 40,000 Barrer, about six times higher
than that of PDMS).239 Nonetheless, the rapid aging
phenomenon has hindered the widespread use of PTMSP. A
study by Chen et al.232 showed that the CO2 permeance of
PTMSP (coated on PAN support) declined by 80% in 2 weeks
of operation, in comparison to the 8% observed for the PDMS,
revealing the better stability performance of the PDMS over the
PTMSP. Owing to this stability, PDMS has been the most
frequent material used for the gutter layer. Nevertheless, PDMS
suffers from low surface energy, which results in great difficulty
in fabricating a crack-free selective layer on it,65 thereby affecting
the selectivity. To resolve the adhesion issue between the PDMS
intermediate layer and the selective layer, chemical modification
(i.e., introducing amino silicone into PDMS)240 and oxygen-
plasma treatment (nonchemical approach)236 have been
employed. Wu et al.241 also introduced a bifunctional amino-
silane, �-aminopropyl trimethoxysilane (APTMS), into the
PDMS matrix before casting on the PES substrate. Although
cross-linking (thermal and/or photochemical) can improve the
long-term stability (physical aging) of the PDMS gutter layer,
the permeability is reduced significantly.242 Further, chemical
cross-linking is usually a complex procedure, and precise control
of the cross-linking degree is highly problematic.243 To address
these issues, new gutter layer materials have been tested.
Teflon AF has been introduced as a new type of gutter layer

material. Compared to PDMS, Teflon AF offers a much higher
gas permeability, no additional cross-linking, harmless dis-
solution, and a high tendency to form uniform thin films and so
on.236 Yoo et al. fabricated a series of double-layer membranes

by depositing PDMS and Teflon AF2400 on the PAN
membrane. The obtained results indicated CO2 permeance up
to six-fold higher for Teflon AF2400 than PDMS.236 They also
reported CO2 permeance and CO2/N2 selectivity of 1455 GPU
and 68.1, respectively, for the Pebax1657/Teflon AF2400-
plasma/PAN at 22 °C and 2 bar, while the corresponding values
for Pebax1657/PDMS-plasma/PSf were 170 GPU and 49 at 35
°C and 7 bar.65 Nevertheless, the super-hydrophobic nature of
Teflon AF2400 and its low wettability by most solvents have
inhibited the use of Teflon AF2400 as the gutter layer.236

However, oxygen-plasma treatment can partly solve the issue of
the super-hydrophobicity of Teflon AF2400.236

MOFs244−246 and zeolites186,243,247,248 are the other gutter
layer materials. In comparison with conventional polymers
(PTMSP and PDMS), MOFs are less flexible but much more
permeable with reduced gas transport resistance.245 Ashtiani et
al.246 used the spray coating technique to assemble a thin PDMS
layer on the ZIF-8 gutter layer, which was previously deposited
on a chemically modified carbon nanotube (CNT) platform.
The resulting TFC showed an extremely high CO2 permeability
of 8705 Barrer and CO2/N2 selectivity of ∼46 at 1 bar and
ambient temperature.246 Ho’s group247,248 fabricated two types
of TFC membranes by depositing polyvinyl amine (PVAm) on
zeolite-Y/PES and pebax1657/poly(ethylene glycol) (PEG-
200) on zeolite-Y/PVDF substrates. Both fabricated TFC
membranes indicated higher CO2 permeance compared to the
TFCs without zeolite-Y. This improvement in the membrane
separation performance was attributed to (a) the hydrophilic
nature of the zeolite-Y which led to better adhesion to the
hydrophilic selective layers, and (b) the smaller interparticle
pore size of zeolite-Y than the polymeric substrates that reduced
the solution penetration, hence decreasing the mass transfer
resistance.

5.1.4. Selective Layer. The dense selective layer (also called
the skin/active layer) is the first layer situated on a microporous
substructure. This layer is the heart of a TFC/TFN membrane
which acts as an active adsorption site and determines the
separation function of the composite membrane. To obtain a
high-permeance membrane, the thickness of the active layer
should be minimized. The gas flux and the active layer thickness
are inversely proportional to each other;249 hence, the thinner
the active layer, the higher the performance of the composite
membrane. On the other hand, as the thickness of the active
layer is reduced, the fabrication of a defect-free active layer
becomes very difficult. This is of particular importance when the
nanoparticles are embedded in the polymer matrix. The thinner
the active layer, the smaller the size of the nanoparticles required
for the synthesis of a defect-free TFC membrane.250 This would
require an informed choice of materials (both polymer and
nanoparticles) for the development of high-performance TFC
membranes.
There is a list of strict criteria that a membrane material must

meet to be chosen as the selective layer for industrial purposes
including157,224

• Reasonable cost, high availability, and good reproduci-
bility: cutting the membrane module price and making
the membrane technology much more competitive with
conventional separation approaches

• High gas flux: reducing significantly the membrane
preparation cost and required surface area. It will bring
down the capital cost considerably

Energy & Fuels pubs.acs.org/EF Review

https://doi.org/10.1021/acs.energyfuels.2c01880
Energy Fuels XXXX, XXX, XXX−XXX

AD



Figure 24.Graphical representation of the TFCmembrane fabrication procedure by the dip-coating (a), spin-coating (b), dry/wet phase inversion (c),
and dry-jet wet spinning techniques (d). Panels a and b. Reproduced with permission from ref 74. Copyright 2020 Elsevier. Panel c reproduced with
permission from ref 44. Copyright 2019 Wiley. Panel d reproduced with permission from ref 277. Copyright 2019 Elsevier.
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• High CO2 selectivity over other gases: leading to the
production of very pure products

• Thermal and chemical stability: Due to harsh environ-
ments (such as elevated temperature and pressure) and
the presence of contaminants/impurities in the gas
streams, excellent stability guarantees the membrane
lifetime

• Long-term stability: Physical aging reduces the perform-
ance of the membrane over time

• Resistant to plasticizing agents (i.e., CO2, H2S, water
vapor): CO2-induced plasticization leads to a significant
reduction in selectivity

Diverse types of polymers have been used for the preparation
of selective layers such as PIs,220,242 polyactive,226,245,251,252

PSf,230 PEG,66,192,229,244,253−256 PDMS,225,231,241,257,258

PTMSP,233,259,260 PVAm,243,247 poly(vinyl alcohol) (PVA),193

perfluoro polymers,219 polymers of intrinsic porosity
( P I M s ) , 6 2 , 2 1 4 , 2 6 1 − 2 6 3 b u t m o s t l y
Pebax.59−61,63,65,186,194−196,218,232,248,250,264−274 Given its high
permeability, acceptable selectivity, and lowmanufacturing cost,
Pebax is undoubtedly one of the best candidates for selective
layer fabrication. As the most extensively used membrane
material for the synthesis of selective layer, TFC/TFN
membranes based on Pebax are fully discussed in section 6.
5.1.5. Protective Layer. The protective layer is placed on top

of a selective layer to seal any defects to enhance the CO2
selectivity and protect the soft skin layer from being harmed in
the handling process and during large-scale module prepara-
tion.224,264 The most frequently used protective layer is
PDMS.220,264

5.2. Gas Transport Mechanisms within TFC/TFN
Membranes. In 1866, Thomas Graham proposed the
solution-diffusion mechanism through nonporous, dense
polymeric membranes.221 In the 1950s, Barrer thoroughly
investigated the principal theories about gas transport across
membranes under pore-flow and solution-diffusion mecha-
nisms.221 Since the selective layer of the TFC/TFN membrane
is typically dense, the gas transport gas through the thin film
obeys the solution-diffusion mechanism.64 Due to the
availability of free volume and the driving forces, the gas
molecules can potentially overcome the interchain forces.64 The
gas molecules are first absorbed into the upstream surface of the
membrane, then diffuse across the membrane matrix, and
eventually are desorbed at the downstream gas-phase side.
Therefore, the combination of thermodynamic factors (i.e.,
condensability of the penetrants and their reactivity with the
polymer lattice) and kinetic factors (i.e., the penetrants’ size, and
chain packing (free volume)) affect the permeation of gases.1

Permeability is the product of the diffusivity (�) and the
solubility (�) calculated using the equations below:275

= ·P D S (1)
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where � is the permeability coefficient expressed in Barrer (1 B =
10−10 cm3(STP)·cm−2·s−1·cmHg−1),� represents the diffusivity
coefficient (cm2·s−1), and � indicates the solubility coefficient
(cm3(STP) cmHg−1). � expresses the volumetric flow rate of
gas (cm3 s−1), � is the selective layer thickness (cm), Δ� shows
the pressure difference of gases on both the sides of the
membrane (cmHg), and� is the effective membrane area (cm2).
The gas permeance or the pressure-normalized flux is generally

presented in terms of gas permeation units (GPU) and 1 GPU =
1 × 10−6 cm3(STP)/(cm2·S·cm Hg).
The ideal selectivity of A over B is calculated as follows:
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The gas mixture selectivity is also measured according to eq 4:
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Here, 
 and 	 are the volumetric fractions of permeate and feed
gas, respectively.
5.3. Fabrication Techniques. The most important

parameter which defines the nature of a membrane is the
preparation technique (coating technique).276 Numerous
methods for TFC/TFN membranes fabrication have been
employed for CO2 separation which can be categorized into top-
down and bottom-up approaches. These techniques will be
discussed in more detail in the following sections.

5.3.1. Top-Down Approach. In principle, the top-down
preparation techniques include the coating of the polymer
solution on porous support followed by a solvent evaporation
process.277 The main top-down techniques for the preparation
of flat-sheet TFC/TFN membranes are solution coating, phase
inversion, doctor blade, and lamination.157,221 The solution
coating technique also involves dip-coating, spin-coating, kiss-
coating, spray-coating, continuous coating, brush coating,
extrusion-type coating, pouring, and solution casting,221 dip-
coating being the most used method owing to its simple
operation, less apparatus, ease of scale-up, and low cost.63,221

The membrane thickness by top-down methods usually varies
from 0.2 to 1 �m, whereas for practical applications an active
layer with a thickness of 0.1−0.2 �m is more appealing.278 The
most frequent approaches for gas separation membranes are
fully investigated in this review.

5.3.1.1. Dip Coating Technique.Thewidely used dip-coating
is also the simplest coating process. As depicted in Figure 24a, a
typical dip-coating procedure includes (a) dipping the porous
support into the coating solution for a certain time, (b)
removing the support from the solution at a controlled speed,
(c) gravitational draining of the solution, and (d) evaporating
the volatile solvent.277 The membrane film is formed owing to
the combination of hydrodynamic and evaporative effects in the
solution.74 During the coating process, the film thickness is
strongly influenced by several parameters such as solution
viscosity, pH, the concentration of the solution, the support
traits, the support removal speed, the drenched time, the solvent
evaporation rate, and the evaporation environment (i.e., relative
humidity, temperature, etc.).74 Since dip-coating is very prone to
defects induced by contamination, aggregation of precursors,
microscopic air bubbles in the solution, and irregularities in the
support surface, the casting procedure should be performed in a
controlled environment and repeated several times to minimize
the defects.74 To avoid damaging the membrane substrate,
supports with high solvent resistance are favored.44

Kiss-coating also known as the meniscus-coating method is
another technique for large-scale membrane fabrication. This
method is a modified version of the dip-coating process where a
one-sided contact between the surface of the substrate and the
polymer solution is promoted.260

5.3.1.2. Doctor Blade Casting Technique. Doctor blade
casting is an important procedure in the generation of the thin
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skin layer to produce gas separation membranes. It is also called
knife or tape casting. This process includes three major steps
which are (a) the coating solution is first poured on the porous
support, (b) a doctor blade slides across the top surface of the
porous support, and (c) the solvent gets evaporated from the
coating solution leaving behind a polymer thin film. The coating
thickness is mainly governed by the polymer concentration and
the gap between the knife and porous support.277

For low-viscosity coating solutions, the dip-coating method is
the best choice. On the other hand, the doctor blade casting is
the best candidate for high-viscosity coating solutions.257

Sometimes when the dip-coating technique is applied, without
a blade for smoothing, an adequate degree of uniformity in the
transverse distribution of the polymer solution on the substrate
is not achieved.257 To solve the dilemma, the dip-blade coating
technique can be used. Dong et al.257 prepared a series of defect-
free flat membranes by depositing cross-linked PDMS on PSf by
dip-blade coating. The obtained results exhibited extremely high
CO2 and O2 permeance of about 10000 and 2000 GPU,
respectively, at 25 °C and 2 bar.
5.3.1.3. Spray Coating Technique. The spray coating

method is a relatively simple model of implementation as the
gutter layer can be eliminated from the TFC structure.59,279 Due
to quick evaporation of the atomized solvent of the sprayed
liquid, fast curing of the coating layer occurs, leading to a
significant reduction of the sprayed liquid intrusion into the
sublayer.59 This raises the possibility of the fabrication of a
gutter-free high permeable TFC membrane. Jiang and
colleagues developed high-efficient TFC membranes fabricated
from Pebax1657 directly sprayed on PSf support. For instance,
the mixed gas permeation test for SC-Peba10.5 membrane (at 25
°C and 1 bar and SC means spray coating) indicated a stable
long-term performance with CO2 permeance of≥220 and CO2/
N2 selectivity of ≥45.59 Besides, owing to its simple operation,
spray coating would be an attractive alternative for large-scale
CO2 separation applications.

5.3.1.4. Spin-Coating Technique. Spin-coating is another
well-developed top-down method for the TFC/TFN synthesis
that provides excellent control over the film thickness.74 This
technique is very similar to the dip-coating method, but the
gravitational force is replaced with centrifugal force. To produce
a TFC/TFNmembrane by spin-coating, the general preparation
technique includes (a) fixing the porous support, (b) dropping
gently the polymer solution on the fixed support, (c) rotating the
support at a high speed to spread the liquid solution over the
whole of the substrate, and (d) formation of the thin-film after
the evaporation of the volatile solvent,224,277 as shown in Figure
24b. It should be noted that centrifugal force causes the excess
solution to drive out of the support. The membrane film gets
thinner and thinner, consequently producing the desired
thickness.
The final film thickness is heavily dependent on spinning

speed, polymer concentration, viscosity, and the rate of solvent
evaporation.74 These process parameters have a profound
influence on the properties of membrane film. For example, the
film has a nonuniform thickness distribution at a lower spin
speed, while there is a greater volumetric loss of the materials at
higher velocities.74

5.3.1.5. Phase Inversion Technique. Another widely used
TFC/TFN membrane fabrication technique is the phase
inversion (immersion precipitation with a nonsolvent) method.
This approach is classified into dry, wet, and dry-wet
processes.44 The dry-phase procedure involves solvent evapo-
ration and nonsolvent components removal during the
composite membrane formation. In a wet phase procedure,
phase separation leads to exchanging solvent and nonsolvent
along the quench step, which is referred to as structure
formation. In the dry-wet phase procedure (as displayed in
Figure 24c), the outermost area of the coated membrane
undergoes an evaporation process of solvent, while the bulk
structure is formed by the exchange of solvent and nonsolvent
throughout the quench step.44

Figure 25. Schematic illustration of the IP technique (a) and reaction chamber of the CVDmethod (b). Panel a reproduced with permission from ref
228. Copyright 2013 Royal Society of Chemistry. Panel b reproduced with permission from ref 74. Copyright 2020 Elsevier.
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5.3.1.6. Dry-Jet Wet Spinning Technique. Due to high
surface-to-volume ratios, excellent flexibility, self-supporting
properties, easy scaling-up, and high permeance (maintaining
the intrinsic selectivity), hollow fiber membranes (HFMs) with
unique configurations have been widely utilized for industrial
gas separation and purification.280−283 Self-mechanical support
and the flexibility of HFMs have contributed substantially to
reducing the complexity of the hardware fabrication during the
module assembly and operation.280 Generally, HFMs have
asymmetric structures and consist of a selective outer layer
assembled on a porous inner layer as the mechanical support
layer.281,283 An intermediate gutter layer can be also cast before
the outer selective layer if needed.
Similar to a flat sheet membrane, the dip-coating technique

can be employed for the solution casting on commercial porous
hollow fibers (i.e., PSf and PVDF), but most of the current
HFMs are prepared using the dry-jet wet spinning techni-
que.249,277 Following this approach, the bore fluid (solvent)
prevents the collapse of the fiber during the coating, and the
dope (polymer solution) forms the outer skin layer. The flow
rates of both the bore fluid and dope are controlled and
coextruded through the spinneret into the air gap, where the
solvent molecules’ evaporation leads to the increase in the
concentration of polymer on the outer surface of the fiber and
the formation of a dense thin film. Next, the hollow fiber is
immersed in the coagulation bath (containing nonsolvent) in
which the fast ingress of the nonsolvent and outflow of the
solvent lead to the formation of the porous substrate below the
outer skin layer.249,277 The preparation procedure has been
illustrated in Figure 24d.
5.3.2. Bottom-Up Approach. The bottom-up techniques are

opposed to the top-down methods used in materials and
nanotechnology fields. In the top-down approach, the macro-
scale, external adjustments (gravity, shaving, centrifugal force,
etc.) control the formation of the thin film, whereas in the
bottom-up approach the intrinsic interaction (covalent bond,
electrical attraction, etc.) is a contributing factor in assembling
the film layer from small building blocks such as atoms, ions,
molecules, and oligomers.277 The bottom-up approach has
several advantages over the top-down approach including (a)
the production of sub-100 nm thin films, (b) the fabrication of
nanoscale structures with fewer defects, and (c) being more
adjustable to various membrane configurations (flat sheets and
hollow fibers).157,284 Nonetheless, the bottom-up approach is
still at a lab scale.
5.3.2.1. Interfacial Polymerization. Interfacial polymer-

ization (IP) is one of the most used techniques for the synthesis
of composite membranes. Figure 25a demonstrates how such a
technique works, which can be described as follows. This
procedure briefly involves depositing a uniform polymeric skin
layer on the surface of a porous sublayer through copolymeriza-
tion between two immiscible reactive precursors in organic and
aqueous phases.217 Although composite membranes can be
prepared via the IP technique in several routes, the typical
procedure can be explained as follows:64

• Immersing the microporous sublayer into a solution
containing the first monomer species before removing the
excess solution by draining in a vertical position, dabbing
with tissue paper, or blowing off with an air knife

• Bringing the fertilized sublayer into contact with the
reaction solution (containing the second monomer and/

or other reactants) for an arranged period to produce the
polymer thin film

Both the aqueous phase (i.e., containing an amine monomer)
and the organic phase (i.e., containing an acid chloride
monomer) can be applied for impregnating the porous
substrate, but if the aqueous phase is used as the saturation
solution, then the organic phase has to be as the reaction
solution and vice versa.64 The polymerization also takes place at
the interface of those two immiscible solutions. IP is
differentiated from other deposition approaches for its self-
restricted growth of the deposited materials. The supply of the
reactants is suppressed by the already formed layer, and
therefore, a thin polymeric film can be produced.277 In addition,
owing to plenty of amide groups from the condensation of
amino and trimesoyl chloride (TMC), most membranes
fabricated via IP are facilitated transport membranes.277 It
must be pointed out that the selection of the polymer is a matter
of delicacy, so the polymer should contain amino- or hydroxyl
groups and be miscible in water.277

Due to the less cross-linked and water-swollen hydrogel
intruding into the porous sublayer, fabricatedmembranes via the
IP method often exhibit low gas permeances.221 To reduce the
materials intrusion, a gutter layer (usually PDMS) before the
interfacial polymerization can be employed. The separation
performance of composite IP membranes depends entirely on
the molecular structure and concentration of monomers,
organic solvent selection, duration and temperature of polymer-
ization, types of additives, and preparation conditions, among
others.64,221

5.3.2.2. Chemical Vapor Deposition.Ever since its discovery,
the chemical vapor deposition (CVD) technique has gained
particular attention in the fabrication of carbon materials,
inorganic and polymeric thin film285−290 because of uniformity,
few defects, thin coating capability, scalability to larger support
materials, the ability to cross-link in situ (setting new
chemistries), excellent adherence and strong chemical affinity
to the porous support.74 The CVD approach has been employed
for surface modification of polymeric membranes, membrane
pore size control, and composite membrane deposition.291,292

In a typical CVD procedure, reactive precursors are
transported to the reaction chamber by an inert gas carrier
(i.e., nitrogen or argon). The reaction is initiated, within the
chamber, by heat starting to grow a functional thin film on top of
the support surface via chemical reactions,74 as shown in Figure
25b. In a CVD process, all three deposition steps (i.e., material
synthesis, transport, and nucleation) take place at the interface
of the substructure.74 The materials intrusion in the CVD
process is also minimized as the reactions mostly happen on the
top surface.221 The thickness of the thin film ranges from 4 nm to
�10 �m, and pore sizes after coating can be as small as 5 nm.74
Gas mixture composition, pressure, gas flow rate, support
temperature, and materials for the reactive compound and
substrate are the main process control parameters.74 The
separation performance of TFC membranes can be further
optimized by controlling the density and the thickness of the top
skin layer.285

Since the CVD reaction generally takes place at elevated
temperatures, it is not adequate for most polymeric membranes.
In addition, the CVD species react in the chamber, and the
formed particulates then drop onto the surface of the porous
support, meaning that only the outer surface of the membrane is
modified. As the produced particulates cannot reach the deep
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Figure 26. (a) Grafting-to and (b) grafting-from approaches, (c) grafting-from approach with simultaneous cross-linking, (d) postmodification of
polymer brush film to produce a cross-linked film, (e) the CAP approach, (f-top) chemical structures of the macrocrosslinkers (XL1−XL3) and
monofunctional polymer precursor P1, (f-bottom) schematic of the CAP procedure in the presence of CuBr2/Me6TREN/Na-ascorbate/XLs to yield
the ultrathin films, and (g) cross-sectional SEM images of the PDMS initiator layer (g-left) and UFC3-4h (g-right). Panel a−e reproduced with
permission from ref 106. Copyright 2011Wiley. Panels f and g reproduced with permission from ref 256. Copyright 2016 Royal Society of Chemistry.
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