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A B S T R A C T

Mixed-matrix membranes (MMMs) for gas separations integrate inorganic fillers into a polymer matrix,
combining the cost-effective scalability of polymer membranes with the superior performance of expensive
inorganic ones. Over the past three decades, the development of MMMs has focused on addressing scientific
challenges such as filler agglomeration and poor interfacial interaction, which significantly impact the perfor-
mance and scalability. Despite breakthroughs in mitigating these issues, translating these achievements into
commercially viable solutions has been limited. This review reevaluates the developments, challenges, and
prospects of MMMs, emphasizing the engineering perspective in addressing the practical aspects of scale-up and
commercialization. It highlights, in particular, fabrication strategies and the importance of engineering ap-
proaches in realizing their commercial potential. Furthermore, it discusses the advantages, disadvantages,
scalability, and cost implications of both traditional and recent MMM processing methods, outlining the
benchmarks required for MMMs to be commercially viable on a large scale. This perspective encourages a shift
towards application-driven research to advance the development of MMMs that meet both performance and
commercialization criteria.

1. Introduction

Increasing attention is being directed towards membrane-based gas
separation as a compelling alternative to the current energy-intensive
and costly thermally-driven techniques such as distillation [1]. In
commercial applications, polymeric membranes have taken a leading
role in various gas separations, attributed to their low material costs and
ease processing (Fig. 1a). However, polymeric membranes face funda-
mental limitations in gas separation performance, notably a trade-off
between permeability and selectivity, which is crucial for separation
performance. Robeson [2] established the upper-bound performance
limits of polymer membranes by utilizing the Freeman theory, a

framework combining transition state theory for diffusion and thermo-
dynamics for solubility [3]. In addition, the chemical and thermal
robustness of these polymer membranes is concerning. These mem-
branes tend to undergo plasticization when exposed to high-pressure
conditions for condensable gases like CO2, CH4, C3H6, C3H8, among
others, which adversely affects their gas separation performance [4]. On
the other hand, inorganic membranes such as zeolite membranes have
undergone intensive study since they are chemically and thermally
robust and possess well-defined crystalline structures (Fig. 1b). Due to
their tailored molecular sieving properties, some inorganic membranes
exhibit exceptional separation performances, notably outperforming
polymer membranes and breaking through the traditional
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permeability-selectivity trade-off[5,6]. Nevertheless, the large-scale
fabrication of polycrystalline inorganic membranes is limited by their
high processing costs, which stem from the complexities in controlling
microstructures such as grain boundaries and their inherently fragile
mechanical properties [7]. To overcome the limitations of both poly-
meric and inorganic membranes, mixed-matrix membranes (MMMs),
which consist of inorganic fillers dispersed in a continuous polymer
matrix, have emerged as a potential breakthrough (Fig. 1c). By incor-
porating highly selective inorganic molecular sieve fillers into a
cost-effective and processable polymer matrix, MMMs aim to balance
ease of processing with enhanced gas separation performance, poten-
tially exceeding the upper-bound curves of polymer membranes.

Nonetheless, MMM-based gas separations face several challenges. A
critical aspect of MMM processing is the interface between the organic
phase and the inorganic filler. The hydrophilic nature of inorganic fillers
often leads to poor compatibility with hydrophobic polymers. Conse-
quently, a flawed ’sieve-in-a-cage’ morphology may form, acting as a
conduit for gas molecule transport [8]. Furthermore, strong inter-filler
interactions cause filler agglomeration, leading to mesoporous spaces
that allow gas molecules to bypass molecular sieves [9]. The issue of
agglomeration worsens when reducing the filler size, a step crucial for
creating ultra-thin MMMs. In response to these challenges, numerous
researchers have been endeavoring to enhance polymer/filler in-
teractions and filler distribution, aiming to develop scalable and
high-performing MMMs through scientific perspectives.

A considerable amount of review articles has highlighted the latest
advancements in MMMs for gas separation, offering insights mostly
from a scientific standpoint. Dong et al. [10] systematically outlined the
primary hurdles facing MMMs, emphasizing crucial scientific strategies
for overcoming them. They advocated for optimal pairing of polymers
and fillers to improve compatibility and enable potential upscaling.
Research into MMMs that incorporate a third component as a compa-
tibilizer has shown promising improvements in interfacial interactions
and separation performance, suggesting their viability for large-scale
production[11]. Bastani et al. [12] discussed the interfacial
morphology between zeolite and polymer in MMMs, modification
methods, and thoroughly evaluates the effects of parameters like zeolite
loading, pore size, and particle size on gas permeation tests. Addition-
ally, studies thoroughly examined MMMs with noble inorganic fillers,
which enhance polymer interactions and offer superior molecular
sieving capabilities. Gao et al. [13] reviewed advancements in MXe-
ne/polymer membranes, highlighting their properties and applications.
Kamble et al. [14] also highlighted the emerging class of inorganic
fillers, such as two-dimensional (2D) materials, which have garnered
significant attention in recent gas separation research. Guan et al. [15]
summarized modifications in zeolitic imidazolate framework (ZIF)--
based MMMs aimed at CO2 separation, while Lin et al. [16] delved into
the interfacial morphology between fillers and matrices in metal organic
framework (MOF)-based MMMs. Yu et al[17]. investigated advanced
characterization techniques to gain a deeper understanding of mem-
brane properties, with a particular emphasis on the MOF-polymer
interface as well. To meet industrial needs and overcome commerciali-
zation challenges, Goh et al.[18] summarized the latest exploration of
MOF-based MMMs designed for harsh operating conditions. Qin et al
[19]. introduced the structure and fabrication processes for ternary
MMMs in comparison to binary MMMs. They classified different

nanofillers and the third component and provided a detailed summary
and analysis of the CO2 separation performance of the newly developed
ternary MMMs. Not only were membrane materials discussed, but also
the gas transportation and separation mechanisms in MMMs were
extensively covered [20,21]. Moreover, mathematical modeling of
MMMs, emphasizing their interactions and interfacial structures,
revealed promising prospects and future directions for their application
in gas separation [22]. Kim et al. [23] promoted a prospective research
direction for MMMs utilizing high-aspect-ratio materials, supported by
performance predictions derived from mathematical modeling.

Despite promising advancements, to the best of our knowledge, there
have been no reported cases of commercialization and industrial
application of MMMs for gas separation, primarily due to complex en-
gineering challenges in current fabrication techniques [24]. Although
the scientific approaches have made strides in demonstrating the scal-
ability of MMM technologies for practical industrial use, a notable gap
persists between their theoretical potential and actual application. This
discrepancy has promoted a shift in our focus from a scientific stand-
point to engineering-driven perspectives, aimed at redefining the design
and optimization processes of MMM fabrication to bridge these gaps. In
this comprehensive review, we reassess the narrative surrounding the
progress, challenges, and prospects of MMMs in gas separation through
an engineering lens, with a particular emphasis on fabrication strategies.
We offer a concise overview of the evolution of MMMs, highlighting key
advancements that set the stage for an in-depth analysis of current
fabrication methods and their limitations. A detailed evaluation of
production costs and scalability provides insights into the potential
commercial pathways for MMM technologies. Concluding, we summa-
rize the separation performance of various gas pairs, a factor crucial for
the commercial adoption of MMMs, thereby presenting a holistic view of
the current and future landscape of the field.

2. Chronological progress of MMM

Understanding the chronological development of MMMs is crucial
for comprehending both the current state and future trajectories of
MMM research. Fig. 2 illustrates a timeline of landmark discoveries in
the field. The inception of MMMs for gas separation dates to 1912, when
Steinitzer first experimented with embedding minerals into a polymeric
rubber to assess CO2 sorption and permeation. This pioneering work laid
the groundwork for the exploration and advancement of MMM tech-
nologies[25]. Approximately five decades later, a significant advance-
ment was reported. In 1971, Christen et al. introduced the first MMMs
incorporating porous zeolite fillers, specifically mordenite, using poly-
dimethylsiloxane (PDMS) as the continuous polymer phase, for the
separation of O2/N2. This study represented a pivotal moment in the
evolution of MMM technologies, broadening their potential applications
and setting a new direction for future research [26]. Following this, in
1974, Kemp et al. contributed another significant landmark study by
demonstrating the molecular sieve effect of immobilized fillers within
silicon rubber/zeolite 5 A MMMs [27]. The researchers elucidated the
gas transport mechanism using the dual-mode model and refined the
transition-state and steady-state gas permeation theories. The term
’mixed-matrix membrane’ was first introduced by Kulprathipanja et al
[28]. in 1988 in their patent, which demonstrated enhanced O2/N2
separation efficiency using cellulose acetate (CA)/silicalite-1 MMMs.

Fig. 1. Illustration of different gas separation membranes.

Y. Hua et al. Journal of Environmental Chemical Engineering 12 (2024) 113753 

2 



They also underscored the versatility of MMMs, suggesting a variety of
polymers (i.e., polycarbonates (PC), polyamides (PA), polysulfone (PSf),
and cellulose acetate (CA)) and fillers including zeolites, silicalites,
activated carbons, and ion-exchange resins combinations to engineer
MMMs, opening a broad spectrum of potential applications for this
technology.

In 1991, the inherent limitations of polymeric membranes were
delineated, setting a course for enhancements in MMM separation ca-
pabilities [29]. This analysis was further expanded in 2008 to encom-
pass more advanced polymer membranes, such as thermally rearranged
(TR) polymers and polymers of intrinsic microporosity (PIMs), indi-
cating a continuous evolution in the understanding and development of
membrane technologies [30]. In the same year of 1991, while traditional
methods of fabricating MMMs by blending fillers with a PDMS polymer,
Jia et al. [31] introduced a revolutionary approach through the in-situ
polymerization of PDMS-based MMMs. This method, involving the
crosslinking of a cast film embedded with silicalite particles, marked a
leap in MMM fabrication by ensuring uniform filler distribution,
reducing interfacial voids, and improving the scalability of MMM pro-
cessing. In 1994, Duval and Mulder et al. [32] unveiled a method to
refine the interfacial structure of zeolite/glassy polymer MMMs using
silane coupling agents and a thermal annealing process, underscoring
the critical role of interfacial engineering in optimizing MMM perfor-
mance. By 1997, Bouma and Drioli et al [33]. applied the Maxwell
model, originally formulated for dielectrics, to predict the gas separation
efficiency of MMMs. This interdisciplinary application underscored the
versatility and potential of MMMs in gas separation, bridging concepts
from different scientific domains to enhance membrane technology. This
strong tool is widely accepted even in the current MMM community. In
2000, Mahajan and Koros [34] focused on the complex interactions
within the filler-solvent-polymer system. Utilizing this understanding,
they managed to achieve a high loading of 40 % in polyvinyl acetate
(PVAc)/zeolite 4 A MMMs without interfacial voids through a priming
protocol. The following year (2001), carbon molecular sieve (CMS)
containing MMM was firstly introduced by Corbin et al. [35] With
increasing attention to MMMs for gas separations, Ekiner et al[36].
prepared the first mixed-matrix hollow fiber membranes (MMHFMs)
using a dry/wet phase inversion approach in 2003. In 2004, there were
the foremost reports of MMMs incorporating two types of fillers
attracting considerable interest in the current MMM research. One is
MOF-based MMM by Yehia and Musselman et a. l[37] and the other is
2-dimensional layered porous material-based MMM by Jeong and Tsa-
patsis et al. [38] Efforts to enhance polymer-filler adhesion without
coupling agents led to the adoption of melt processing techniques in
2006 by Takahashi and Paul [39]. Following this, in 2007, Shu and
Koros et al. [40] introduced an alternative method to improve interfacial
adhesion in MMMs through Grignard treatment. This technique works
by increasing the external surface roughness of inorganic particles,
demonstrating the continuous drive towards overcoming interfacial
challenges in MMM fabrication.

Over the past decade, the field of MMMs has seen significant

advancements and innovations. A notable development was the intro-
duction of ZIFs, a subclass of MOFs, as fillers in MMMs. Specifically, ZIF-
8 and ZIF-90-based MMMs were reported by Musselman et al. [41] and
Jones et al.[42], respectively in 2010. These ZIF fillers, renowned for
their chemical and thermal stability [43], demonstrated effective mo-
lecular sieving capabilities for gas separation and exhibited strong
adhesion with the polymer matrix, a trait attributed to their organic
linkers. These initial reports ignited widespread interest in
ZIF-containing MMMs, a trend continues to this day. In the same year,
the first PIM-based MMM was developed by Ahn and Guiver et al. [44]
The high permeability of PIMs has been extensively harnessed, com-
bined with various molecular sieve materials to enhance performance.
The year 2011 was marked by another significant achievement when Yu
and Wang et al. [45] demonstrated the feasibility of preparing MMMs
with sub-micron thickness prepared via interfacial polymerization for
gas separation, thereby expanding the application spectrum of MMMs.
In 2013, Seoane and Coronas et al[46]. introduced a novel strategy to
fabricate MMM of the one-pot in-situ growth of MOF filler in a polymer
solution. By 2015, the MMM containing 2D graphene was firstly re-
ported by Li and Wu[47], positioning graphene as a next-generation
material for MMMs, as highlighted in many review articles [48–53].
Following closely, in 2016, Kang and Zhao [54] reported MMMs con-
taining covalent organic frameworks (COFs), another promising 2D
porous material, thus further diversifying the array of fillers available
for cutting-edge gas separation technologies.

Recent advances in MMMs have significantly improved gas separa-
tion efficiency through various innovative strategies, focusing on unique
material features and design optimizations. Xu et al. [55] developed an
ultra-microporous MOF, Cd-MOFs (JLU-MOF87, 88, and 89) with
triangular channels, achieving high-efficiency C2H2/C2H4 separation
through a mixed-ligand strategy with different-sized ligands, enhancing
C2H2 permeability and selectivity in MMMs. Building on MOF potential,
Eddaoudi and his co-workers [56] introduced the fluorinated MOF
AlFFIVE-1-Ni, tailored into nanosheets and aligned to form a
[001]-oriented membrane, demonstrating exceptional hydrogen sulfide
and carbon dioxide separation from natural gas, highlighting structural
alignment’s effectiveness. Chung’s group [57], focusing on preventing
discrete nanofiller phases with soluble organic macrocyclic cavitands
(OMCs), achieved outstanding high-temperature H2/CO2 separation,
emphasizing phase homogeneity’s importance. Tan et al. [58] leveraged
high-loading nanofillers by integrating CO2-philic Na-SSZ-39 zeolite
with polyimide, achieving a remarkable CO2/CH4 selectivity of 423 and
CO2 permeability of 8300 Barrer through ultrahigh zeolite loadings and
a gas-percolation pathway, showcasing high aspect ratio fillers’ poten-
tial. Similarly, Hu et al. [59] demonstrated the critical role of nanofiller
shape in MMMs by using branched palladium (Pd) nanorods (NRs) in
polybenzimidazole, significantly reducing loading requirements while
enhancing H2/CO2 separation. Pd NRs in polybenzimidazole (PBI) at
3.9 vol% achieved 110 Barrer H2 permeability and 31 H2/CO2 selec-
tivity at 200◦C, surpassing Robeson’s upper bound. These advancements
underscore the importance of material design, alignment/distribution,

Fig. 2. Timeline of MMM developments.
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and shape optimization of fillers in enhancing MMM performance in gas
separation applications.

3. Type of MMMs

It is essential to optimize gas separation membranes for commercial
use. At the core of this optimization is the membrane module, the
fundamental unit where individual membranes (either flat sheets or
hollow fibers) are assembled for large scale practical applications. The
efficiency of gas separation significantly depends on the type of mem-
brane module employed. In general, there are two categories of mem-
branes: flat sheet and tubular-type membranes. Flat sheet MMMs can be
configured into plate-frame module MMMs (PF-MMMs) and spiral-
wound module MMMs (SW-MMMs), as depicted in Fig. 3a. On the
other hand, mixed-matrix hollow fiber membranes (MMHFMs) exem-
plify tubular-type MMMs, with their modular counterpart being hollow-
fiber module MMMs (HF-MMMs), illustrated in Fig. 3b. From an engi-
neering perspective, the commercial viability of MMM modules hinges
on several factors, including the cost of module fabrication and main-
tenance, packing density, surface-area-to-volume ratio, and application
scope. The advantages and disadvantages associated with different types
of membrane modules have been comprehensively reviewed by Muba-
shir and Fong et al. [60], offering valuable insights for the development
of commercial MMM products as outlined in Table 1.

3.1. Flat sheet MMMs: PF-MMMs and SW-MMMs

PF-MMMs have been favored for decades due to their straightfor-
ward fabrication processes, low pressure drops and energy-efficient
operation [60]. Various fillers have been incorporated into different
polymeric matrix to form PF-MMMs for diverse gas separation system.
Examples include carbon nanotubes/polyimide (PI) for CO2/CH4 [61],
ZIF-8/PEBAX for CO2/N2 [62], organoclay/ polysulfone (PSF) for O2/N2
[63], ZIF-8/6FDA-DAM for C3H6/C3H8 [64] and so on [65–67]. These
inorganic fillers improved the properties and gas separation perfor-
mance. For instance, asymmetric PF-MMMs with a low loading of
nano-sized ZIF-8 (up to 1 wt%) fillers in PSf were fabricated by a
dry/wet phase inversion approach [68]. Compared to the neat poly-
meric membrane, these PF-MMMs showed enhanced CO2 permeability
and CO2/CH4 selectivity [68]. At a 0.5 wt% ZIF-8 filler loading, CO2
permeability increased by 37 % (from 21.27 GPU to 29.22 GPU) and
CO2/CH4 selectivity enhanced by 19 % (from 19.43 to 23.16) [68].
Additionally, significant improvements in thermal and mechanical sta-
bility were observed even at a 0.25 wt% ZIF-8 loading [68].

SW-MMMs consist of two flat sheet MMMs separated by a spacer,
with a central hollow for collecting permeated gas molecules. Compared
to PF-MMMs, SW-MMMs exhibit higher packing density, increased
pressure drops, lower cost per membrane area, and greater surface area
relative to volume (see Table 1). Despite these advantages, both SW-
MMMs and PF-MMMs require substantial operation spec. A notable
drawback of SW-MMMs is their difficulty in cleaning, indicating that
their maintenance could be challenging.

3.2. Tubular-type MMMs: HF-MMMs

HF-MMMs are distinguished by their highest packing density and
most advantageous surface-area-to-volume ratio, along with the lowest
production costs per membrane area among their counterparts, PF-

MMMs and SW-MMMs. These characteristics make HF-MMMs particu-
larly attractive for commercial applications in the realm of MMM
modules. However, despite these significant advantages, HF-MMMs
often have a relatively low pressure tolerance and pose more chal-
lenges in terms of repairs compared to other MMM modules [60]. The
manufacturing processes for hollow fiber membranes are also more
complex and demanding than those for flat sheet membranes due to
their unique geometrical characteristics. Several laboratory-scale
studies have underscored the potential for superior gas separation per-
formance in HF-MMMs. Zahri at al. [69] reported HF-MMMs containing
graphene oxide and PSf for CO2 separation. With just a 0.25 % graphene
oxide (GO) loading, the CO2 permeability of HF-MMMs reached 74.47
GPU and the CO2/N2 selectivity was 44.4, representing 14 % and 158 %
enhancements, respectively. Similarly, Liu et al[70]. embedded
Y-fum-fcu-MOF into 6FDA-DAM to fabricate HF-MMMs for the removal
of CO2 and H2S from natural gas. Uniformly thin (~300 nm) and
defect-free membranes, incorporating nanosized (~60 nm) ZIF-8 fillers
within a PBI matrix, were developed by Etxeberria-Benavides et al. [71]
to effectively treat pre-combustion and syngas streams under high
temperature (150 ◦C) and pressure (up to 30 bar) conditions. Pazani
et al. [72] presented a thorough and up-to-date overview of the ad-
vancements in mixed matrix hollow fiber composite membranes
(MM-HFCMs) for practical CO2 separation applications. Despite the
promising results, the predominant form of reported MMMs has been
flat sheet rather than hollow fiber. This is likely due to the challenges
associated with managing skin layer imperfections and the polymer/-
filler microstructures in MMHFMs using conventional MMM fabrication
techniques [49,73,74].

4. MMM fabrication strategies

4.1. Solution processing

Solution processing is the most traditional and widely employed
method for fabricating MMMs through blending, favored for its
simplicity. This method primarily used to create flat sheet membranes
on a laboratory scale, with relatively few applications to MMHFs. The
typical steps in solution processing involve (1) preparing a polymer/
filler dope solution through blending, (2) casting the solution into the
desired size and thickness, (3) solidifying the MMM through solvent
evaporation, and (4) thoroughly drying the resulting film [16,75].

Fig. 4 illustrates three common methods for preparing filler-
suspended mixed-matrix dope solutions. The first approach involves
mixing fillers into a polymer solution, which is prepared by fully dis-
solving a polymer in a suitable solvent (Fig. 4a). An alternative method
involves dispersing inorganic fillers uniformly in a solvent, followed by
dissolving a polymer in the prepared filler suspension (Fig. 4b). A third
approach separatly prepares a polymer solution and a filler suspension,
which are subsequently mixed (route c, Fig. 4c). Selecting the appro-
priate solvent is crucial for the successful fabrication of MMMs,
considering factors such as the polymer’s solubility, the solvent’s vola-
tility, boiling point, and its interaction with fillers. The solvent’s inter-
action with fillers is, in particular, important, as highlighted by Koros

Fig. 3. Illustration of SW-MMM (a) and HF-MMM (b).

Table 1
Comparison of different membrane modules for gas separation [60]. Copyright
2018, Wiley.

Property Membrane geometry

PF-MMM SW-MMM HF-MMM

Manufacturing cost (USD m−2) 100–200 30–100 5–20
Packing density Low Low High
Pressure drop Low High Low
Suitability for high pressure Yes Yes Yes
Surface area per unit volume Low High High
Space required Large Large Small
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et al. based on the three-component interaction theory, playing a vital
role in the development of effective MMMs [34,76]. Proper solvent-filler
interaction is key to preventing filler agglomeration and sedimentation,
while also enhancing adhesion between fillers and the polymer matrix
[76,77]. A priming protocol based on the three-component interaction
theory was developed to improve the wettability of fillers by the poly-
mer solution, involving the dissolution of a portion of the polymer in a
filler suspension[34]. Furthermore, achieving a uniform dispersion of
fillers within the suspension may require external forces, such as high
shear mixing or ultrasonication. However, overly aggressive homoge-
nization can lead to break down fillers or trigger Ostwald ripening [78].
Consequently, it is important to apply appropriate techniques for
dispersing fillers to ensure optimal results.

The thickness and uniformity of MMMs produced through solution
processing can vary widely from several micrometers to a few nano-
meters, influenced by the chosen casting method and its specific pa-
rameters. Four prominent methods for casting MMMs are solution-
casting, knife-casting, spin-coating, and dip-coating. These techniques
are outlined and compared in Table 2, demonstrating the array of ap-
proaches available for fabricating MMMs. It is notable that the methods
employed for casting MMMs closely resemble those for polymer mem-
branes, indicating consistency in fabrication techniques across different
membrane types. Detailed descriptions of each casting method can be

found in previous review papers focused on polymer membranes[79].
Solution-casting, also known as drop-casting, is particularly favored

for its traditional and straightforward approach within the realm of
solution processing, as illustrated in Fig. 4d. Its widespread use is
attributed to its simplicity and effectiveness in fabricating membranes
[32,80]. The solution-casting method involves (1) depositing a
mixed-matrix dope solution onto a casting mold, such as a ring or plate;
(2) evenly spreading the solution across the mold; (3) allowing the
solvent to evaporate, resulting in solidified MMMs. Diluting the dope
solution with solvent is beneficial for reducing viscosity and ensuring
smooth spreading, although it may prolong solvent evaporation and
potentially lead to filler sedimentation. When solution-casting on a
porous substrate, a very thin gutter layer may be necessary to prevent
the diluted dope solution from penetrating the porous layer. The
thickness of MMM can be adjusted by varying the solution concentration
([polymer + filler]/[polymer + filler + solvent]), the mold dimensions,
and the solvent density. Achieving an ultra-thin (<1 μm) and defect-free
uniform thickness, however, remains challenging with this technique.

Conversely, knife-casting (also known as doctor blade or tape-
casting) enables the achievement of more consistent thicknesses
through the mechanical action of the dope solution being pushed
through the gap between a substrate and a casting knife, as shown in
Fig. 4e. To produce even thinner and more uniform MMMs, spin-coating
serves as an alternative. This method distributes the dope solution across
the substrate using centrifugal force generated by spinning the substrate,
as depicted in Fig. 4f. The spinning rate and the concentration of the
dope solution are critical factors in determining the final thickness of
MMMs [81]. An additional benefit of spin coating, compared to other
methods, is its efficiency in time-saving, as solvent evaporation takes
place concurrently with the spinning action. Despite the simplicity and
cost-effectiveness of solution processing techniques, they are generally
batch processes, which may limit the ability to rapidly produce MMMs
on a large scale. Knife-casting as well as spin-coating techniques can be

Fig. 4. Illustration of different routes for mixed-matrix dope solution preparations (a-c); illustration of MMM fabrication methods using solution processing (d-g).

Table 2
Comparisons of different casting techniques.

Casting
method

Thickness Uniformity Time Simplicity Continuity

Solution-
casting

Moderate Low Slow Very high Low

Knife-casting Moderate High Moderate Very High Moderate
Spin-coating Very thin High Fast High Low
Dip-coating Thin Moderate Fast High High
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adapted to produce PF- and SW-MMMs.
On the other hand, dip-coating (illustrated in Fig. 4g) stands out as

one of the few methods that allows for continuous fabrication of
MMHFMs within the solution-based processing approaches. However, it
is noteworthy that the majority of studies employing dip-coating for
MMM production have focused on flat sheet membranes, rather than
hollow fibers [82]. A more in-depth exploration of how MMHFMs
benefit from dip-coating is covered in Section 5 & 6. To regulate the
thickness of MMMs during the dip-coating process, factors such as the
rate of immersion and withdrawing, dwelling time, and the number of
cycles need to be considered [83]. Besides, there are less common
methodologies involving solution processing such as spray coating [84]
and slot die coating [85].

Furthermore, solvent evaporation significantly impacts the forma-
tion of uniform and defect-free MMMs during solution processing. Rapid
solvent evaporation can lead to wrinkling, surface unevenness, and
pinholes[86]. Other factors such as humidity, atmospheric conditions,
and temperature also play a considerable role in the solidification of
polymers. Given these, control of the rate of solvent evaporation is
crucial in the fabrication of MMMs. Solvents can be classified into two
main categories based on their volatility. For example, dichloromethane
(DCM), chloroform, acetone, and tetrahydrofuran (THF) are commonly
used volatile solvents, while N,N-dimethylacetamide (DMAc), N,N-
Dimethylformamide (DMF), and 1-Methyl-2-pyrrolidone (NMP) are the
common non-volatile solvents for MMM fabrication [87]. Casting dope
solutions in a solvent-saturated chamber is an effective way to slow
down the evaporation rates of volatile solvents and to maintain low
humidity [88]. For the non-volatile solvents, MMMs have been suc-
cessfully fabricated under heating and/or vacuum conditions with a
gradual increase in temperature [89].

4.2. Melt processing

Compared to solution processing, melt processing offers several ad-
vantages: it is faster, more conducive to continuous, and notably more
economical and environmentally friendly. This is because of the absence
of toxic organic solvent during the process, eliminating the need for
solvent recycling. Melt processing for fabricating MMMs involves four
steps: (1) Solid polymers are melt into liquids by increasing temperature.
(2) The molten polymer is blended with fillers using extruder, internal
mixer, or two-roll mill under either gravity or external pressure. (3) The
molten polymer containing homogeneously dispersed fillers is cast into
molds of desired shapes. (4) The cast liquid is solidified into MMMs by
cooling [90]. Micropores in membranes produced by melt processing
can be generated by cold-stretching [91,92] and salt-leaching [93].

Although there have been relatively few studies on using melt pro-
cessing for gas separations, some research highlights its potential. Raz-
zaz et al. [94] incorporated nano-sized zeolite 5 A into linear
low-density polyethylene (LLDPE)/low-density polyethylene (LDPE)
blend to form MMHFMs through continuous melt extrusions using a
twin-screw extruder coupled with a calendaring system (Fig. 5). With up
to 20 wt% zeolite 5 A, the gas separation performance of these MMHFMs
was enhanced compared to that of neat polymer membranes. Similarly,
Covarrubias et al. [95] demonstrated the significantly increase in gas
separation performances of polyethylene (PE)/porous layered alumi-
nophosphate (ALPO) MMMs prepared by melt compounding. The ALPO
swollen by cetyltrimethylammonium (CTA) formed the intercalated
structure, resulting in an effective gas transport pathway and reduced PE
crystal sizes. However, Kathuria et al. [96] pointed out the limitations of
melt compounding for MMM fabrication. For the case of poly(L-lactic
acid) (PLLA)/water saturated HKUST-1 MMMs, the crystal structure of
HKUST-1 fillers was changed and the PLLA polymer degraded by the
high temperature upon the melt processing. Likewise, the chemical
modification of graphene incorporated in MMMs was damaged during
melt processing [97]. Furthermore, melt processing is limited to
semi-crystalline thermoplastic polymer-based MMMs. Since the crys-
talline phase of these polymers is mostly impermeable to gas molecules,
MMMs prepared by melt processing are suitable for gas barriers rather
than gas separations [98].

For developing MMMs for gas barriers by melt processing, a variety
of non-porous fillers including clay [99,100], silica [101], graphene
[102–105], and layered silicate [106,107] have been incorporated into
semi-crystalline polymers. Especially, fillers with 2D sheet-like
morphology remarkably increase the tortuosity of the gas molecule
diffusion pathway due to their high aspect-ratio, effectively improving
the gas barrier properties of MMMs [99,100,102–104,107]. As such, the
distribution of these fillers, whether through exfoliation or intercalation,
is of critical importance for improving gas barrier efficiency. Adak et al.
[99] prepared polyurethane/nanoclay MMMs as gas barriers through
melt extrusion, comparing direct mixing to master-batch mixing where
nanoclays are pre-dispersed in a solvent. The master-batch mixing,
which allowed for the exfoliation of nanoclays, showed ca. 30 %
improvement in gas barrier properties due to increased tortuosity in the
gas diffusion pathway. Consequently, to avoid filler agglomeration, the
optimal filler loading of in MMMs is typically less than 5 wt% [99,100,
104,108].

4.3. Phase inversion

For the commercial applications of gas separation membranes, it is of

Fig. 5. Schematic representation of the extrusion set-up to produce hollow fiber mixed matrix foamed membranes [94]. Copyright 2018, Multidisciplinary Digital
Publishing Institute.
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critical importance to achieve a dense selective skin layer in the scale of
a few hindered nanometers without defects for high productivity. The
thin skin layer should be supported by a relatively thick porous support
layer (i.e., > ~ 100 μm) to withstand the transmembrane pressure, the
driving force of gas transfer across membranes, while minimizing mass
transport resistances. As such, an asymmetric structure is preferred for
commercial gas separation membranes. The phase inversion process is
an effective means to form asymmetric structures in polymeric mate-
rials. It is, therefore, widely used for commercial polymeric membrane
fabrications. This technique has also been applied to MMMs, resulting in
diverse asymmetric MMMs.

The key of the phase inversion process lies in selecting appropriate
polymer/solvent/non-solvent system, which can be detailed by a
ternary phase diagram [109]. The process involves immersing a cast or
spun dope solution into a non-solvent coagulation bath, where it solid-
ifies into a membrane via liquid (solvent)-liquid (non-solvent) demixing
process. The morphologies of membranes are determined by ratios and
rates of demixing process. A sponge-like membrane morphology is
formed when the demxing rate is slow by the low miscibility of solvent
with the non-solvent. Otherwise, a finger-like morphology shows up. In
the context of MMMs, the demixing process can be influenced by
dispersed fillers in the dope solutions. For instance, the hydrophilic
HSSZ-13 zeolite dispersed in a mixed-matrix dope solution enables to
locally accelerate demixing rates with water, leading to low polymer
concentrations around the zeolite and the formation of interfacial voids
[110].

There are several challenges of commercially available MMM fabri-
cations using phase inversion. The presence of fillers in the dope solution
can generate defects in membrane skin layers, not only through pinholes
but also via polymer/filler interfacial voids and filler agglomerations.
Considering the manufacturing costs, the support layer could be made
from an inexpensive polymer with fillers only present in the skin layer,
leading to MMHFMs typically having a dual-layer asymmetric structure.
This structure comprises a mixed-matrix shell with a thin skin layer and
a core of a porous support layer made from economical polymer [111].
However, achieving a defect-free skin layer is more challenging in a
dual-layer spinning process compared to single-layer spinning due to
different phase inversion conditions for shell and core layers. Further-
more, high filler loadings in MMMs are constrained by processing fac-
tors; for MMHFMs, high filler contents can increase the viscosity and
decrease the elasticity of the mixed-matrix dope solution, adversely
affecting its spinnability[111].

4.3.1. Wet spinning
In the wet spinning process, the outer layer of asymmetric MMHFMs

solidifies immediately upon contact with the coagulant bath without air
gap (Fig. 6a). Increasing the air gap can lead more defects due to greater
elongation and gravitational stress [112]. A dual-layer polyethersulfone
(PES)/P84 asymmetric MMHFMs containing PES–zeolite beta was
fabricated through the wet spinning process [113]. The outer layer of
the MMHFMs exhibited fewer defects compared to MMHFMs spun with
a 1.5 cm air gap. The presence of PES–zeolite beta positively influenced
both pure and mixed gas separation tests.

4.3.2. Dry-wet spinning
The dry-wet spinning involves nascent filaments passing through an

air gap, during which solvent evaporation and partial phase inversion
occur at the interfaces of air/outer dope and inner dope/bore fluid,
respectively (Fig. 6b). A larger air gap results in a longer exposure to air,
leading to a thicker dense layer. To explore the influence of incorpora-
tion of inorganic particles into the phase inversion process, asymmetric
MMHFMs based on MIL-53 were fabricated by dry-wet spinning process
[114]. TheMMHFMs showed that MIL-53, when grouped with EtOH as a
non-solvent, significantly affected the phase inversion process. With
5 wt% MIL-53 loading, the MMHFM demonstrated enhanced gas sepa-
ration performance with CO2 and O2 permeability increasing by 129 %
and 138 %, respectively, compared to a neat Ultem hollow fiber mem-
brane, while the selectivity of O2/N2 and CO2/CH4 remained
unchanged.

4.4. In-situ approach

Recently, in-situ bottom-up approaches have garnered significant
interest from MMM researchers as promising strategies to overcome
MMM challenges (i.e., polymer/filler adhesion and filler dispersion).
Their flexibility and scalability provide great potential for the devel-
opment of advanced MMMs for gas separations. The in-situ approach is
primarily divided into in-situ polymerization and in-situ filler formation
[115]. In in-situ polymerization methods, polymer precursors (i.e.,
monomers, oligomers, solvent, and/or additives including crosslinker or
polymerization initiator) are blended with filler particles and then
sequent polymerization occurs via in-situ manner. This process encom-
passes in-situ crosslinking, post-synthetic polymerization, and interfa-
cial polymerization. In contrast, in-situ filler formation methods involve
growing filler crystals either within the cast dope solutions or inside the
solidified polymer membranes.

4.4.1. In-situ polymerization

4.4.1.1. In-situ crosslinking. Despite the recent attention on in-situ
polymerization, conventional in-situ crosslinking-based MMM fabrica-
tions has been used since the early 1990s [116,117]. One of the primary
applications of in-situ crosslinking was blending silicone rubber pre-
cursors with silicalite-1 zeolite fillers followed by in-situ crosslinking
upon film formation [31]. Taking the advantages of the in-situ poly-
merization approach and the flexibility of polymer chains, the filler
loading was reached up to 70 wt% without defects. The as-synthesized
MMMs showed improved permeability for He, H2, CO2, and O2 along
with selectivity from 2.14 and 11.6–2.92 and 17.1 for O2/N2 and
CO2/N2 separations, respectively. In a more recent MMM, Ma et al.
[117] prepared poly(PEGMA-co-PEGDMA)/UiO-66 type MOFMMMs by
in-situ crosslinking PEG containing monomers, poly(ethylene glycol)
methacrylate (PEGMA) and poly-(ethylene glycol) dimethacrylate
(PEGDMA) (Fig. 7a). The CO2/CH4 separation performance of the
membranes was enhanced by incorporating filler loading up to 35 wt%.

4.4.1.2. Interfacial polymerization. Interfacial polymerization (IP)
emerges as a promising fabrication strategy to commercialize MMMs. IP
is utilized to rapidly synthesize an ultrathin polymer layer at the inter-
face between two separated phases (i.e., aqueous and organic phase)
[119]. This technique gives rise to thin film composite (TFC) membranes
(i.e., polymer membranes) and allows for preparing thin film nano-
composite (TFN) membranes (i.e., MMMs) by incorporating fillers dur-
ing the IP process. Generally, these membranes are characterized by
their ultrathin nature with thicknesses of a few hundred nanometers on
porous substrates [120]. Although highly scalable, currently, its appli-
cations has predominantly been in liquid separations rather than gas
separations. This is likely due to the defects on the ultrathin layers
[120]. Nonetheless, there have been a few reports claiming that TFNs

Fig. 6. Illustration of hollow fiber membrane fabrication by wet-spinning (a)
and dry-wet spinning (b).
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were used as gas separation membranes [45,118,121–123].
The control of pinhole formation during IP with filler incorporation

is of critical importance for the utilization of TFNs as gas separation
membranes. Wong and Goh et al[122]. developed a TFN using
PEO-based polyamide with carbon nanotube (CNT) fillers functionalized
with PMMA for CO2 separations. The PMMA grafting enhanced the
dispersion and adhesion of CNT fillers, albeit with some sacrifice in gas
selectivity due to uncovered polyamide areas. On the other hand, the
polyamide/carbide-derived-carbon (CDC) TFNs prepared by IP for gas
separation were reported by Awad and Aljundi [123]. Forming the
layer-by-layer structure of polyamide film by multi-cycle of IP, the
CO2/CH4 selectivity of polyamide/CDC TFNs increased from ~20 to
~24 resulting from the sealing of pinholes. However, as a consequence,
the increase in membrane thickness compromised the CO2 permeance
by ~ 43 %.

Besides from the carbon-based TFN studies, TFNs combining ZIF-
based fillers have been developed, contributing to the integrity of
polyamide layers. Sánchez-Laínez and Coronas et al[118]. demonstrated
the effectiveness of TFNs by IP for gas separations using ZIF-8 as a filler.
The synthesized TFN had a thickness ranging from 50 to 100 nm and it
contained ZIF-8 particles of 30 nm in size with filler loadings of 0.2 ~
0.8 % w/v (Fig. 7b-f). It was pointed out that the amount of ZIF-8
required to fabricate TFNs by using IP was substantially lower than
that of MMMs using other fabrication strategies. The TFN showed

increased H2/CO2 selectivity and decreased H2 permeance relative to
those of the TFC, affirming the integrity of polyamide layer in the TFN.
Nevertheless, due to the filler agglomeration, the optimal ZIF-8 loading
was relatively small (i.e., 0.4 w/v). To enhance the compatibility and
dispersion of fillers, Yu and Liu et al. [121] prepared TFNs via IP using
amine-functionalized ZIF-8 fillers. The amine-functional groups on ZIF-8
fillers formed covalent bonds and hydrogen bonds with the organic
phase monomers and the aqueous phase monomers, respectively. As a
result, the optimal filler loading of TFN was ~ 1.0 w/v, showing 228 %
and 106 % increase in CO2 permeance and CO2/N2 selectivity, respec-
tively, in comparison with that of the corresponding TFC.

4.4.1.3. Post-synthetic polymerization. The post-synthetic polymeriza-
tion (PSP), also known as the grafting-from approach, represents an in-
situ polymerization technique from a solid surface [79], resembling
in-situ crosslinking as both methods employ in-situ polymerization by
crosslinking small molecules blended with fillers. However, PSP differs
from in-situ crosslinking through the functionalization of filler surfaces
with polymerizable functional groups that form strong covalent bonds
with oligomers [115]. The functionalization allows for the copolymer-
ization of monomers and fillers. Due to the interconnection of oligomer
and filler by chemical bonds, the MMMs fabricated by PSP displayed
significantly enhanced particle dispersion and adhesion between the
polymer and fillers compared to that of in-situ crosslinking [124–126].

Fig. 7. Schematic Illustration of the synthetic approach for the preparation of MMM-based on cross-linked poly[(ethylene glycol) methacrylate] and MOF (a)[117].
Copyright 2018, American Chemical Society. SEM characterization of TFCs & TFNs prepared on polyimide P84® support. (b) Image of the cross-section of a TFC with
an inset at higher magnification. (c) Image of the surface of the TFC with a zoom as inset. (d) EDX analysis of a TFN containing a 0.8 % w/v of ZIF-8. Schematic
representations of (e) ZIF-8 and (f) the TFN membrane[118]. Copyright 2018, Wiley.
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A novel strategy to fabricate MMMs with covalently linked fillers and
polymers by photoinduced PSP was demonstrated by Feng and Wang
et al. [127]. Initially, UiO-66-NH2 fillers were functionalized with vinyl
groups (Fig. 8a). The subsequent in-situ copolymerization of vinyl
functionalized UiO-66-NH2 fillers and butyl methacrylate monomers
was performed under UV irradiation (Fig. 8a). This approach resulted in
the formation of crack-free MMMs with uniform filler distribution.
Similarly, Molavi and Shojaei et al.[124] employed vinyl functionalized
UiO-66 induced in-situ copolymerization, achieving a high degree of
grafting between poly methyl methacrylate (PMMA) and UiO-66. The
high degree of grafting provided stronger interfacial adhesion and more
uniform filler distribution, resulting in MMMs with superior selectivity.

Applying PSP to glassy polymers with high fractional free volumes is
particularly intriguing for achieving high gas separation performances
with the improved MMM microstructure. Cadmium (Cd)-based MOF
fillers synthesized from hexafluoroispropylidene diphthalic anhydride
(6FDA) as an organic ligand, were introduced to the in-situ copoly-
merization of 6FDA and oxydianiline (ODA) monomers, producing
grafted 6FDA-ODA/Cd-6FDA MMMs (Fig. 8b) [125]. The covalent
bonds formed between the COO- group of Cd-6FDA filler surface and the
NH2 group of ODA monomer significantly enhanced the polymer/filler
interface. As such, the MMMs showed exhibited 4 times higher CO2/N2
and CO2/CH4 selectivity than those of other MMMs by blending. In
addition, Tien-Binh and Kaliaguine et al. [126] utilized PSP to graft
UiO-66-NH2 fillers with a PIM-1 monomer (i.e.,
trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]
malononitrile (DCTB)), fabricating UiO-66 grafted PIM-1 MMMs. This
approach significantly enhanced the CO2 separation performance ~
250 % and revealed the considerably intensified anti-aging effects in

comparison to MMMs prepared by conventional blending methods.
Recently, the attention to ionic liquid (IL) has been grown due to the

non-volatility, favorable solubility for various molecules, and high
sorption capacity for polar vapor/gas molecules such as H2O and
CO2[128]. Yao and Dong et al[129]. adopted IL as a polymerizable
grafting agent between UiO-66 and polyurethane oligomer to synthesis
MMMs via PSP (Fig. 8c). The IL-modified UiO-66 formed covalent bonds
with the isocyanate terminal groups of polyurethane oligomers. The
filler loading of 50 wt% in the grafted MMMs enabled CO2 permeance
increased by 600 % and CO2/N2 separation factor ~ 500 %.

4.4.2. In-situ filler formation

4.4.2.1. In solution. One of the initial attempts to fabricating MMMs
with in-situ filler formation involved the sol-gel synthesis of silica from
precursors such as tetraethyl orthosilicate (TEOS)) within a polymer
solution [130]. Subsequently, Seoane and Coronas et al. [46] fabricated
MOF-basedMMMs by using the in-situ formation of MIL-68 (Al) fillers in
a PSf solution. This approach entailed a novel synthesis method of
MIL-68 (Al) in THF solvent, which also served as a solvent for PSf. The
loading of MOF fillers in the resulting MMMs was estimated by the yield
of MIL-68 (Al) particle under identical synthesis conditions. The in-situ
formation of MIL-68 (Al) effectively mitigated particle agglomeration,
achieving uniformly distributed fillers within the polymer at the filler
loading of 8 wt%. The even distribution of fillers coupled with enhanced
polymer/filler interactions led to enhanced H2/CH4 and CO2/CH4 se-
lectivities with increased filler loading. In contrast, PSf/MIL-68 (Al)
MMMs prepared by conventional blending methods exhibited severe
particle agglomeration, resulting in a decrease in the gas selectivity

Fig. 8. (a) Post-synthetic modification of UiO-66-NH2 with methacrylic anhydride and subsequent polymerization with butyl methacrylate by irradiation with UV
light[127]. Copyright 2015, Wiley. (b) Diagram of designed interaction between Cd-6FDA and 6FDA-ODA in the grafted MMM[125]. Copyright 2014, American
Chemical Society. (c) Chemically cross-linked membrane-based on UiO-66-IL-ClO4 nanoparticles and the polyurethane oligomer[129]. Copyright 2017, American
Chemical Society.

Y. Hua et al. Journal of Environmental Chemical Engineering 12 (2024) 113753 

9 



compared to that of the neat polymer membranes.
Differing from the Seoane and Coronas et al.’s work [46], which

involved in-situ filler formation in the bulk polymer solution before film
casting, recently, Matrimid®/UiO-66 MMMs were prepared by in-situ
filler formation in the cast polymer solution (Fig. 9a) [131]. This
direct fabrication strategy provided simultaneous synthesis of UiO-66
and film formation using a dope solution prepared through dissolving
a polymer in the MOF precursor solution. It is important to note that the
one-step approach significantly simplified the MMM preparation pro-
cess, offering advantages for large-scale MMM production. The resulting
MMMs showed improved interfacial interaction and filler distribution
compared to those produced by conventional blending at the lower filler
loading of ~ 2 wt%. Unfortunately, at the higher filler loading (i.e., ~
11 wt%), severe particle agglomeration became inevitable, leading to
diminished CO2/N2 selectivity for MMMs prepared via in-situ filler
formation beyond a 6 wt% filler loading, compared to MMMs prepared
by blending.

He et al. [132] achieved high filler loading by in-situ growth ZIF-8
particles within PIM-1, inspired by the formation process of nodules in
rhizobia for mutual symbiosis (Fig. 9b). By employing a CHCl3/water
mix, they generated evenly distributed small ZIF-8 crystals (approxi-
mately 100 nm) within the highly permeable PIM-1 matrix, facilitating
MOF loadings up to an impressive 67.2 wt%. Importantly, the interac-
tion between the CN group in PIM-1 and the NH group in ZIF-8 ensured
enhanced interfacial compatibility, effectively preventing the formation
of nonselective flaws, even at high MOF concentrations. The resulting
membrane exhibited remarkable CO2 permeability (6338 barrer) while
maintaining sufficient selectivity for energy-efficient carbon capture
(the selectivity of CO2/N2 is 24.4 and that of CO2/CH4 is 18.8).

Li et al. [133] introduced a confined swelling coupled with

solvent-controlled crystallization method produce defect-free MMMs
enriched with MOF nanocrystals (Fig. 9c). Utilizing NH3⋅H2O and
MeOH, they rapidly produce high-quality, large, and uniform ZIF-8
nanocrystals within an expanded PEO matrix in situ. This approach
not only addresses the issue of pore blockage but also promotes the close
arrangement of ZIF-8 nanocrystals. Consequently, the developed
MMMs, enriched with ZIF-8 nanocrystals beyond a critical threshold,
enhance the pathway for CO2 mass transfer. Furthermore, the specific
chelating interaction between ZIF-8 and PEO significantly enhanced
CO2/N2 selectivity. The optimized ZIF-8/PEOmembrane demonstrates a
CO2 permeability of 2490 Barrer and a CO2/N2 selectivity of 37, sur-
passing most PEO-based MMMs.

Jeong’s group[134] has recently developed a novel in-situ MMM
fabrication technique, termed phase-inversion in sync with MOF for-
mation (PIMOF), effectively addressing commercialization challenges
for MMMs. This method enabled the in-situ formation of ZIF-8 filler
particles within the top polymer layers through the simultaneous
phase-inversion of the polymer membrane and the nucleation and
growth of ZIF-8 through counter-diffusion of zinc ions and 2-methylimi-
dazole ligands in a dope solution and a quench bath, respectively
(Fig. 9d). The PIMOF MMMs demonstrated exceptionally high perfor-
mances in C3H6/C3H8 separation with a C3H6 permeance of 7.5 GPU and
a separation factor of 107. The remarkable separation efficiency is likely
due to the superior molecular sieving abilities of the ultra-small ZIF-8
nanofillers (less than 5 nm), combined with a high ZIF-8 content (more
than 50 wt%) in the membrane skin layer. The PIMOF technique rep-
resents a significant advancement toward the commercialization of
MMMs in gas separations.

4.4.2.2. In solid membrane. While in-situ filler formation in polymer

Fig. 9. (a) Schematic illustration of Matrimid®/UiO-66 MMMs fabrication via in-situ synthesis of UiO-66 in the polymer solution while simultaneous solvent
evaporation by heating[131]. Copyright 2018, American Chemical Society. (b) Schematic illustrations of the preparation of ZIF-8/PIM-1 hybrid via the
symbiosis-inspired in situ growth approach. Copyright 2021, National Academy of Sciences. (c) Schematic illustrations of the ZIF/PEO membrane preparation via the
confined swelling coupled solvent-controlled crystallization (CSSC) strategy. Copyright 2023, Wiley. (d) Schematic illustration of the facile formation of an asym-
metric MMM by the phase-inversion in sync with MOF formation (PIMOF) process. Copyright 2023, Elsevier.
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solutions has demonstrated potential by improving filler distribution,
polymer/filler interfacial interaction, and scalability, its applications
has been predominantly confined in low filler loadings (< 10 wt%)
[131]. This limitation could be attributed to the polymer solution
providing sufficient mobility for the in-situ formed crystals to rearrange
themselves in order to minimize the surface energy, which leads to the
agglomeration of in-situ formed crystals. Hence, as the concentration of
in-situ formed fillers in the solution increases, the distance between
in-situ formed fillers decreases, adversely affecting their distribution. In
response to these, recent advancements have reported in-situ filler for-
mations within solid polymer membranes, achieving more uniform filler
distribution even at the higher filler loading (> 25 wt%)[135–137].

Ma and Tan et al. [135] proposed a new concept of MMM fabrication
using in-situ filler formatting in a crosslinked polymer matrix. They
mixed the precursors of PEO-based polymer and the precursors of ZIF-8
(i.e., zinc nitrate and 2-methylimidazole) without using solvents
(Fig. 10a). Following polymerization, ZIF-8 fillers were in-situ formed
within the crosslinked polymer upon the polymer swelling in water at
room temperature. Despite achieving a uniform filler distribution
compared to MMMs prepared by in-situ formation in a solution, the
in-situ formed ZIF-8 fillers exhibited partial agglomeration. To avoid
agglomerations potentially caused by the random distribution of ZIF-8
precursors, the polymer membrane containing ZIF-8 precursor under-
went thermal treatment above the melting point of the polymer. This

Fig. 10. (a) Schematic illustrations of the preparation of ZIF-based mixed matrix membranes using the in-situ growth approach. Copyright 2019, The Royal Society
of Chemistry. (b) Schematic illustration of the in-situ ZIF-8 formation in the polymer free volume by PMMOF (left); propylene/propane separation performance of
6FDA-DAM/ZIF-8 MMMs prepared by the PMMOF and those of counterpart MMMs prepared by the blending method (right) [136]. Copyright 2019, American
Chemical Society. (c) Schematic of the mixed-matrix membrane (MMM) fabricated by a solid-solvent processing (SSP) strategy. Copyright 2023, American Asso-
ciation for the Advancement of Science.
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process led to the enhanced distribution of fillers with high compati-
bility with the polymer, achieving a ZIF-8 loading of up to 60 wt%. It is
noted that the size of in-situ formed ZIF-8 increased with thermal
treatment, growing from ~ 100 nm to ~ 800 nm in size. This tendency
corresponded to an increase in the concentration of ZIF-8 precursors.
The resulting MMM showed considerable enhancements in CO2
permeability.

Park and Jeong et al[136–138]. reported the complete decoupling of
in-situ filler formation in a polymer membrane from the polymer
membrane processing for fabricating 6FDA-DAM/ZIF-8 MMMs. The
decoupling potentially enabled more scalable MMM fabrications by
directly upgrading a large-scale polymer hollow fiber membrane to a
MMHFM with the general advantages of in-situ filler formation. The
in-situ filler formation strategy named as polymer-modification-enabled
in-situ metal-organic framework formation (PMMOF) comprises four
steps: (1) polymer membrane hydrolysis and swelling, (2) ion-exchange,
(3) ligand treatment, and (4) imidization (Fig. 10b). ZIF-8 nanocrystals
were in-situ synthesized by the successively diffused ZIF-8 precursors
within the polymer free volume enlarged by hydrolysis and swelling.
The in-situ formed ZIF-8 in the polymer membrane showed homoge-
neous ZIF-8 distributions without any interfacial defects. By increasing
Zn solution concentrations, ZIF-8 loading increased to ~ 33 vol%,
dramatically improving propylene/propane selectivity compared to that
of counterparts prepared by conventional blending methods (Fig. 10b)
[136]. Nevertheless, as shown in Fig. 10b, it was observed that an in-
crease in filler contents resulted in decreased intrinsic polymer perme-
ability, likely due to the reduction in polymer free volume filled by the
in-situ formed fillers.

Chen et al [139]. introduced a cutting-edge technique for producing
ultra-thin MMMs heavily loaded with MOFs. By adopting a solid-solvent
process, they achieved membrane thicknesses below 100 nanometers
with Cu(SiF6)(pyz)3 loadings up to 80 vol%. This method involves the
dissolution of metal salt CuSiF6 in a polymer (PEG or PVA) acting as a
solid solvent and reacting with pyrazine vapor to produce thin and
filler-rich MMMs (Fig. 10c). These membranes exhibit significantly
improved H2 flow and selectivity, outperforming the capabilities of the
best existing membranes, especially for efficient extraction of H2 from
CO2. The separation performance of Cu(SiF6)(pyz)3@PVAMMMwith an
H2 permeance of 300 GPU and a H2 to CO2 selectivity of 30 positions
alongside carbon molecular sieve (CMS) and MOF membranes.

5. Scale-up and commercialization of MMMs

The successful scale-up and commercialization of MMMs for gas
separation are pivotal for transitioning from promising research out-
comes to viable industrial applications. The integration of advanced
materials and innovative fabrication techniques offers the potential to
surpass the performance limitations of conventional polymer mem-
branes, providing superior selectivity and permeability. However,
achieving commercial success with MMMs requires addressing several
critical factors, including the scalability of fabrication processes, eco-
nomic viability, and meeting stringent performance benchmarks under
real-world operational conditions.

Scalability in MMM fabrication is crucial to ensure that the mem-
branes can be produced efficiently and cost-effectively at an industrial
scale. This involves evaluating various fabrication methodologies to
determine their ability to produce defect-free membranes with uniform
filler dispersion and strong interfacial bonding. Additionally, the eco-
nomic feasibility of these methods is assessed to identify the most cost-
effective approaches for large-scale production. In parallel, it is essential
to benchmark the performance of MMMs against established commer-
cial standards. This includes not only achieving high gas permeance and
selectivity but also ensuring that these properties are maintained under
the specific operational conditions of intended applications. To pave the
way for the commercialization of MMMs, we provide a comprehensive
evaluation of current fabrication techniques, economic analyses, and

performance benchmarks. By addressing the challenges associated with
scale-up and highlighting the most promising approaches, this work
aims to guide future research and development efforts towards the
successful industrial application of MMMs for gas separation.

5.1. Scalability evaluation of MMM processing

Scalability in MMM fabrication is pivotal for their transition to
commercial applications. To assess the scalability of various MMM
fabrication methodologies, key factors include: (1) the diversity of fab-
ricable membrane modules, (2) the minimum defect-free thickness of
selective layers, (3) adaptability in membrane material choices, (4) the
ability to incorporate filler loadings while maintaining a defect-free
microstructure, and (5) effectiveness in controlling potential defects
such as polymer/filler interfacial voids, filler agglomeration, and
pinhole formation in the skin layer. Utilizing these criteria, the scal-
ability of different MMM fabrication technologies is systematically
reviewed and summarized in Table 3.

Traditionally, the phase inversion method has been the cornerstone
of large-scale MMM fabrications, particularly for MMHFMs. Most
MMHFMs are produced using a dry jet-wet quench spinning process
based on phase inversion principles. This technique is capable of pro-
ducing asymmetric hollow fibers with ultra-thin selective layers (i.e.,
less than 1 μm) and thick porous support layers (i.e., greater than 100
μm) in a continuous, single-step process. However, despite the success of
phase inversion in fabricating polymeric HFMs, defect formation in thin
MMM layers during the spinning process has emerged as a significant
challenge [140]. Consequently, MMHFMs made by phase inversion
often require additional steps to seal these defects, a necessity attributed
to the complex variables in the spinning process that affect the integrity
and performance of the resultant membranes [140].

Conversely, there have been instances of successful large-scale MMM
fabrications employing a straightforward dip-coating technique [141,
142]. This method involves separately preparing MMM skin layers and
forming porous HF support layers through conventional spinning pro-
cesses. Thin MMM skin layers are created on symmetrically porous
HFMs by simply immersing the HFMs in an MMM solution, offering
greater control over the fabrication process than phase inversion tech-
niques for MMHFMs. This approach notably improves issues related to
pinhole formation and eliminates the need for additional polymer
coating steps to seal defects. Additionally, the shear stress during
dip-coating facilitates the parallel alignment of 2D GO particles within
MMHFMs, enhancing their structural properties [143]. Despite these
advantages, the dip-coating method has not fully addressed the funda-
mental challenges associated with MMMs, such as interfacial adhesion
and filler agglomeration [144].

In response to these challenges, fabricating MMMs via in-situ poly-
merization has emerged as a promising alternative. Specifically, PSP
significantly improved the microstructures of MMMs and achieved
remarkable filler loadings, potentially enhancing fabrication scalability.
However, the specialized nature of polymer synthesis in PSP may limit
material diversity, mainly to in-situ polymerizable monomers (e.g.,
those with vinyl functional groups) and MOF fillers with polymerizable
functional groups. Moreover, IP represents another promising strategy
for large-scale MMM fabrication, allowing commercial application in
Thin-Film Composite (TFC) reverse osmosis (RO) membranes and
nanofiltration (NF) membranes [145]. One of the most appealing as-
pects of IP lies in forming exceptionally thin selective polymer layers (i.
e., less than 10 nm) due to the self-terminating reaction nature, signif-
icantly enhancing membrane performance. Nevertheless, challenges like
filler agglomeration and pinhole formation remain significant barriers to
the commercial development of MMHFMs via IP. These issues under-
score the need for ongoing research and development to refine in-situ
polymerization techniques for a broader range of MMM applications.

Recently, the development of MMMs through in-situ filler formation
has shown promising outcomes for future commercial applications.
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While in-situ filler growth within MMM dope solutions has led to filler
agglomeration at high loadings, separating polymer membrane forma-
tion from in-situ filler synthesis presents a viable strategy to address the
core challenges of MMMs. Although still in its early stages and requiring
further refinement, this technique represents a promising pathway to-
ward solving MMM scalability issues for commercial use, potentially
enhancing MMM performance and applicability by optimizing filler
distribution and integration within the membrane matrix.

5.2. Cost evaluation of MMM processing

An economical fabrication process is crucial for the commercial
success of MMMs. An initial cost assessment for lab-scale MMM pro-
cessing has been conducted as presented in Table 4. While acknowl-
edging that the costs associated with lab-scale MMM fabrication may
differ from those at an industrial scale, this assessment can offer insights
into the potential expenses involved in commercial MMM
manufacturing across various processing technologies. The
manufacturing costs of MMMs are categorized into several key areas: (1)
material costs, (2) preparation costs of dope solutions, (3) equipment
costs, (4) processing costs, (5) productivity, and (6) costs related to

waste recycling or disposal. It is important to identify a commercially
viable form of MMM, and cost evaluations should reflect this consider-
ation. As discussed in Section 4.3, dual-layer MMMs are more cost-
effective than single-layer MMMs due to the use of less expensive
polymer materials for the porous support layer, conserving high-
performance polymer and filler materials. Moreover, considering the
superior surface-area-to-volume ratio, mixed-matrix hollow fiber
membranes (MMHFMs) are preferred over flat sheet MMMs for com-
mercial applications, as detailed in Section 3. Therefore, the economic
analysis primarily focuses on dual-layer MMHFMs, highlighting their
potential for cost-effective scalability and commercial deployment. This
approach underscores the importance of MMM fabrication techniques
that meet both technical and performance criteria align with economic
feasibility for widespread industrial application.

Dual-layer MMHFMs are predominantly manufactured using the
conventional phase-inversion-induced dry jet-wet quench spinning
process, which enhances productivity and potentially lowers the cost per
membrane unit. However, material costs tend to be higher due to the
high concentration of polymers and fillers in the mixed-matrix dope
solution (i.e., > 20 wt% for phase inversion vs. < 5 wt% for dip-
coating). The spinning systems for dual-layer MMHFMs including

Table 3
Scalability evaluation of MMM processing.

MMM fabrication
method

Module Selective layer
thickness

Material Filler
loading

Defect

Polymer Filler Interfacial
adhesion

Filler
dispersion

Pinhole

Solution processing Solution-
casting

PF, SW < 10 μm Most type Most type Moderate Moderate Moderate Moderate

Knife-casting PF, SW < 10 μm Most type Most type Moderate Moderate Moderate Moderate
Spin-coating PF < 100 nm Most type Most type Moderate Moderate Moderate Moderate
Dip-coating PF, SW,

HF
< 1 μm Most type Most type Moderate Moderate Moderate Moderate

Melt processing PF, SW,
HF

< 100 μm Semicrystal Thermally stable Low Good Poor Moderate

Phase inversion PF, SW,
HF

< 1 μm Most type w/ high
Mw

Water stable Moderate Moderate Moderate Poor

In-situ
polymerization

In-situ
crosslinking

PF, SW,
HF

< 10 μm In-situ
polymerizable

Most type High Good Good Moderate

PSP PF, SW,
HF

< 10 μm In-situ
polymerizable

MOF w/
functional groups

High Excellent Excellent Moderate

IP PF, SW,
HF

< 10 nm Polyamide Water stable Low Good Poor Poor

In-situ filler
formation

In solution PF, SW,
HF

< 10 μm Most type MOF Low Good Poor Moderate

In solid
membrane

PF, SW,
HF

< 1 μm Most type MOF High Good Excellent Good

Table 4
Cost evaluation of lab-scale MMM processing.

MMM fabrication method Material and preparation aEquipment Processing Productivity Waste

Polymer Filler Solution

Solution processing Solution-casting Cheap Blending w/
solvent

< 1k USD Cheap: solvent evaporation Low Moderate

Knife-casting Moderate < 2k USD Cheap: solvent evaporation Low Moderate
Spin-coating Moderate < 10k USD Moderate: centrifugation Low Moderate
Dip-coating Cheap < 6k USD Cheap: solvent evaporation High High

Melt processing Cheap w/o solvent < 3k USD Expensive: heating High Moderate
Phase inversion Expensive Blending w/

solvent
< 50k USD Expensive: large volume of non-

solvent
High High

In-situ
polymerization

In-situ
crosslinking

Monomers Moderate < 1k USD Moderate: polymerization Moderate Low

PSP Monomers Expensive < 1k USD Moderate: polymerization Moderate Low
IP Monomers Moderate < 1k USD Moderate: sequential immersing Moderate Low

In-situ filler
formation

In solution Moderate Precursors < 1k USD Moderate: filler synthesis Moderate Low

In solid
membrane

Cheap Precursors Blending not
required

< 1k USD Moderate: sequential immersing Moderate Low

a Roughly estimated minimum costs.
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components like three syringe pumps, a dual-layer spinneret, a quench
bath, and a take-up drum, incur higher expenses compared to systems
used for single-layer polymer HFMs. Additionally, the extensive use of
non-solvent in the coagulation bath during spinning escalates energy use
and costs, including those for temperature control of the coagulation
bath and disposal of non-solvent.

Melt processing presents a less costly alternative for spinning
equipment compared to phase inversion, as it eliminates the need for
solvents and non-solvents. However, the high temperatures required for
polymer melting and membrane extrusion could increase energy ex-
penditures. Conversely, while most solution processing-based MMM
fabrications are batch processes unsuitable for MMHFM production, the
dip-coating method emerges as an economically viable option for
commercial MMM production due to its low material and capital costs,
straightforward operation, and high productivity.

In-situ techniques leverage the benefits of dip-coating for dual-layer
MMHFMs by applying a thin selective layer onto a porous polymeric
support, additionally minimizing waste through in-situ polymerization
or filler crystallization. Although certain in-situ methods may require
complex and costly material synthesis and modifications, MMM fabri-
cation via in-situ techniques generally avoids the need for specialized,
expensive equipment and processes. Consequently, in-situ methods
appear more cost-effective than traditional phase inversion-based MMM
fabrications, offering both high scalability and economic efficiency as
compelling advantages for future commercial applications.

5.3. Commercially available MMM separation performance criteria

While numerous studies have confirmed that the separation perfor-
mances of MMMs can exceed beyond the established upper bound
curves by incorporating appropriate fillers, merely surpassing these
benchmarks does not guarantee their commercial success. For MMMs to
be commercially viable, any enhancement in separation performance
must meet the specific minimum requirements of their intended appli-
cations[146]. In essence, if an MMM’s selectivity greatly surpasses the
upper bound curve but its permeance (or permeability) falls short of the
benchmarks set by commercially available technologies for the same
separation task, then its superior performance does not translate to
commercial attractiveness. This assessment holds true if the roles of
selectivity and permeance are reversed. Furthermore, it is crucial to
recognize that MMMs must not only meet the separation performance
requirements but also sustain these commercial benchmarks under the
operational conditions they will face in real-world applications. To
facilitate a clearer understanding of those requirements, we have
compiled a summary of membrane-based gas separation performance

criteria, along with their operational conditions, for several key com-
mercial applications in Table 5.

In addition to separation performance, the long lifespan of MMMs in
industrial applications is a critical factor influencing their commercial
viability. Several factors affect the longevity of MMMs, including the
specific application, operational conditions, and the type of materials
used. The chemical and thermal stability of both the polymer matrix and
the filler material are crucial in determining the membrane’s durability.
Exposure to harsh operating environments, such as high temperatures,
pressure, and aggressive chemicals, can deteriorate separation perfor-
mance. The lifespan of current polymer membranes used in the gas
separation industry typically ranges from 3 to 5 years[147]. Despite the
limitation for commercialized MMMs, MMMs often exhibit greater
long-term stability than polymer membranes[148]. This is because
robust inorganic fillers in MMMs, with good adhesion, compensate for
the reduction of excessive free volume in the polymer due to physical
aging and provide resistance to plasticization for condensable gases at
high pressure. Therefore, achieving good interfacial adhesion of fillers
with the polymer matrix through appropriate materials and processing
can increase the lifespan of MMMs in industrial applications.

6. Outlook

While polymer membranes are already commercially employed for
various gas separations, the potential market for gas separation could
significantly expand with the development of commercial MMMs that
offer superior gas separation performance to current polymer mem-
branes. For instance, in the domain of C3 (propylene/propane) separa-
tion, substituting distillation systems with one of the top-performing
polymer membranes, 6FDA-TrMPD (which boasts a C3H6 permeance of
7.5 GPU and a C3H6/C3H8 selectivity of 11), results in an approximate
25 % increase in the C3 separation operating costs due to the high ex-
penses associated with membrane maintenance[162]. This scenario
highlights that polymer membranes alone may not be economically
viable for commercial C3 separation. A distillation-membrane hybrid
system presents a potential alternative, modestly reducing operating
costs from $9.7 million to $8.9 million USD/year[162]. However, if the
C3 separation performance of membranes be elevated to C3H6 per-
meance of 21 GPU and C3H6/C3H8 selectivity of 42—figures slightly
above those reported for MMHFMs—the economic benefits of
membrane-based C3 separation would exceed those of distillation sys-
tems, halving the operation costs[162]. This improvement underscores
the transformative potential of commercial MMMs in reshaping the gas
separation market. Accordingly, pursuing innovative MMM fabrication
strategies from an engineering standpoint becomes crucial. Addressing

Table 5
Membrane-based gas separation performance criteria for commercial applications.

Application Market size
(USD/year)

Gas pair General operation condition Desired gas permeance (or
permeability)

Desired gas
selectivity

Ref.

Air-dehumidification 900 million H2O/N2 22 ◦C (indoor) or 30 ◦C (outdoor) 60
~ 80 % RH

> 11900 GPU > 1500 [149,150]

Pre-combustion CO2 capture 1.8 billion H2/CO2 250 ~ 400 ◦C
Total feed pressure of 20 bar

200 ~ 1000 GPU > 10 [151,152]

Hydrogen recovery from ammonia
purge gas

200 million H2/N2 60 % H2, 20 % N2

Transmembrane pressure of 40 bar
> 1000 GPU > 290 [1,153,154]

Hydrogen production by gas
steam reforming

120 billion H2/CH4 40 ◦C
Transmembrane pressure of 4 bar

> 85 GPU > 37 [155]

Post-combustion CO2 capture 700 million CO2/N2 Low CO2 partial pressure
5 % CO2

1000 ~ 5000 GPU 30 ~ 50 [52,151,
156]

Natural gas upgrading 300 million CO2/
CH4

10 % CO2, 50 ◦C
Total feed pressure of 70 bar

> 100 GPU 20 ~ 35 [49,157]

Air separation 800 million O2/N2 21 % O2, 79 % N2

Total feed pressure of ~ 10 bar
> 0.8 Barrer > 8 [34,

157–159]
Olefin production from steam
cracking

37 billion C2H4/
C2H6

Total feed pressure of > 6 bar > 30 GPU > 30 [160]

C3H6/
C3H8

> 1 Barrer > 35 [161]
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and surmounting the challenges that currently hinder the commercial-
ization of MMMs is essential to unlocking their full market potential,
offering more efficient and cost-effective solutions for gas separation
that could replace or complement existing technologies.

The integration of various MMM fabrication strategies is anticipated
to yield synergistic effects that accelerate commercialization. Among the
array of fabrication approaches, MMMs created through in-situ filler
formation stand out for their significantly enhanced scalability and
reasonable manufacturing costs compared to traditional methods. This
technique necessitates the initial formation of a thin polymer layer,
crucial to the process’s success. Despite challenges such as pinhole for-
mation and filler agglomeration, this method remains appealing for
producing defect-free ultra-thin polymer membranes [119,120].
Therefore, leveraging the in-situ filler formation approach, a TFC
membrane produced via the IP technique could be effectively trans-
formed into a TFN, facilitating the fabrication of large-scale MMMs with
selective layers just a few nanometers thick. This advancement signifies
a substantial leap forward in the field of membrane fabrication tech-
nology, potentially realizing the promise of MMMs that combine the
benefits of enhanced separation performance and economic viability.

Computational studies have become indispensable tools in acceler-
ating the development of commercially viable MMMs for gas separation,
and their importance is expected to grow in the future. Despite the
extensive variety of polymer and molecular sieve materials, only a select
few have been explored for their potential in MMMs for gas separations.
For example, as of 2017, approximately 70,000 MOFs were registered in
the Cambridge Structural Database, showcasing the vast potential for
materials exploration[163]. High-throughput computational simula-
tions are particularly notable for their ability to screen materials for
MMMs at speeds unattainable by experimental methodologies. Qiao et al
[164]. demonstrated the efficiency of such computational approaches by
screening over 6000 MOFs for gas separations, identifying the most
suitable MOF structures for fifteen gas pairs based on predicted gas
transport results. Similarly, Jiang et al. [165] assessed the
three-component (CO2/N2/CH4) gas separation performance of 4800
MOFs through simulations that combined Monte Carlo (for gas adsorp-
tion) and molecular dynamics (for gas diffusion) techniques. These ex-
amples emphasize the critical role of developing advanced gas transport
simulation models to enable more accurate and reliable predictions of
gas separation performances in MMMs. Such advancements in compu-
tational methods will not only streamline the selection of materials for
MMMs but also significantly contribute to the design of membranes with
optimized microstructures, thereby optimized separation properties,
paving the way for their commercial application in gas separation
technologies.

Efforts to more closely align predictions with experimental outcomes
have led to the exploration of mathematical models that incorporate the
morphological characteristics of MMMs, including non-ideal factors
such as pore blockage by fillers, polymer rigidification, filler agglom-
eration, interfacial voids, among others [8,22,166]. Traditionally, the
Maxwell model has been widely used to predict the gas separation
performance of MMMs. However, its applicability is limited to ideal
MMMs with relatively low filler loadings and spherical fillers due to its
oversimplification of filler morphologies and the interactions between
components. To address these limitations, various advanced modeling
approaches have been developed, including resistance-based models
[167], simulation-based rigorous models [168], and effective-medium
theory-based models[169]. These sophisticated simulation models are
being actively refined to enhance control microstructures and facilitate
rational designs for commercial MMMs. The development of these
models represents a significant advancement in the field, enabling more
precise design and optimization of MMMs for enhanced performance.

7. Summary

MMMs have attracted considerable attention over the past decades,

establishing themselves as a significant area of research due to their
unique advantages. These advantages encompass the reproducibility,
flexibility, and low cost associated with polymeric membranes, com-
bined with the superior gas separation performance characteristic of
inorganic fillers. This review covers the development of MMMs for gas
separation, highlighting their potential and engineering challenges for
commercialization. The effectiveness of MMMs is influenced not only by
the choice of materials but also by the fabrication methods employed.
The spectrum ranges from traditional solution processing to innovative
in-situ formation techniques, evaluating their ability to enhance adhe-
sion between organic and inorganic phases and to optimize filler
dispersion from an engineering perspective. Achieving a continuous
defect-free robust selective layer with minimal thickness and maximal
filler loading is crucial for attaining optimal gas separation performance.
While the solution process is simple and direct, it is predominantly used
for producing flat sheet MMMs, which suffer from relatively low pro-
ductivity. MMMs fabricated via melt processing exhibit excellent inter-
facial adhesion but at the cost of increased energy consumption. The in-
situ formation process, on the other hand, offers promising prospects for
the interfacial morphology and integrity of MMMs, albeit with limita-
tions related to material compatibility. Among various configurations,
mixed-matrix hollow fiber membranes (MMHFMs) stand out as partic-
ularly attractive to the industry, thanks to their high packing density and
low processing costs compared to other modules. Commercially,
MMHFMs are typically manufactured using a dry jet-wet spinning
strategy, often supplemented by a dip-coating step to enhance mem-
brane performance.

In summary, the scalability and cost-effectiveness of each fabrication
strategy are critical factors for aligning with industry demands. To
garner commercial interest, strategies must aim for a reduction in
fabrication costs and an enhancement in the scalability of production.
Taking these factors into account, dual-layer HFMMMs fabricated via in-
situ methods are identified as the most promising candidates for future
market dominance. Furthermore, the ambition for MMMs extends
beyond merely overcoming the traditional trade-off between perme-
ability and selectivity. Setting specific gas separation performance
criteria related to practical applications is essential. While most MMM
research has focused on CO2 capture, the development of MMMs for
other valuable separation systems, such as ethylene/ethane and pro-
pylene/propane, is progressing. The anticipation for the next generation
of MMMs lies in their potential to facilitate practical, energy-efficient
gas separations, marking a significant advancement in membrane
technology.
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