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ARTICLE INFO ABSTRACT

Keywords: Metal-organic frameworks (MOFs) materials with tunable structures and functionalities have demonstrated great
MOF potential as promising membrane materials,and play a crucial role in various industrially important chemical,
Forward osmosis energy, and environmental processes. Due to their well-defined pore systems, unique chemicalversatility, and
Mixed matrix materials . . is . A . . . .
abundant chemical functionalities, MOFs have garnered interest for various energy intensive separation applica-

Pervaporation . . . . . . . .
ervap . tions. Formulating them into structured configurations is a key step toward their scale up and successful imple-
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RDS mentation at the industrial level. This review focuses on the latest development on MOF-based membranes for

liquid separations and highlights recent progress on design strategies, criteria for screening MOFs, fabrication
methods, the most recent breakthrough in the areas of pervaporation, water treatment, and organic solvent
nanofiltration. Additionally, this study also discusses the possible applications of MOF-based membranes in the
removal of micropollutants, in decay processes and exhibiting antibiotic properties. The remaining challenges,
prospects and guidance on the rational design and fabrication of high-performance MOF-based membranes and

transferring technology from laboratory scale towards practical applications are discussed.

1. Introduction

The need for energy-efficient liquid separations is becoming increas-
ingly important as the global demand for energy and fresh water con-
tinues to grow. Energy-intensive separation processes, such as distilla-
tion, crystallization, reverse osmosis (RO), and condensation currently
dominate the industry but are not sustainable in the long term[1-6].
The separation of liquids plays a vital role in various industries, includ-
ing food production, pharmaceutical, and chemical[7,8]. However, typ-
ical separation methodologies require substantial energy consumption
and have a considerable environmental impact. As a result, there is a
growing interest in developing new separation techniques that are more
energy-efficient and environmentally friendly. One of the emerging
technologies for liquid separations is membrane-based separation
[9-12]. Membrane technology has several advantages over traditional
methods, including high selectivity, low energy consumption, and ease
of operation[13-17]. It has the potential for diverse applications, in-
cluding water treatment[18-21], purify acidic solutions[22], gas sepa-
rations[23-28], desalination[29-32], and solvent recovery[33-36]. A
recent study investigated the development of a ceramic hollow fiber
membrane with photocatalytic properties for water purification pur-
poses and reported impressive findings. The membrane successfully
eliminated over 90 % of endocrine-disrupting chemicals in 180 min
[37,38].
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The utilization of cutting-edge materials in liquid separations,
specifically porous materials such as metal-organic frameworks, is cur-
rently a topic of increasing interest[40-44]. For instance, Seoane et al.
have created a mixed-matrix membrane by incorporating a MOF as a
filler material, which effectively separates water and ethanol[39]. The
MOF-based membrane showed excellent separation performance and
low energy consumption compared to conventional separation meth-
ods. Similarly, Wang et al. demonstrated the use of MOFs for the re-
moval of organic pollutants from wastewater[40]. The study showed
that the MOF substances exhibited exceptional adsorption capabilities
towards the pollutants and could be conveniently regenerated, indicat-
ing its viability as a substitute to conventional methods of water treat-
ment. In addition to experimental studies, there have been several com-
putational studies exploring the potential of MOFs for energy-efficient
separations[41,42]. In a recent study, molecular simulations were used
to fabricate new polyamide membranes based on novel sulfonated
monomers[43-45], and the simulation study revealed the contributions
of rigid nature and steric effect to higher free volumes; as a conse-
quence, water permeability and salt rejection of these membranes
were found to surpass the conventional counterparts. These findings
provide valuable insights for the design of MOFs for energy intensive
liquid separation applications[46,47].

MOFs, consisting of metal ions and organic ligands as bridges, have
gained significant attention in recent years as a promising platform for
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host-guest chemistry[48-50]. MOFs possess a highly tunable pore
structure and a vast diversity in secondary building units, making them
superior to typical permeable substances, for instances aluminosili-
cates, microporous minerals and carbonaceous compunds[51,52].
These advantages allow MOFs to exhibit improved adsorption proper-
ties and perform precise and rapid separations[53,54]. MOFs are also
being considered as additives in composite membranes for filtration
process[55-57]. Unlike rigid inorganic particles, the organic nature of
MOFs enables better compatibility with polymers, leading to enhance
permeability and potential selectivity in MOF-based membranes com-
pared to pristine membranes. Additionally, MOFs have high capability
to control porosity at molecular level as compared to other materials
such as graphite, perovskite etc. This makes them an encouraging con-
testant for utilization in separation applications [58-60].

Formerly, researchers investigated the potential of MOFs as a foun-
dation for separation membranes primarily in the realms of gas storage
and separation. This is because of tunable pore size, porous nature, and
active regions present in MOFs that allow for effective differentiation of
interactions with gas molecules[61]. Although significant focus has
been directed towards the utilization of MOFs in gas separation, there is
an increasing volume of scholarly work exploring their prospects in lig-
uid separation. This shift towards liquid separations highlights the ex-
ceptional advantages that MOFs offer and the escalating significance of
MOF-based membranes system in many liquid separation applications.
To enhance durability of these membranes has effectively mitigated
challenges pertaining to steam sensitivity that were previously encoun-
tered with traditional MOFs. However, these developments are still in
their early stages, demanding additional research efforts to explore ra-
tional design strategies (RDS) and prototype applications more compre-
hensively. The aim is to effectively construct MOF-based membranes
and separate targeted components from liquid mixtures.

To date, there have been several studies focused on water purifica-
tion using MOF-based membranes. Nevertheless, these studies have not
provided the comprehensive overview of the RDS route. Moreover,
these investigations have primarily centered on the uses of MOF-based
membranes in separation techniques, without considering the latest de-
velopment in water purification process like, organic solvent nanofiltra-
tion (OSN), ultrafiltration (UF), and forward osmosis (FO). Considering
these gaps, the objective of this study is to present a meticulous exami-
nation of the present advancements in the domain of MOF-based mem-
branes. Subsequently, an overview of the selection process concerning
the uses of MOF in water purification applications also discussed. Addi-
tionally, we summarized the main challenges associated with design
and opportunities for the MOF-based membranes in water purification
techniques.

1.1. Current status of Membrane- based liquid separations

The efficiency of liquid separation through membrane-based tech-
nologies has garnered considerable interest because of their ability to
reduce energy consumption and cost. These technologies are widely
employed in separating liquids, such as water, wastewater, organic sol-
vents, biochemicals, and oil separation[62]. The increasing demand for
separation processes that are both sustainable and efficient has led to a
notable surge in the adoption of membrane technology in recent years,
driven by various technological advancements. Table 1 highlights the
importance of membrane technology in separation science. Advanced
membranes are currently being developed using new materials and fab-
rication techniques that offer better separation performance, selectiv-
ity, and stability. For instance, in the pharmaceutical industry, these
techniques are used for separating bioactive molecules like proteins
and peptides, as well as food components such as milk proteins and lac-
tose. The polymer membranes are popular due to their low cost and
high processability, they still face challenges, including low stability
under harsh conditions, poor selectivity, and low permeability. Striving
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Table 1
List of MOF based membranes used for different separation applications.
Sr. Name MOF based Pore Size of Applications References
No. of MOF Membrane Membrane
(nm)
1 ZIF-8 Matrimid membrane ~ 50 Water [63,64]
desalination
2 MIL-101 Thin-film composite ~ 1 Gas separation, [65,66]
Membrane water
purification
3 Ui0-66  Mixed matrix ~10 Gas separation  [67]
membrane
4  MOEF-5 Polymer/MOF ~ 20 Hydrogen [68,69]
composite separation, CO2
membrane capture
5 IRMOF-  Sol-gel derived ~1 Gas separation, [70]
1 membrane water
purification
6 NOTT- Polysulfone/MOF ~1 Gas separation, [71]
101 composite CO2 capture
Membrane
7  ZIF-7 Polyacrylonitrile/ ~ 20 Gas separation, [72]
MOF composite water
membrane desalination
8 HKUST- PVDF/MOF ~ 20 Gas separation, [73]
1 composite water
membrane purification
9 MOF- Polyimide/MOF ~2 Gas separation, [74]
177 composite CO2 capture
membrane
10 MOF- Zeolite-based ~10 Gas separation, [75]
520 membrane CO2 capture
11 NU-100 Polymer/MOF ~ 50 Gas separation, [76]
composite water
membrane desalination
12 MIL-53 Ceramic/MOF ~ 100 Gas separation, [77]
composite water
membrane purification

for high permeability in these membranes often results in decreased se-
lectivity, and vice versa. However, ongoing advancements in polymer
materials and fabrication techniques have led to the creation of ad-
vanced polymer membranes with improved separation performance
and stability.

1.2. Obstacles in developing liquid separation membranes

One of the primary challenges in fabricating advanced liquid sepa-
ration membranes is the permeability-selectivity trade-off, which arises
from the nature of the membrane materials and separation mecha-
nisms. When the permeability of the membrane increases, selectivity
decreases, and vice versa[78,79]. However, the development of ad-
vanced materials and fabrication techniques has resulted in the forma-
tion of membranes with improved permeability and selectivity. Modifi-
cations to membranes, such as the introduction of nanoparticles and
surface functionalization[80], have been shown to improve separation
performance without sacrificing stability[81,82]. Stability is a crucial
factor that impacts membrane performance and lifespan during liquid
separation processes, influenced by various factors like temperature,
pH, and chemical and mechanical stresses. Therefore, producing stable
membranes with superior separation performance remains a crucial
goal for the membrane separation field, which is being addressed by ad-
vances in materials science and fabrication methods. The Fig. 1 illus-
trates the number of publications within the past twenty years, based
on literature data sourced from the Web of Science [83].
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Fig. 1. Number of articles associated to membrane based liquid separation.

2. Designing techniques for fabrication of MOF-based membranes
for liquid separation

The implementation of RDS in the fabrication of MOF-based mem-
branes has proven essential for enhancing separation performance. By
leveraging unique structural properties and adjustable pore size of
MOFs, researchers can tailor these materials for specific separation ap-
plications. This approach enables the optimization of factors such as hy-
drophilicity, hydrophobicity, and chemical functionality to effectively
target desired separation outcomes. Furthermore, these design strate-
gies pave the way for the development of highly efficient, stable, and
selective MOF-based membranes, resulting in a significant impact on
the future of liquid separation technologies. The following strategies
will be discussed in detail in this section.

RATIONAL MOF Structure
DESIGN
STRATEGIES Mechanism of MOF Formation

Unsaturated Metal Sites in MOFs

Gating Effects and Structural Flexibility in MOFs
Postsynthetic Modification of MOFs (PSMM)
MOF-based membranes for liquid separation
RDS approach

In situ synthesis approach

Blending method

Interfacial polymerization process

Alternative approaches

2.1. MOF structure

MOFs are a class of porous materials consisting of inorganic nodes
(metal ions/clusters) linked by organic ligands. The Table 2 presents
materials that share similarities with MOFs, such as metal-organic
polymers (MOPs), covalent organic frameworks (COFs), and covalent
triazine networks (CTNs). These materials possess distinct characteris-
tics, along with their respective advantages and disadvantages. No-
tably, they also demonstrate potential suitability as separation mem-
branes.

MOF structures are generally classified into several categories based
on the topology of their underlying nets. For example, MOFs with the
same net topology are assigned the same topology symbol. The topol-
ogy of a MOF is determined by the type of inorganic node, the geometry
of the organic ligand, and the bonding mode between the two. The
structural diversity of MOFs is a result of the numerous combinations of
inorganic nodes and organic ligands. There are many types of inorganic
nodes, including metal ions such as zinc (Zn), copper (Cu), and nickel
(Ni), as well as clusters, like aluminum-oxo clusters and zirconium-oxo
clusters. The organic ligands can be simple carboxylates or more com-
plex, multidentate ligands. The bonding mode between the inorganic
node and the organic ligand can also vary, ranging from monodentate
to multidentate coordination.

MOFs are synthesized through reticular synthesis, where inorganic
and organic units are connected through strong bonds. Due to the abil-
ity to alter the size, geometry, and functionality of the constituents,
over 20,000 MOFs have been studied and reported in the last decade.
The organic units are negatively charged molecules such as ditopic or
polytopic organic carboxylates, which combine with metal-containing
units to form architecturally strong MOF structures. These structures
typically possess porosity greater than 50 % of the MOF crystal volume
and surface areas ranging from 1000 to 10,000 m2/g, which is higher
than traditional porous materials.

MOF-based membranes were first extensively used for gas storage
and separation. This is understandable, as MOFs can have extremely
high porosities, along with tunable pore sizes and functional sites to
maximize their sieving effects and to differentiate their interactions
with gas molecules. For example, HO W.H. et al. reported the synthesis
of a new MOF, V10028@NU—902 as shown in the Fig. 2, with the highest
surface area of any known MOF (2075 m2/g) [88], and results showed
that V 1 0028@NU-902 material can transfer electrons between different
forms and can catalyze the oxidation of dopamine in the presence of an
electric current. Moreover, in 2018, Bao-Xia Dong et al. reported the
synthesis of a 3D highly stable porphyrin-based MOF with large chan-
nels (3.7 nm) and a high degree of symmetry, which showed enhanced
adsorption selectivity for COZ[89,90]. Moreover, much attention in the
MOF community has been devoted to adsorption and purification of
gases, there is now also a vast body of data on the capability of MOFs to
separate liquid mixtures. Compared with gas separation, liquid separa-
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Table 2
Comparative analysis of MOF and related material family.

Sr. Materials Advantages References

No

Disadvantages applications

1 MOFs -High surface Synthesis

area, porosity, challenges and
and tunable pores stability issues
-High adsorption

capacity and

selectivity

-Versatile metal-

ion and organic

ligand

combinations

-Wide range of

applications

-Good stability Limited porosity
and processability and surface area
-Tailorable

properties for

specific

applications

Ability to

incorporate

functional

Gas and liquid [84]
separation

2 MOPs Gas and liquid [85]

separation

groups.
-Potential for
improved
mechanical
properties
-High chemical
stability
Porous and
crystalline
structure
-Covalently
bonded organic
units

3 COFs Limited structural Gas and liquid [86]

diversity separation

-Potential for
molecular sieving
applications
-High thermal
and chemical
stability

-Unique triazine-
based structure
-Potential for gas
storage
applications
-Electron-rich

4 CTNs Low porosity and Molecular [87]

limited scalability separation

backbone for
catalytic activity

tion is in fact more prominent in the application areas of membrane
processes for industrial separation. Utilizing the advantages that MOFs
offer, this extension to liquid separations may provide an indispensable
platform to adequately exploit the unique features of MOFs. Perfor-
mance Evaluation of few different membranes are given in Table 3. [17,
91-93].

2.2. Mechanism of MOFs formation

The mechanism of MOFs framework formation involves the coordi-
nation of metal ions or clusters with organic ligands to create a three-
dimensional network of repeating units, forming the MOFs structure.
Fig. 3 is a general schematic representation of the formation of a MOF
structure. The formation of MOFs can occur through several pathways,
depending on the specific synthetic conditions used [94]. Here, we will
discuss a general mechanism for MOF formation. The first step in MOF
formation is metal ion ligand interaction. Typically, the ligands used in
MOF synthesis are carboxylic acids or nitrogen-containing compounds,
such as amines or pyridines. The metal ions or clusters can be intro-
duced in a variety of ways, including by solvothermal synthesis, hy-
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drothermal synthesis, or sonochemical synthesis [95]. Once the metal
ions or clusters and ligands are brought together in the same solution,
they begin to coordinate with one another through the formation of
metal-ligand bonds. This process is facilitated by the presence of a sol-
vent or other additive that can help to bring the components into prox-
imity. As the metal-ligand coordination occurs, the MOF structure be-
gins to take shape. The next step in MOF formation is the self-assembly
of the metal-ligand complexes into the final MOF structure. This self-
assembly process is driven by weak interactions, such as van der Waals
forces, hydrogen bonding, and pi-pi stacking. As the metal-ligand com-
plexes assemble, they form the repeating units of the MOF structure.
The final step in MOF formation is the removal of any solvent or other
additives used in the synthesis process. This step can be accomplished
through various techniques, such as washing with a solvent or heating
to remove volatile components. The removal of these components
leaves behind the solid MOF structure. The formation of MOFs is a com-
plex process that can be influenced by a variety of synthetic conditions,
including the choice of metal ion or cluster, ligand, solvent, and other
additives [96].

2.3. Unsaturated metal sites in MOFs

Unsaturated metal sites (UMS) are an essential feature of MOFs.
They are metal coordination sites that are not fully occupied by coordi-
nating ligands, and therefore are available for binding to small mole-
cules such as gases, catalytic substrates, or other functional moieties.
UMS can be formed in various ways, such as by postsynthesis modifica-
tion (PSM), and thermal, or chemical activation. One common ap-
proach for creating UMS in MOFs is through the removal of the coordi-
nated solvent molecules or exchangeable ligands from the metal cen-
ters. For example, In Fig. 4, the (Cull) A paddlewheel carboxylate MOF-
11 has an open metal site formed after removal of the coordinated wa-
ter molecule from the (CuH)2 [74,97]. Similarly, IRMOF-3 and UMCM-
1-NH, were also functionalized by removing the amine functionality to
create UMS [98]. Another method for creating UMS is through PSM,
which involves the covalent functionalization of MOF linkers or sur-
faces. For example, the organic linker of a MOF, POST-1, was modified
by N-alkylation of the pyridyl functionalities, leading to the formation
of UMS [99]. However, the presence of UMS is a crucial characteristic
of MOFs in the context of membrane technology for liquid separation.
UMS can significantly influence the performance and selectivity of
MOF-based membranes in various liquid separation applications. In ad-
dition, MOF-based membranes with UMS can be engineered to selec-
tively remove heavy metal ions from contaminated water sources.
These UMS sites can act as binding sites for specific metal ions due to
their affinity for metal coordination. For example, a MOF-based mem-
brane featuring UMS with a high affinity for lead (Pb+2) ions can be
used to efficiently remove Pb+2 from industrial wastewater, thereby
providing a sustainable solution for water purification. Furthermore, in
the pharmaceutical industry, MOF-based membranes with UMS can
find applications in the separation of organic solvents used in drug syn-
thesis and purification processes. Certain MOFs with UMS can preferen-
tially adsorb and separate specific organic compounds from solvent
mixtures. For instance, a MOF-based membrane containing UMS with
an affinity for a particular organic compound can be employed to purify
and separate that compound from a solvent mixture, contributing to
more efficient and environmentally friendly pharmaceutical processes.
MOF-based membranes with UMS can be designed to address environ-
mental challenges such as oil-water separation. UMS can play a crucial
role in selectively adsorbing hydrophobic organic compounds (e.g., oil)
from water, offering a sustainable and efficient solution for oil spill
cleanup or industrial wastewater treatment. These membranes allow
water to pass through while capturing and separating the oil phase due
to the affinity of UMS for hydrophobic molecules. The various methods
used to create UMS in MOFs include thermal, chemical, and PSM meth-
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Fig. 2. Illustrates how decavanadate was incorporated into a Zr-based metal-organic framework called NU-902. The colors represent the different elements: green
for Zr, red for O, purple for V, grey for C, and blue for N. Hydrogen atoms were not included in the figure to improve clarity. . Adopted from [88]

Table 3
Performance Evaluation of few different membranes.
Property Ui0-66 MIL-101 ZIF-8
Pore Size Microporous Mesoporous Ultra
microporous
Permeability High Moderate Low
Selectivity Excellent Good Moderate
Stability Good Moderate High
Structural Diversity Limited High Limited
Surface Area Large Moderate Small
Separation High Good Moderate
Efficiency
Chemical Excellent Good Limited
Compatibility
Scalability Limited High Moderate
Potential gas and liquid Liquid separation,  Liquid
Applications separation, catalysis catalysis separation

ods, and they can be used as active sites for various catalytic reactions.
Therefore, utilization of UMS in MOFs can lead to significant develop-
ments in liquid separation applications and renewable energy applica-
tions.

2.4. Gating effects and structural flexibility in MOFs

One of the exceptional characteristics of MOFs is their structural
adaptability, which pertains to their capacity to undergo alterations in
their crystal structure as a response to external stimuli like tempera-
ture, pressure, and guest molecules. This structural adaptability enables
MOFs to display gating effects, where the framework experiences con-
formational modifications to permit the selective absorption and re-
lease of guest molecules. The gating effects in MOFs are governed by a
variety of factors such as the dimensions and configuration of the guest
molecules, the intensity of the interactions between the guest molecules
and the framework, and the inherent characteristics of the framework
itself. For example, MIL-53 (Al) is a well-known MOF that exhibits a re-
versible gate-opening behavior in response to temperature and pressure

changes, allowing for the selective adsorption applications [101,102].
The intrinsic properties of MIL-53(Al) cause a remarkable temperature
hysteresis, as evidenced by its structural transition. Specifically, the
transition from the open-pored to closed-pored structure occurs at ap-
proximately 125 to 150 K, while the transition from the closed-pored to
open-pored structure takes place around 325 to 375 K. Notably, this is
the first time that such a significant temperature hysteresis has been ob-
served in MOFs.

Another example of a MOF with unique properties is ZIF-8, which
demonstrates gate-opening behavior when exposed to guest molecules.
ZIF-8's zeolitic imidazole-based structure features large cavities inter-
connected by narrow windows, allowing for molecular sieving[103].
The structural flexibility of MOFs is closely related to their mechanical
properties. MOFs with high mechanical flexibility can undergo large
structural changes without breaking, while MOFs with low mechanical
flexibility may fracture under stress. The mechanical flexibility of MOFs
has been studied both experimentally and computationally and can be
tuned by various factors such as the size and shape of the ligands, the
nature of the metal ions, and the type of intermolecular interactions
present in the framework [104,105]. The structural flexibility of MOFs
also plays a key role in their catalytic properties. For example, the cat-
alytic activity of some MOFs can be enhanced by their ability to un-
dergo structural changes in response to the reactants or products of the
reaction. This can lead to changes in the size and shape of the pores,
which can improve the accessibility of the active sites and enhance the
catalytic activity [73].

2.5. Postsynthetic modification (PSM) of MOFs

MOFs have become a popular material for liquid separation due to
their tunable and highly porous structure. One technique that has been
utilized to improve the performance of MOFs for liquid separation is
PSM, which involves modifying the MOF structure after it has been syn-
thesized. PSM can alter the size and functionality of the MOF pores,
which in turn can improve the selectivity and permeability of MOF-
based membranes. A recent study explored the use of PSM for improv-
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Fig. 4. Schematic illustration of chemical activation of the paddle-wheel-like (Cu")2 node within HKUST-1. . Adopted from [100]

ing the performance of MOF-based membranes in water purification. In
a study conducted by Joshua et al. a membrane surface ligand exchange
method (MSLE) was employed to prepare post-synthetically modified
ZIF-8 membranes[76]. The modified membrane demonstrated a re-
markable improvement in propylene/propane selectivity, reaching
40-70 % during the initial 30 min and continuing to increase while
minimizing propylene permeance losses to just 10-20 %.

Also, Zhang et al. used PSM to improve the stability of a ZIF-8-H
membrane in the presence of water [106]. He introduced hydrophobic
alkyl chains onto the surface of the membrane through PSM, which im-
proved the hydrophobicity of the membrane and prevented water-
induced degradation. The resulted membrane demonstrated excellent
stability and selectivity for the separation of water and organic sol-
vents. Overall, these studies demonstrate the potential of PSM as a pow-
erful tool for improving the performance of water purification in mem-
branes. By tailoring pore size and functionality in MOF using PSM, re-
searchers can develop membranes with improved selectivity and stabil-
ity, suitable for various liquid separation purposes.

2.6. Incorporating MOF in membranes

Incorporation of MOF in membranes for water purification have
made significant advances over the past decade. This has been achieved
through the optimized combination of MOF synthesis techniques and
development of membrane through different methods [107-110].
There are two main types of membranes that utilize MOF, including
continuous MOF-based membranes and mixed matrix membranes
(MMMSs). The fabrication of continuous MOF-based membranes in-
volves the production of a pure MOF layer on a supporting base to form

an uninterrupted membrane. In these types of membranes, the porosity
of MOF provides exceptional high selectivity for water purification.
However, the mechanical instability of thin-film MOFs hinders the for-
mation of large-surface-area membranes, necessitating the use of me-
chanically stable porous supports. The presence of intrinsic or extrinsic
defects can hinders in industrial liquid purification applications. There-
fore, to overcome these challenges the durability and robustness of the
materials in extensive and harsh conditions are crucial consideration
for the large-scale application of continues membrane.

Subsequent type of membrane is comprised of a combination of
MOF and polymers. By merging MOF s and polymers, there is an oppor-
tunity to blend the ease of handling and shaping of polymers with the
exceptional MOFs pores. In contrast to the former membranes, MMMs
are frequently self-supported and do not apply on a substrate for struc-
tural integrity. The presence of organic linkers in the MOF structure
promotes interaction with the polymer matrix, minimizing the occur-
rence of tiny gaps. The uses of extremely porous and nanostructured
MOFs have the potential to enhance liquid permeation performance.
However, the presence of glossy polymer may lead to reduced perme-
ability, which can be a challenge. To address this constraint, one possi-
ble approach is to augment MOF concentration which can shift compo-
sition towards a dominance of MOFs. Also, clustering of particles and
inadequate dispersion in MMMs can lead to the formation of defects
and voids in the membranes. Conclusively, atomic level comprehension
of surface properties of MOF and inners boundaries are crucial to ad-
dress these issues and improve the incorporation of MOFs and poly-
mers.
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2.7. RDS approach

The implementation of a methodical approach in constructing MOF-
based membrane is essential to meet the need for accurate and efficient
water purification. The effective routes for high-performance liquid
separation in MOF-based membranes are centered on RDS approach.
The process of rational design begins with a comprehensive scientific
definition of the problem at hand. The process involves various consid-
erations, including the careful selection of suitable MOFs for the spe-
cific liquid mixtures, comprehensive understanding of the chemical
binding characteristics of both the MOFs and membranes, and the de-
velopment of strategies to optimize the benefits of MOFs in water pu-
rification. Considering this precisely outlines issue, RDS are envisaged
with the goal of imparting multi-functional synergies to the MOF-based
membranes to effectively address the liquid separation challenge. This
iterative process of problem definition and rational design continues
until a well-aligned solution is achieved. In comparison to an empirical
approach, the RDS aims to enhance separation efficiency by employing
a systematic approach and to control or maximization of performance
parameters. RDS enables the uses of diverse fabrication methods for
MOF-based membranes, such as in situ preparation, blending and inter-
facial polymerization methods.

2.8. In situ synthesis approach

In situ synthesis for membrane fabrication refers to a method where
the synthesis of materials, such as MOFs, takes place in direct conjunc-
tion with the membrane substrate or inside the membrane's pores. This
approach allows for the fabrication of membranes with tailored proper-
ties and structures, as the synthesis occurs within the same environ-
ment where the membrane will be used. By integrating the synthesis
process with the membrane fabrication, in situ synthesis enables pre-
cise control over the material composition, morphology, and function-
ality of the resulting membrane. This technique is commonly employed
to enhance MOF membrane performance in various applications, in-
cluding gas separation, water purification, and liquid filtration. In liter-
ature, there are three different routes have been investigated for the
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formation of continues MOF layer on the support namely, direct growth
[111], secondary growth[112], and liquid phase epitaxy (LPE) respec-
tively. Although these techniques have been shown to be highly effec-
tive in development of MOF layers on base material. However, it is im-
portant to recognize that despite their individual characteristics, these
methods can be grouped together as part of the in-situ synthesis ap-
proach. This approach serves as a conventional strategy for creating
continuous MOF membranes specifically designed for liquid separation.
The in-situ growth process shows the occurrence of crystallization, de-
velopment, and interlacing simultaneously as shown in the Fig. 5 (A).

Awang et al. employed this mechanism in their fabrication of a
nanocomposite membrane comprising PA and ZIF-8, which was
achieved by combining direct growth of ZIF-8 with interfacial polymer-
ization (IP) [114]. Initially, a ZIF-8 intermediate layer was cultivated
on the permeable exterior of a PSf-UF membrane by iterative ZIF in situ
development. Thereafter, a PA coating was administered on the ZIF-8
intermediary layer to produce a PA/ZIF-8 discerning layer using IP, as
is demonstrated in the Fig. 6. During the initial process of direct
growth, the ZIF-8 crystals can potentially serve as breeding grounds
that can encourage more in the process, thereby resulting in the cre-
ation of an ZIF-8 layer on the membrane. This assertion is supported by
the SEM images shown in Fig. 7. In addition, the interior pore structure
of the substrate can serve as a basis for cultivating an even more unbro-
ken MOF phase. This technique was employed by adapting the porous
configuration of the asymmetric polyimide P84 UF membranes using
the in direct growth method for organic solvent nanofiltration, to incor-
porate HKUST-1[115].

The polymer membrane was submerged into a blend of Cu(N03)2
and trimesic acid (C H O ) to prepare the membranes as shown in Fig.
8. The findings showed that the presence of HKUST-1 was evenly dis-
tributed both on the surface and within the cross-section of the mem-
branes. To overcome the hurdle of inadequate substrate adhesion dur-
ing MOF membrane manufacture, the technique of modifying the sup-
ports chemically can be employed to enhance divergent nucleation and
promote the growth of MOF[116]. Chemical modification was achieved
by utilizing trimellitic anhydride (HOZCC 6H3) as the modifying agent,

i

I

I

i

I

I

|

I -
: i\,
I

|

I

! Parous substrate

Parous subsirale Secding suspension

Porous sabsirate Precursor salution coniaining

Growth solution confaining

metal fons and ligand

bl
L’J'.'rJ'J'.'rrJ'.'rrJ'.'rrJ'.'l'J'J'.'l'J'J'.'l'rJ'.'l'rr:rr::r::rr:rr:rr:rr:.‘r e o A T N o e S

s\ I i |
— T

Frecursor solulion conlaining

o S A . D S S . S G . S S 0 - S - 0 - e

— X -;' J,J’ﬁ-\

_E;]I:I“]].IIDIS MOF
nwml-nn___rd_g_g_mbﬂrnlr

P U U,

T ——

Cna-l-lnunus MOF
Ane_on subsirale

mpetal fons and lign mils

s - s -

L]
S —

Continnous MOF
membrane on substrate

Precursar solulion
___fontaining ligands

Fig. 5. In-situ synthesis approach for MOF based membranes. . Adopted from [113]



U. Shareef and A.A. Rownaghi

Curing treatment

MNF process

- AT -
s sl 2L

PA/ZIF-B(LBL) membrane

ZIF-8 suspons

Pure water

Separation and Purification Technology xxx (xxxx) 125173

ion

u
B

ZIF-8@P5F membrane

2o _sTa s
=Ty 2R T

Fig. 6. Designing continuous PA/ZIF-8 MOF membranes using in direct growth. . Adopted from [114]

followed by crosslinking to form carboxylate functional groups that re-
act with Cu+2 to initiate the direct growth formation of HKUST-1.

The Fig. 5(B) described the preparation of continuous MOF-based
membranes, which can also be achieved through secondary growth, in
which pre-attached seed crystals are utilized to facilitate membrane
growth. Although secondary growth is more intricate than in direct
growth, it offers enhanced regulation over the ultimate alignment of
the membrane and permits the emergence of a compact and uninter-
rupted membrane devoid of deformations like fissures or openings. In
the year 2019, a subsequent growth technique was used to fabricate a
consistent and compact ZIF-8 covering on imbalanced a—AIZO 5 microfil-
tration circular membranes which acted as a selective layer for perva-
porative separation[117] ZIF-8 membrane thickness was determined to
be roughly 15 pm, as verified through scanning electron microscopy
(SEM), and illustrated in Fig. 9A. Since, MOF synthesis involves coordi-
nation bonding between organic and inorganic moieties in solution,
creating the hybrid organic-inorganic framework. Therefore, substrates
made of the same metal as the MOFs are particularly favorable for di-
rectly reacting with the organic linkers to grow as a seed layer for sec-
ondary growth. The metal on the substrates can provide the nuclei and
enhance the adhesion between MOF layers and substrates. Taking inspi-
ration from this strategy, a facile reactive seeding method was devel-
oped to prepare continuous MIL-based MOFs membranes for pervapo-
ration on alumina porous supports, in which the porous support acted
as the inorganic source reacting with the organic precursor to grow a
seeding layer. For effective secondary growth, substrates composed of
the same metal as the MOFs are preferred as they can provide nuclei for
the seed layer and enhance adhesion between the MOF layers and the
substrates. A simple and straightforward approach was employed in a
research experiment to produce seamless MOFs membranes using reac-
tive seeding technique. The membranes were designed for pervapora-
tion and mounted on porous alumina supports, which acted as the inor-
ganic foundation for the seed layer as portrayed in Fig. 9B[118]. Simi-
larly, another study was conducted which showcased the creation of an

organophilic ZIF-71 film for the purpose of pervaporative separation.
The porous ZnO base was employed to create the initial layer of the
seed. Afterward, a solvothermal reaction involving zinc acetate and
dcIm was carried out to develop a continuous ZIF-71 film with a width
of approximately 10 pm and no other substances except for leftover
ZnO[119] as depicted in the Fig. 9C.

The third approach is the LPE, which has been used to fabricate the
MOF-based membranes for liquid separation (Fig. 5 C). The LPE tech-
nique is a versatile and widely employed for membrane fabrication,
particularly for continuous MOF-based membranes. This approach of-
fers a strategy for precisely designing and creating MOF membranes
with controlled properties and structures. This process involves a cyclic
procedure where a substrate is alternated between solutions containing
metal ions and ligands, followed by intervening cleansing procedures.
This controlled cycling allows for the gradual formation of continuous
layers of MOFs on the substrate surface or within its pores. By carefully
selecting the metal ions and ligands, as well as controlling the solution
conditions and cycling parameters, the LPE technique enables the syn-
thesis of MOF membranes with tailored characteristics. One of the sig-
nificant advantages of the LPE technique is its ability to achieve well-
controlled growth of MOF layers. The cyclic process facilitates the for-
mation of uniform and continuous MOF films, ensuring a high degree of
structural integrity and surface coverage. Moreover, the transition
washing route help remove any impurities or excess reagents, resulting
in high-quality membranes. The LPE technique is particularly suitable
for synthesizing MOF thin films, often referred to as surface-attached
MOFs (SURMOFs). These SURMOFs exhibit excellent adhesion to the
substrate and can be tailored to exhibit specific properties such as selec-
tivity, permeability, and stability. By precisely controlling the composi-
tion and structure of the MOF layers during the LPE process, SURMOFs
with desired functionalities can be achieved for various applications,
including gas separation, liquid filtration, and catalysis. However, this
process has some shortcomings for instance, tedious operation, intri-
cate fabrication, growth limitations, and potential defects.
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Fig. 7. SEM images of the ZIF-8 nanoparticles. . Adopted from [115]

It is important to address these limitations and continue research
and development efforts to overcome these challenges for the wide-
spread application of MOF-based membranes fabricated using the LPE
method. For instance, the interfacial synthesis method was used to de-
velop the poly (ether sulfone) (PES) base ZIF-8 membrane[123], as
shown in the Fig. 10A. The PES support membrane were submerged in
Zn(NOS)2 solution for 24 hrs. Once the extra liquid was eliminated from
the membrane, the 2-methylimizazole solution, as previously stated,
was cautiously applied onto the surface. After a specific duration the so-
lution was removed. Ultimately, the membranes underwent post-
treatment at a temperature of 100 °C for the over night. XRD confirmed
(Fig. 10B) the formation of ZIF-8 layers on the support. Also, the small
peaks were seen on XRD graph that closely corresponded to ZIF-8.
Moreover, the Fig. 10 C showed the TEM analysis, which revealed the
formation of a continuous ZIF-8 layer. In conclusion, this technique of-
fers a simple scalability, enabling the production of MOF membranes
with significant porosity.

2.9. Blending method

Blending is a crucial design strategy for MOF-based membranes,
particularly for MOF-based mixed matrix membranes, which have un-
dergone extensive investigations[125,126]. Compared to pure MOF
membranes, the reproducibility of synthesis appears to be less of a con-
cern in the case of MMMs, and costly supports are redundant which

suggests that the scaling-up of this type of membrane is relatively easy
and inexpensive. Additionally, MOF particles enclosed by polymers are
expected to be considerably more robust than bared MOF, and the long
term stabilityof these membranes should not pose an issue. Two ap-
proaches were developed for fabricating MOF-based MMMs: substrate-
free blending and substrate-based blending. Later method is a common
method used in designing MOF-based MMMs for pervaporation[127].
Some porous substrates, such as polymeric membranes[128] and ce-
ramic tubes[129], were used to support the resulting MMMs and im-
prove their stability. The standard procedure comprises the following
steps: (1) MOFs and polymers are dissolved in a solvent to form ink; (2)
the mixed solution is applied to the porous support through techniques
like spin-coating, and (3) the coating is cured or dried to eliminate the
casting solvent (see the Fig. 11).

With this method, thin MOF-based MMMs are produced on the sur-
face of porous material, with varying thickness ranging from 0.3 to
20 pm, and applied as a whole.

For example, the solution-blending dip-coating method was used to
manufacture pervaporation membranes with an organophilic nature on
the inside surface of alumina capillary substrates. The fillers consisted
of ZIF-8 nanoparticles, whilst polymethylphenylsiloxane (PMPS) con-
tributed as the polymer matrix[125]. After the heat treatment proce-
dure, illustrated in Fig. 12, exhibited the ZIF-8 nanoparticles were em-
bedded in the PMPS phase homogeneously with no interfacial voids.
The upper layer possessed a thickness of approximately 2.5 pm, which
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Fig. 8. Method for fabricating MOF-based membranes for in situ growth [116].

may offer excessively high permeability. Furthermore, surface modifi-
cation of the support broadens the usage of the substrate-based blend-
ing method. Recently, a new technique involves pretreating an A1203
tubular support with a silane coupling agent to enhance adhesion force
between the separation layer and the substrate to fabricate a
Co(HCOO) 2—based hybrid membrane suitable for pervaporation[130].
The Co(HCOO) ,/PEBA hybrid was applied onto the previously treated
A120 tubular substrate using dynamic pressure-driven assembly and
deposited onto the surface to create a hybrid membrane. Finally, the
hybrid membrane was crosslinked to obtain the final membrane (as
shown in Fig. 13A).

A novel approach for blending using substrate was devised through
the integration of RDS and self-assembly. In this approach, a hy-
drolyzed polymeric membrane serves as the base layer to immobilize
MOF precursors via electrostatic forces, producing MOFs on the surface
of the modified substrate. This process confers the benefits of low cost
and high separation efficacy of MOFs. During this process, the synthe-
sis of MOFs and the fabrication of MMMs are integrated into one multi-
component system, which simultaneously presents the advantages of
the low cost of the polymer substrate and the high separation potential
of MOFs. More importantly, the dispersion of the MOFs and the MOF-
to-substrate adhesion are improved. Ping Hu et al. have showcased the
practicality of this method in generating MOF hybrid films for desali-
nating brackish water via an in-situ coordination-driven self-assembly
strategy[131].

The initial step involved in the process was the hydrolyzation of a
polyacrylonitrile (PAN) ultrafiltration membrane to introduce carboxy-
late moieties onto its surface. Following its submersion in a methanol-
based solution of zinc nitrate Zn(N03)2 solution, the PAN membrane,
together with the Zn2+ ions, underwent the subsequent step of filtering
a mixed solution of 2-methylimidazole (Hmim CH3C 3H zNzH) and PSS
under a negative pressure environment (as illustrated in Fig. 13B). This
method led to in-situ expansion of MOF particles inside the polymer
(PSS), and simultaneous bonding of metal ions with both MOF ligands
and the modified organic polymer, guaranteeing excellent compatibil-
ity and even distribution within the membrane. In addition, a more
straightforward and replicable approach called simultaneous spray self-
assembly was created to fabricate ZIF-8-PDMS nanohybrid composite
membranes for the bioalcohol recovery from water solution[55]. This
technique entails pouring the ZIF-8-PDMS suspension and the cross-
linking agent and catalyst solution into two self-stirring pressure bar-
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rels separately and then spraying them simultaneously onto a PSf ultra-
filtration sheet membrane (Fig. 13C). By doing so, this method opti-
mizes the dispersion and loading of ZIF-8 particles, which is expected to
have important implications for the preparation of defect-free MMMs
for many applications.

Substrate-free blending is a more flexible method for designing
MOF-based MMM, as it does not require a support during the liquid
separation process. Unlike the method where the mixture is applied di-
rectly on a support, nonporous solid supports (such as glass plates)
were used to make sure the mixture separates entirely from the base,
creating free-standing MMMs. To ensure both strong durability and
good permeability, the membranes typically have a thickness range of
18-30 pm when they are intended for use in pervaporation applica-
tions. In case of water treatment, the thickness of MMMs is arranged by
a casting knife with a slit larger than 150 pm. Stemming from the inter-
est in the MOF-based MMM:s. Perez et al. have described in detail the
fabrication procedure of a MIL-53(Al) nanocomposite membrane by us-
ing substrate-free blending[55]. The casting solution was obtained by
dissolving PMIA polymer and MIL-53(Al) particles in a mixture of N,N-
dimethylacetamide and LiCl. After casting, the membranes were imme-
diately placed in a vacuum oven and then immersed in distilled water
to induce phase inversion. This method is effective and straightforward
to introduce MOFs into a membrane matrix, but MOF particle started
agglomerate after higher loadings (at a content of 1 wt% and 1.5 wt%
for MIL-53(Al)). The covalent polymerization of organic oligomers
through a post-synthetic approach is a useful method for achieving
good dispersion in MOF-based MMMs. To address this challenge, an al-
ternative and practical method is the post-synthetic technique involv-
ing the covalent polymerization of organic oligomers. This approach al-
lows for the creation of MOF-based MMMs with excellent dispersion,
presenting a viable solution[92]. Took the synthesized nanosized UiO-
66-NH_ particles and combined them with an isocyanate-terminated
polyurethane oligomer in dry chloroform, and thoroughly dispersed
this mixture using ultrasound. Once the reaction mixture was trans-
ferred into a clean polytetrafluoroethylene (PTFE) container, let the
cast membrane air dry at room temperature. Subsequently, applied
controlled heating in an oven with air circulation, as illustrated in Fig.
14. These steps led to the formation of free-standing MMMs containing
well-dispersed Ui0-66-NH,, which proved effective in isolating hy-
drophilic dyes from water and separating dye mixtures based on dis-
tinct membrane affinities.
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Fig. 9. The top view and cross-section of continuous membranes fabricated by secondary growth methods (A) ZIF-8, (B) MIL-53, and (C) ZIF-71. Adopted From

[120-122].

2.10. Interfacial polymerization process

The conventional approach of creating a thin functional layer for
nanofiltration (NF) and reverse osmosis (RO) through interfacial poly-
merization has undergone technical enhancements by incorporating
MOFs into the selective layer. By utilizing MOFs, which possess minute
particle dimensions, consistent pore sizes, and interconnected porous
frameworks, advanced NF/RO composite membranes can be designed
with an ideal inclusion of these porous materials. The TFN membranes,
produced as a result, exhibit water-like channels that aid in water per-
meability while obstructing hydrated cations. Consequently, there is an
improvement in permeance without compromising selectivity (Fig. 15).
The addition of MOFs is achieved through the blending procedure
within the separation layer. However, the preparation process entails
an interfacial reaction between aqueous and organic phases, establish-
ing a novel approach for creating MOF-based membranes. This strategy
is emphasized in the present analysis.

Li et al. utilized interfacial polymerization to add ultra-small MOF
nanoparticles with organic monomers into ultra-thin-film composite
membrane on the layer on top of porous polymer supports[133]. This
approach combined the processability of thin-film composite mem-
branes with the benefits of MOFs. Nanofiltration experiments with the
resulting TFN membranes demonstrated a significant increase in per-
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meance without sacrificing rejection[134]. The excellent performance
of the filtration system was attributed to two main factors. First, the
MOFs used in the system had porous structures that allowed solvents to
flow through easily, creating preferential flow paths. Second, the
nanoparticles were surrounded by a protective layer of PA (Polyamide),
which effectively blocked the passage of unwanted molecules. The or-
ganic moieties of the MOF particles were also in good compatibility
with the PA layer, enhancing the filtration efficiency. In recent times,
researchers have shifted away from the trial-and-error method for dis-
covering nanomaterials that improve membrane performance. Instead,
they have embraced a rational design strategy to fabricate hybrid
nanocomposites.

This approach allows them to intentionally customize the chemistry
and functions of the nanocomposites to meet specific requirements be-
fore synthesis takes place. By doing so, researchers can optimize the
properties of the nanocomposites for targeted purposes. Hybrid
nanocomposites utilizing MOFs and other types of nanomaterials have
been created and merged with the active layer to fabricate state-of-the-
art TFN membranes. An instance of this is the development of ZIF-
8@GO composites through in situ growth, which are then integrated
into membranes for the production of TFN nanofiltration membranes
using interfacial polymerization [93,135]. This is achieved through the
coordination between zin ion and the carboxyl groups of GO. This coor-
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dination allows for the even dispersal of Zn2+ ions onto the GO surface,
as illustrated in Fig. 16A. The incorporation of hybrid nanocomposites
based on MOFs and other nanomaterials greatly improved the perme-
ability of TFN membranes without sacrificing rejection. In one study,
ZIF-8/GO hybrid nanosheets were synthesized and incorporated into
membranes, leading to effective antimicrobial activity and high hy-
drophilicity. Another study involved the incorporation of MOF loaded
catalytic silver (Ag) nanoparticles for catalytic TFN membrane pre-
pared by interfacial polymerization[136]. The resulted polyamide TFN
membranes with high efficiency, sustainable catalytic degradation of
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Rhodamine B (RhB), and excellent self-cleaning performance were pre-
pared conveniently. The MOFs template used in the preparation of this
new nanocomposite has resulted in unique hybrid nanostructures with
sub-100 nm dimensions, due to the reduced nanostructure of the Ag
nanoparticles within. Despite their ultra-thin nature, the resulting
membranes are remarkably dense and exhibited excellent catalytic be-
havior, enabling them to both filter contaminants and degrade RhB
(Fig-16B) [137]. This innovative approach to design the membranes
provides exciting opportunities for the development of next-generation
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1 pm

Fig. 12. (A) Cross-sectional SEM images (B) EDXS mapping of the ZIF-8-PMPS membrane. Adopted from[130].
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sprayed self-assembly. . Adopted from [131,132]

TFN membranes, achieved through careful selection of MOFs frame-
work carriers and encapsulation mechanisms.

2.11. Alternative approaches for fabrication of MOF-based membrane

The effectiveness of MOF-based membranes for liquid separation
depends heavily on the development of preparation strategy, which
can significantly impact the structure, stability, and actual separation
efficiency of MOFs. The efficacy of membranes based on MOFs for sepa-
rating liquids is heavily contingent on the advancement of manufactur-
ing techniques, which can greatly influence the configuration, durabil-
ity, and actual effectiveness of MOFs in separation. For example, the
graphene acid (GA) membrane was prepared by a novel pressure-
assisted self-assembly (PASA) filtration technique[139,140]. The PASA
filtration process, operated at a constant pressure difference
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DP = 2.0 bar which induced the formation of a MOF@GO membrane
(Fig. 17A), and exhibited competitive water permeation for ethyl ac-
etate/water mixtures by the pervaporation. The integration of nano-
MOFs into the membrane structure presents a potential application for
various composite membranes, providing valuable insights for the de-
velopment of advanced membranes that enhance the separation effi-
ciency of aqueous organic solutions by modifying the nanostructure of
nanomaterials.

To improve the flow rate and minimize hindrance to the transfer of
substances, researchers introduced a technique called fine-tuning con-
tra-diffusion. This method involved the preparation of a nanoconfined
composite membrane using ZIF-11/PAN. The porous substrate made of
hydrolyzed PAN was treated with a solution of zin ions and benzimida-
zole (Bim), which penetrated the substrate's pores. Within the restricted
area, ZIF-11 crystals were formed through the coordinated reaction be-
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tween zin ion and Bim (see Fig. 17B). The figure C shows the removal
efficiency for MB approximately 99 %[141]. This approach offers a
promising route for the effective production of MOF membranes on
metal supports with large pores, potentially applicable in the field of
liquid filtration.

The development of efficient separation membranes is crucial for
various industrial applications such as water purification, food and bev-
erage processing, pharmaceuticals, and petrochemicals. Currently,
there is a growing interest in using MOFs as a promising material for
liquid separation membranes due to their unique properties, such as
high surface area, tunable pore size, and framework flexibility. How-
ever, designing MOF membranes for liquid separations requires careful
consideration of several key elements. In addition to the selection of ap-
propriate membrane materials and optimal module configuration, fac-
tors such as mechanical, chemical, and thermal stability, as well as pro-
duction scalability and cost-effectiveness, must also be considered. The
suitability of MOFs for specific liquid separation applications also de-
pends on their separation characteristics and the type of filtration used.
To fabricate the membranes that are efficient, several crucial elements
need to be taken into consideration during the design process.

2.12. Fabrication conditions

Compared to other porous materials, the synthesis of Metal-Organic
Frameworks requires lower activation energy. In fact, several MOFs
such as HKUST-1 and ZIF-71 can be synthesized at room temperature,
which has been well documented in the literature[144,145]. The appli-
cation of these methods offers notable benefits like minimal energy ex-
penditure and the usage of easily accessible and economically viable
apparatus. Additionally, it allows for a swift response duration. These
factors contribute to the preparation of MOF- based membranes for
separating liquids in a gentle and energy-conserving manner, present-
ing a sustainable and economically feasible resolution. By utilizing
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these room temperature synthesis techniques, the production of MOF-
based membranes can be made more accessible and environmentally
friendly.

2.13. Flexibility

The unique ability of MOF materials to change their unit cell vol-
ume, known as “gate opening” or “breathing”, is a key factor in their ef-
fectiveness as liquid separation membranes. These changes in unit cell
volume, which can range from 40 % to 230 %, occur in response to ad-
sorption or desorption of guest molecules and are influenced by factors
such as pressure, temperature, and adsorption. One MOF material of
particular interest is MIL-53, which has demonstrated sensitivity to
these factors and has been utilized in the development of a MIL-
53/polydimethylsiloxane (PDMS) membrane for the separation of
ethanol and water mixtures[146,147]. This unique property of MOFs,
framework flexibility, provides a valuable tool for molecular sieving in
MOF-based mixed matrix membranes. By capitalizing on this feature,
MOF-based MMMs have the potential to provide highly efficient and se-
lective liquid separation.

2.14. MOF particle size

The size of MOF particles is a key factor in the performance of
MOF-based mixed matrix membrane, and therefore, optimizing their
intrinsic properties. The downsizing of MOF particles has been shown
to be critical in enhancing their performance in liquid separation
processes. MOF nanoparticles have demonstrated a marked improve-
ment in separation efficiency, as they possess increased interior accessi-
bility and a higher external specific surface area. For example, recent
research has found that submicrometer-sized ZIF-71 crystals, with di-
ameters (139-429 nm) as the optimal additives for synthesis MMMs
[148,149]. Performance of these submicrometer-sized ZIF-71-filled
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MMMs surpassed that of both pure polymer membranes and MMMs
filled with micrometer-sized ZIF-71 particles. Moreover, liquid separa-
tion using MOF-based membranes involves various mechanisms such as
solvent selectivity, solute rejection, capillary condensation, and surface
diffusion, that contribute to the overall performance of the membrane,
(i) Solvent selectivity is the ability of the MOF-based liquid membrane
to preferentially allow certain solvents to pass through while restricting
the passage of others. This selectivity arises from the unique structure
of MOFs, which consist of metal ions or clusters coordinated with or-
ganic ligands, forming a highly porous framework. The size, shape, and
chemical functionality of the pores in the MOF structure play a vital
role in determining solvent selectivity.

When a mixture of solvents is brought into contact with the MOF
membrane, the solvents with sizes and chemical affinities that match
the pore dimensions and functional groups of the MOF will be selec-
tively adsorbed or transported through the membrane. Solvents that are
too large or lack complementary interactions with the MOF structure
will be rejected, resulting in solvent separation. (ii) Solute Rejection:
Solute rejection refers to the ability of the MOF-based liquid membrane
to block the passage of solutes (e.g., contaminants, impurities, or un-
wanted solvents) while allowing the desired solvent to pass through.
Similar to solvent selectivity, solute rejection is also influenced by the
size and shape of the MOF pores. Smaller solutes may be entirely
blocked from entering the pores, while larger ones might be partially or
completely rejected. Additionally, the surface charge and functional
groups present on the MOF pores can contribute to solute rejection
through electrostatic interactions and specific adsorption. This selective
rejection of solutes is crucial in various separation processes, such as
water purification, where the membrane needs to remove harmful ions
or pollutants. (iii) Capillary Condensation: Capillary condensation is a
phenomenon that occurs in porous materials, including MOF-based
membranes, when the vapor pressure of a liquid is reduced in confined
spaces (e.g., nanopores or micropores). When the pressure is lowered,
the liquid molecules condense and accumulate within the pores, even
below the liquid's normal boiling point.

In the context of MOF-based liquid membranes, capillary condensa-
tion plays a significant role in enhancing the separation efficiency by
promoting the adsorption of specific solvents or solutes. (iv) Surface
Diffusion: Surface diffusion is the movement of molecules along the sur-
face of the MOF membrane. When the membrane is in contact with a
liquid mixture, the solvents or solutes at the surface can diffuse across it
due to concentration gradients. Surface diffusion is more prominent in
cases where the MOF pores are partially filled with liquid or in situa-
tions involving high surface-to-volume ratios. Surface diffusion can in-
fluence the overall separation efficiency by affecting the rate at which
solvents or solutes are transported through the membrane. By under-
standing and controlling surface diffusion, it is possible to optimize the
performance of MOF-based liquid membranes for specific separation
scenarios. In summary, MOF-based liquid membranes offer a versatile
platform for liquid separation due to their unique structural and chemi-
cal properties. Solvent selectivity, solute rejection, capillary condensa-
tion, and surface diffusion are among the key mechanisms that con-
tribute to their effectiveness in various separation processes. Under-
standing and harnessing these mechanisms will pave the way for the de-
velopment of more efficient and tailored MOF-based liquid membranes
for practical applications in liquid separation technologies.

3. Applications of MOF-based membranes

MOF-based membranes have become an increasingly popular
choice for liquid separation applications due to their tunable composi-
tions and modifiable structures. MOF-based membranes can deliver ex-
ceptional separation performance, making them versatile materials for
arange of applications[150,151]. In addition to traditional applications
such as pervaporation and dye removal, MOF-based membranes are
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also being employed in novel applications such as catalytic degrada-
tion, fouling-resistance, and oil/water separation. The following chart
will discuss the diverse conventional and developing uses of MOF-based
membranes for liquid separation.

Applications

Pervaporation

7 N

Organic solvent

nanofiltration Water treatment

3.1. Pervaporation

Pervaporation is a highly promising separation technique that has
gained significant attention in recent years due to its high selectivity
and energy efficiency [152,153]. MOF materials have emerged as a po-
tential candidate for use in pervaporation applications due to their
unique properties such as tunable pore sizes, high surface area, and se-
lectivity towards specific molecules. The exceptional separation perfor-
mance of MOF-based pervaporation membranes has been attributed to
their molecular sieving properties and the ability to adjust their pore
sizes by altering the framework composition. Moreover, MOF-based
pervaporation membranes have been shown to exhibit high flux and se-
lectivity in various liquid separation applications such as the separation
of water/ethanol, alcohols, and organic solvents[154,155]. Pervapora-
tion is a membrane separation process that utilizes a semi-permeable
membrane to selectively separate a liquid mixture by preferentially per-
meating one component over the other through the membrane.

In MOF-based membranes, the MOF particles or crystals are used as
fillers in the polymer matrix to create a composite membrane. During
pervaporation, the liquid mixture is introduced to one side of the mem-
brane, while a vacuum or sweep gas is applied to the other side to re-
move the permeate component. The MOF-based membrane selectively
adsorbs the permeating component, allowing it to diffuse through the
membrane, while the non-permeating component is rejected and re-
mains in the feed. The selectivity and permeability of MOF-based mem-
branes can be tuned by adjusting the pore size, surface chemistry, and
functional groups of the MOFs. The use of MOFs in pervaporation has
shown promise for the separation of various liquid mixtures, including
water—ethanol, toluene-cyclohexane, and benzene-cyclohexane mix-
tures. It is an increasingly popular technique used for separating liquids
in various industries, including bio-refinery, petrochemical, and phar-
maceuticals. The separation process is based on differences in sorption
and diffusion of a liquid mixture[156,157]. To enhance the perfor-
mance of pervaporation, MOFs have been proposed as an effective addi-
tive due to their ability to improve sorption, diffusion, and stability
[158,159].

Ongoing research into MOF-based membranes for pervaporation
has identified potential applications for both mixed matrix membranes
and continuous MOF-based membranes. While MMMs have shown ex-
cellent results in pervaporation, research on continuous MOF-based
membranes is still in its early stages. Recent studies have demonstrated
the effectiveness of continuous ZIF-71 membranes in separating alco-
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hols from alcohol-water mixtures, with slower diffusion rates observed
for ethanol compared to methanol due to differences in their kinetic di-
ameters[159,160]. Additionally, a new approach for precise measure-
ment of window size in ZIF-8 MOF have been shown for efficient sepa-
ration of xylenes. The results predicted the 92-95 % removal efficiency
was achieved under controlled conditions[154].

Recently, a PVA/UiO-66 MOF mixed matrix membrane fabricated
for organic dehydration via pervaporation[96]. The membrane showed
excellent separation performance for separating n-butanol(BuOH) from
BuOH/H 20 and BuOH/ethanol solutions, with a substantial rise in flux
with the increase in feed water concentration and a separation factor
decrease considerably. Also, the result indicated that the MMM with
15 %wt UiO-66 provides the very high separation index of
2560 kg/m2.h at 343 K (70 °C). Moreover, the UiO-66/PVA film dis-
played exceptional durability throughout the pervaporation stability
examination (240 h), even following exposure to hostile conditions that
certain marketable films are incapable of enduring. Another research
validated the organic selectivity of UiO-66 films in the pervaporation
process, showcasing the enduring nature of continuous UiO-66 films in
separating ethanol/water combinations[121]. Additionally, a compre-
hensive review on UiO-66 membranes was reported to have potential
applications in pervaporation[176].

3.2. Water treatment

Water treatment is one of the most crucial applications of MOF-
based membranes in liquid separation processes. MOF-based mem-
branes can separate and removing various impurities from water, in-
cluding heavy metal ions, organic contaminants, and microorganisms.
In water treatment, MOF-based membranes can be used in various
processes, including microfiltration, ultrafiltration, nanofiltration, and
reverse osmosis[161,162]. The separation mechanism of MOF-based
membranes is mainly based on size exclusion, electrostatic interactions,
and affinity interactions between the membrane and the impurities.
Furthermore, the stability and durability of MOF-based membranes
make them attractive for long-term applications in water treatment
processes. The potential of MOF-based membranes for water treatment
has been demonstrated in various studies, and the development of these
membranes for large-scale water treatment is a growing area of re-
search[163,164].

3.2.1. Dye removal

MOF membranes are gaining popularity in liquid separations due to
their ability to compete with RO membranes[165]. Depending on MOF
composition, the pore window of MOFs can vary from 0.3 nm to more
than 10 nm ,placing MOF-based membranes firmly within the nanofil-
tration range, allowing them to focus on dye removal. Among various
MOF membranes, Karthikeyarajan et al. evaluated the separation per-
formance of a photocatalytic MOF-embedded polysulfone (PSF) mem-
branes for the removal cationic rhodamine B(RhB) and anionic methyl
orange (MO) from the water. The final PC-MOF membranes showed a
higher flux with good retention for RhB and MO (~ 90 %) than a bare
PSf membrane. In addition, the PC-MOF membranes exhibited remark-
able selectivity[170].

Similarly, in another study ZIF-8/PEI hybrid membrane effectively
removed aqueous methyl blue solution with the rejection of 97 %[167].
Meanwhile, Xin et al fabricated in situ synthetic modified metal organic
framework (MZIF-8) composite membrane for dehydrating ethanol.
The membrane flux improved from 0.18 kg/m2.h to 4.47 kg/m2.h,
while separation factor decreases from 318 to 127. The unusual trend in
flux and separation factor breaks the trade of law. Moreover, the selec-
tively for water—ethanol mixtures was found to be five times higher
than the ideal water/ethanol solution, and under the harsh conditions
the MOF-membranes showed good stability[168]. In the meantime, the
composite membrane demonstrated efficient removal of Congo red
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(CR), methyl blue (Mb), alizarin red (AR), methylene blue (MBA)
showed the better removal efficiency in the long run test. The mem-
branes revealed high rejections for all dye solutions (>99 % for MB,
CR, MBA, and AR; >97 % for MO and IA) [169].

3.2.2. Heavy metal ions removal

MOF-based membranes have shown potential for wastewater treat-
ment applications beyond dye removal. Due to their high surface area
and porosity, they have been explored for removing heavy metal ions
from wastewater. For instance, an advanced MOF-embedded polyacry-
lonitrile membrane was developed through a solvothermal reaction and
electrospinning process to concurrently separate oil-in-water emulsions
and adsorb heavy metal ions with a high adsorption capacity of Cd+2
and Cu+2. The adsorption effectiveness of Cu2+ rose from 68.2 % to
85.5 %, while the adsorption effectiveness of Cd2+ climbed from
65.7 % to 81.9 %. The membranes with greater MOF content exhibited
enhanced efficiency in heavy metal ion adsorption. However, an overly
high MOF concentration led to a reduction in the separation flow rate
and the rigidity of the PME membrane[170]. Overall, the membrane is
highly effective for wastewater treatment and holds significant poten-
tial for real-world applications. Similarly, an embedded membrane
made from Ni-Zn MOF was created through phase inversion and sinter-
ing techniques to remove Pb+2 from aqueous solutions. Various key pa-
rameters, such as concentration and pH, were examined to determine
their influence on the adsorption process. At a pH of 8 and with the aid
of 2 % PVP, the maximum removal rate for Pb+2 was found to be 98 %
when using a 0.05 % Ni-Zn MOF membrane, with a feed solution con-
taining 80 mg Pb/L[171]. There have been number of works published
for metal elimination via membranes [172,173]. However, these MOFs
have not yet been utilized in the formation of membranes for water pu-
rification.

3.2.3. In reverse osmosis process (RO)

In recent years, MOF-based membranes have gained attention for
their potential use in RO processes[174,175]. One advantage of these
membranes is their ability to enhance membrane roughness and dura-
bility. A study of high performance TFN membrane containing ZIF8/
CNT for RO desalination has been reported. These ZIF-8/CNT have
shown high rejection rates for NaCl, ranging from 97 % to 100 %, and
permeance levels exceed those of commercial RO membranes by one to
two orders of magnitude[155]. To enhance the design of membranes,
MOFs have been suggested as a possible nanofiller for creating MOF-
based thin-film nanocomposite (TFN) structures. In a recent study, ZIF-
8 was utilized as a nanofiller in TFN membranes for water desalination,
which resulted in a notable rise in NaCl rejection of up to 99.3 % while
still maintaining high permeance. These findings showcase the poten-
tial of MOF-based TFN membranes as a viable substitute for current
commercial membranes[176].

3.2.4. Antifouling membrane

MOFs have been studied for their potential applications in antifoul-
ing membranes. The unique features of MOFs, which consist of metal
cores and organic ligands, make them suitable for this purpose. A recent
study demonstrated the addition of both MOFs to PES and sulfonated
PES membranes resulted in a greater reduction of the water contact an-
gle compared to pristine PES membranes. Incorporating MOFs into the
PES membrane matrix significantly improved membrane performance,
with a notable increase in flux (up to 565 LMH for PES + UiO-66-NH 2)
while maintaining a high level of bovine serum albumin (BSA) rejec-
tion. The addition of MOFs to the PES matrix also led to a substantial in-
crease in the flux recovery ratio (over 99 % for most mixed matrix
membranes). Furthermore, the mixed matrix membranes exhibited
greater resistance to protein adsorption compared to pristine PES mem-
branes. Even after immersion in water for 3, 6, and 12 months, both
MOFs remained structurally stable[177]. This study provides insight
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into the potential of MOFs for developing antifouling membranes for
various applications.

3.2.5. Applications in antimicrobial activity and forward osmosis (FO)

MOF-based membranes have also been investigated for their poten-
tial antimicrobial activity. Hybrid nanosheets of ZIF/GO have been in-
corporated into these membranes to achieve a synergistic effect that en-
hances their antimicrobial properties. Studies have revealed that ZIF-
8/GO nanocomposites exhibit greater antimicrobial (84.4 %) activity
than ZIF-8 or GO alone, with a minimum inhibitory concentration of
128 mgL-1. Wang et al published their work, which involves gradual re-
lease of Zn2+ from ZIF-8, in combination with the antimicrobial activity
of graphene oxide (see Fig. 18). These findings illustrate the potential of
ZIF-8-based nanocomposites as multifunctional antimicrobial agents
for various applications[178]. Nanocomposite membranes containing
MOFs have shown potential in improving the performance of FO for de-
salination and wastewater treatment. Researchers have modified mem-
branes with UiO-66 MOFs to reduce transport resistance and internal
concentration polarization of the membrane, leading to improved wa-
ter permeability and maintained salt rejection levels. Mojtaba et al.
considered the incorporation of graphene quantum dots (GQD) in the
Ui0-66-NH, MOF to facilitate the water attraction of MOF surface and
their affinity with the polyamide layer matric of forward osmosis mem-
branes[182]. By incorporating GQDs@MOF particles, the water flux
and selectivity of FO membranes were altered. Furthermore, the selec-
tivity was approximately 1.5 times greater than that of the control
membrane lacking GQDs@MOF particles, demonstrating the impor-
tance of membrane design in achieving this goal. Another study incor-
porated MOF nanocrystals into the thin PA layer of TFC membranes, re-
sulting in a more hydrophilic surface and lower transport resistance, ul-
timately improving desalination performance without compromising
membrane selectivity[183]. These findings demonstrate the potential
of MOFs for developing more efficient and effective FO membranes for
water treatment applications.

3.2.6. Oil/Water separation

MOF-based membranes have been found to have potential applica-
tions beyond desalination and wastewater treatment, including oil/wa-
ter separation. For example, Wang et al. developed biodegradable
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nanofiber membrane of poly (lactic acid) and ZIF-8 with carbon black
(ZIF-8@C600) by electrospinning. The PLA/ZIF-8@C600 porous mem-
branes exhibited favorable oil sorption properties for oil-water mix-
tures and emulsions. In particular, the oil adsorption capacity of the
sample containing 1 wt% ZIF-8@C600 was enhanced by approximately
72.59 % in comparison to pure PLA (13.5 g-1), indicating that the PLA/
ZIF-8@C600 fibers were effective oil sorbents. Furthermore, the ad-
sorption kinetics of the membranes on paraffin liquid were consistent
with pseudo-second order kinetics[184]. Furthermore, MOFs have been
also explored for their potential to remove micropollutants for instance,
endocrine-disrupting chemicals (EDCs) from water sources due to their
high adsorption capacity. Xu et al. focused on the development of an in-
novative biocatalytic enzyme/MOF composite membrane to enable the
efficient and continuous removal of bisphenol A (BPA) from aqueous
solutions. The results showed that ZIF-8 incorporation enhanced both
the membrane adsorption capacity and water permeability. Moreover,
the resulting membrane achieves a new record of 98 % BPA removal ef-
ficlency with high permeance (~33.32 L/m2.h.bar) in continuous
mode. Also, the biocatalytic membrane displays remarkable stability
and reusability because of the protective effect of the ZIF-8 exoskeleton,
which validates its potential for stable and effective exclusion of mi-
cropollutants in water treatment applications[185].

3.3. Organic solvent nanofiltration (OSN)

OSN is a membrane-based liquid separation process that is espe-
cially effective for separating small molecules from organic solvents. In
an OSN process utilizing MOF-based membranes, a solution containing
a mixture of small molecules and solvent is introduced into a membrane
module, where it contacts a MOF-based membrane. The small mole-
cules, which are smaller than the membrane pore size, can pass through
the membrane and are collected in the permeate stream. Conversely,
the solvent, being too large to pass through the membrane pores, is re-
tained in the feed stream. The separation process is driven by a pressure
difference across the membrane, with higher pressure on the feed side
and lower pressure on the permeate side. This pressure difference forces
the solvent and small molecules against the membrane, and as the small
molecules pass through the membrane pores, they are collected in the
permeate stream. The MOF-based membrane's selectivity in OSN is de-
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termined by the size and chemical properties of the membrane pores.
MOFs can be tailored to possess specific pore sizes and functional
groups, allowing them to selectively separate different types of small
molecules. Moreover, the high permeability of MOF-based membranes
enables high flux rates and high recovery rates of the permeate stream.
Table 4 gives different types of MOFs and ZIFs used in OSN[181].

In addition, the porosity and pore size of MOFs can be tuned to in-
crease solvent flux while maintaining high rejection levels. Li et al. pro-
posed physical and embedding methods of combining MOFs and mem-
branes for OSN to design MOF-based Thin Film Nanocomposite mem-
branes[113]. Karimi et al. demonstrated the potential of mixed matrix
membranes by incorporating of ZIF-8 as an additive in the matrix of
polyvinylidene fluoride (PVDF) membrane. Incorporating 25 wt% of
ZIF-8 into MMMs resulted in a rejection rate of 99.5 % for Rose Bengal
(RB) solution in isopropanol (IPA), which is 15 % higher than that of
the bare PVDF membrane. During the filtration of RB solution in IPA,
blended membranes containing 25 wt% of ZIF-8 experienced a flux re-
duction of 4.1 %, whereas the bare PVDF membrane experienced a re-
duction of 16.1 % [95]. Moreover, Shi et al. have recently summarized
the progresses in the development of state-of-the-art OSN in their re-
view. This can be improved through chemical modification, which can
also enhance OSN performance. One study demonstrated the high rejec-
tions and high permeance of an OSN membrane with a molecular
weight cut-off of 794 g/mol[186].

Furthermore, Li et al. presented a new category of TFN membranes
that contain covalent organic frameworks (COFs) nanoparticles in the
polyamide skin layer, resulting in improved solvent permeation flux
and high solute rejection for organic solvent nanofiltration[187]. The
prepared TFN membranes demonstrated enhanced surface hydrophilic-
ity and reduced skin layer thickness, resulting in a 46.7 % increase in
ethanol permeance (up to 79.8 L m-2h-1 MPa-1) compared to mem-
branes without COFs. The prepared TFN OSN membranes demonstrated
exceptional solvent resistance after static immersion in N, N-
dimethylformamide (DMF) at ambient temperature for over 100 days,
and after consecutive crossflow filtration using Rose Bengal/DMF solu-
tion at ambient temperature for over 7 days, with no significant change
in separation performance. Moreover, Echaide-Gorriz et al. investigated
the impact of combining two different MOFs (ZIF-11 and MIL-101(Cr))
on the performance of a TFN membrane[188]. The resulting membrane
displayed improved rejections compared to bared membrane. These re-
sults demonstrate the potential of MOF-based TFN membranes for OSN
applications, particularly in the separation of complex mixtures.

4. Conclusion and outlook

The field of MOF-based membranes has a extensive potential for
a practical and theoretical applications. With the emergence of MOFs
that are stable in water and techniques for modifying them after synthe-
sis, MOF-based membranes have broadened their range of applications
to encompass not only gas absorption and catalysis but also liquid sepa-

Table 4
List of MOFs and ZIFs used for OSN.
Sr. MOF Metal Ligand Window Ref.
no. size
(nm)
1. HKUST-1 Cu 1,2,4-benzenetricarboxylic 0.9 [128]
anhydride
2. mZIF-8 Zn 2-methyl imidazole 0.64—0.74 [184]
3. MIL-1019 Cr terephthalic acid 1.2—1.6 [188]
(Cr)
4. MIL-1019 Al terephthalic acid 0.6—0.64 [189]
(AD
5. ZIF-11 Zn benzimidazole 0.3 [190]
6. ZIF-67 Co 2-methyl imidazole 0.343 [191]
7. Ui0-66 NH, Zr 2-amino terephthalic 0.89 [101]
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ration, particularly in the field of water treatment. Recent progress in
the production of MOF-based membranes has tackled important para-
meters such as durability, ability to disperse, and hydrophilicity or hy-
drophobicity, leading to noteworthy enhancements in their overall ef-
fectiveness. Furthermore, scientists are acquiring an enhanced compre-
hension of the formulation mechanisms for MOF-based membranes.
They are investigating both traditional and interfacial polymerization
techniques to fabricate continuous MOF membranes, as well as MOF-
based MMMs and thin-film nanocomposite or thin-film composite
membranes. These advancements play a crucial role in propelling the
utilization of MOF-based membranes in real-world scenarios and theo-
retical contexts. Attempts to enhance the utilization of membranes
composed of MOFs have resulted in the emergence of numerous tech-
niques, such as self-assembly strategies . Nevertheless, in order to fully
capitalize on the benefits offered by these membranes, it is essential to
enhance the fusion of MOFs and polymers, as well as the mechanical
and processing characteristics of the polymer. An ideal solution would
involve a composition that seamless integrates MOFs and polymers,
while preserving their individual chemical and physical attributes. De-
spite the advancements achieved so far, certain methods may possess
restrictions that impede their potential implementations. For example,
the micropores of MOFs may collapse during hybrid processes due to
the addition of oxygen in the group, which can limit their use in some
applications. Therefore, there is a need to explore new methods that ad-
dress these challenges and enable the full potential of membrane.

The efficacy relies on the loading quantity of metal ions and the dis-
persion of MOF. Self-assembly strategies are typically employed to pro-
duce composite membranes based on MOF. However, the utmost load-
ing of metal ions in these membranes restricts the number of MOFs uti-
lized. This restriction can be surmounted by judiciously opting for dif-
ferent functional groups and enhancing surface modification tech-
niques. These advancements enhance the concentration of functional
groups and the bonding capability between precursors and groups, re-
sulting in elevated loading levels. However, high loading amounts can
cause MOF aggregation, reducing separation performance. Achieving a
balance between loading amount, MOF dispersibility, and separation
performance remains a major challenge in MOF-based membrane de-
sign. Advances in MOF-based membrane technology have enabled the
separation of single components in liquid environments, as well as syn-
chronous separation of multi-component and multifunctional MOF-
based membranes, marking significant milestones in the field of liquid
separation.

MOF-derived films possess immense possibilities for various uses,
especially in the separation of liquids via adsorption or catalysis
processes. To broaden their scope, MOFs have been amalgamated with
other nanostructured constituents to create versatile nanocomposites,
harnessing the advantages of both materials. Challenges still remain
for the future application of MOF based membranes to indutrial manu-
facturing . On the one hand, the experience detailing durability of
these membranes when subjected to realistic separation conditions is
limited. Additional research is essential in comprehending the stability
of such membranes and enhancing their functionality for practical ap-
plications. The high cost of MOFs is a significant obstacle to the large-
scale production and commercialization of MOF-based membranes. In
recent years, researchers have been developing more cost-effective syn-
thesis methods for MOFs that consider economic and environmental
considerations, with a goal of avoiding expensive or rare raw materials.
Therefore, it is essential to design more cost-effective MOF-based mem-
branes that can reduce production costs and be used in industrial appli-
cations. Ensuring the enduring long-term stability of MOF-based mem-
branes in realistic liquid separation conditions should be a topmost
concern, alongside investigating their prospective multifarious applica-
tions in alternative environmental domains.
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