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Abstract: The selective separation of small molecules at the sub-nanometer scale has broad appli-
cation prospects in the field, such as energy, catalysis, and separation. Conventional polymeric
membrane materials (e.g., nanofiltration membranes) for sub-nanometer scale separations face chal-
lenges, such as inhomogeneous channel sizes and unstable pore structures. Combining polymers with
metal-organic frameworks (MOFs), which possess uniform and intrinsic pore structures, may over-
come this limitation. This combination has resulted in three distinct types of membranes: MOF
polycrystalline membranes, mixed-matrix membranes (MMMs), and thin-film nanocomposite (TFN)
membranes. However, their effectiveness is hindered by the limited regulation of the surface proper-
ties and growth of MOFs and their poor interfacial compatibility. The main issues in preparing MOF
polycrystalline membranes are the uncontrollable growth of MOFs and the poor adhesion between
MOFs and the substrate. Here, polymers could serve as a simple and precise tool for regulating the
growth and surface functionalities of MOFs while enhancing their adhesion to the substrate. For
MOF mixed-matrix membranes, the primary challenge is the poor interfacial compatibility between
polymers and MOFs. Strategies for the mutual modification of MOFs and polymers to enhance their
interfacial compatibility are introduced. For TFN membranes, the challenges include the difficulty
in controlling the growth of the polymer selective layer and the performance limitations caused by
the “trade-off” effect. MOFs can modulate the formation process of the polymer selective layer and
establish transport channels within the polymer matrix to overcome the “trade-off” effect limitations.
This review focuses on the mechanisms of synergistic construction of polymer-MOF membranes and
their structure-nanofiltration performance relationships, which have not been sufficiently addressed
in the past.
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1. Introduction

The continuous enhancement of separation precision is crucial for the sustainable
development of the chemical industry. As separation precision reaches the sub-nanometer
scale, due to the confined mass transfer effects, the transport properties of materials exhibit
significant differences from those at the macroscopic scale. This distinction provides wide
application prospects in fields such as energy, catalysis, and high-value separation. Nanofil-
tration enables the precise separation of small molecules, ions, and other substances at the
sub-nanometer scale, showing vast application prospects in biomedicine, petrochemicals,
water treatment, and organic solvent treatment [1,2]. Sub-nanometer pore materials are
commonly applied in the form of membranes. In polymeric nanofiltration membranes,
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sub-nanometer pores are formed by interconnected microvoids, which result from the pack-
ing of linear polymers or the network structures of cross-linked polymers [3]. However, due
to the randomness in the distribution of polymers, traditional polymeric membrane materi-
als encounter significant challenges, including non-uniform channel sizes and unstable pore
configurations, which hinder their separation performance at the sub-nanometer scale [4,5].
Compared to other nanomaterials, metal-organic frameworks (MOFs) possess uniform
sub-nanometer channels, which size and surface properties can be precisely regulated.
They have garnered widespread attention in the selective separation of small molecules.
However, MOFs are predominantly available in powdered form, which undermines the
scale application of their sub-nanometer channels.

Inspired by the “rigid bone—flexible muscle” composite system in the human body,
combining flexible polymers with rigid MOFs may solve the problem of constructing
tunable sub-nanometer channels while also preserving their distinct excellent properties.
However, simply mixing polymers with MOFs could not effectively ensure the formation
of precise sub-nanochannels. It is vital to thoroughly investigate the unique properties of
MOFs and polymers, as well as their structure-performance relationship and interfacial
compatibility [6,7]. (1) When MOF polycrystalline membranes are used for sub-nanometer
separations, the exposed MOF layer plays a dominant role in the separation performance.
However, the growth and surface properties of MOFs are challenging to control precisely.
The abundant reactive groups in polymers may selectively capture metal clusters or organic
ligands in MOFs, allowing the polymers to accurately dictate the growth and surface prop-
erties of MOF polycrystalline membranes. (2) When mixed-matrix membranes (MMMs)
are utilized for sub-nanoscale separations, MOFs are integrated into the polymer matrix
membranes to serve as additional transport channels. The interfacial compatibility be-
tween MOFs and polymers, along with the distribution of MOFs, is crucial in the effective
construction of sub-nanochannels. (3) When thin-film nanocomposite (TFN) membranes
are applied to sub-nanometer-scale separations, the polymer selective layers formed by
interfacial polymerization primarily influence separation, although their performance
is often constrained. This limitation arises from the ineffective regulation of the forma-
tion process of the selective layer, which, in turn, hampers the construction of uniform
sub-nanometer channels. MOFs play dual roles in the process. On the one hand, they act as
interlayers to regulate monomer diffusion and facilitate the formation of selective layers.
On the other hand, they are dispersed as fillers in the aqueous or organic phase to create
uniform sub-nanochannels within the polymer matrix.

Given the significant impact of different configurations of polymer-MOF membranes
on membrane performance, this review systematically introduces their properties, structure,
and performance effects based on the spatial relationship between the polymers and MOFs.
It categorizes the channels into (1) MOF polycrystalline membranes with MOFs on the
polymer surface, (2) MMMs incorporating MOFs into the polymer matrix, and (3) TFN
membranes with MOFs sandwiched between the polymer substrate and the selective layer,
as well as within the selective layer. Then, the applications of the three different types
of sub-nanochannel membranes in water treatment and organic solvent nanofiltration
systems are systematically compared. Finally, the challenges and opportunities for the
future development of polymer-MOF membranes are highlighted (Figure 1).



Polymers 2024, 16, 1653

3 0f24

L SRR

Rigid MOF crystal Soft polymer material
MOF on polymer MOF within polymer MOF sandwiched with polymer
MOF pol talli
polycrystafiine MOF mixed-matrix membrane TFN membrane

membrane

Figure 1. Schematic diagram of sub-nanometer channels formed by MOFs and polymers.

2. Polymer Regulation of MOF Functionality and Growth

The growth and surface characteristics of MOFs critically influence their separation
performance. Therefore, precise control over the growth process and surface properties
of MOFs is essential. Although the functionalities of MOFs could be tailored through
post-synthetic and organic ligand modifications, these methods are typically intricate and
laborious [8]. Hence, there is a need for a convenient and universal strategy to precisely
control the growth and surface properties of MOFs. Polymers, with their chains bearing
active groups, ionic groups, and conductive groups, possess a wealth of functionalities [9].
Therefore, utilizing polymers to enrich the functionalities of MOFs represents a convenient
and universal strategy [10,11]. This discussion will be divided into two points: the effect of
different types of polymers (hydrophobic, cationic, anionic, etc.) on the surface characteris-
tics of MOFs and the impact of various polymers on the growth process and morphology of
MOF crystals. This discussion aims to clarify how polymers influence the growth process
of MOFs and the effects of various polymers on the surface modification of MOFs.

2.1. Regulation of MOF Functionality by Polymers

The surface properties of MOF crystals significantly impact their performance in sepa-
rating molecules or ions, as well as their long-term stability. If the MOF surface exhibits
hydrophobic characteristics, it may reduce the interaction between water molecules and
the MOF ligands, thereby enhancing its stability. Jiang et al. deposited the hydrophobic
polydimethylsiloxane (PDMS) on the surface of UiO-66 nanoparticles to enhance their hy-
drophobicity. PDMS is characterized by its low surface energy and excellent hydrophobic
properties. Its coating transformed UiO-66 nanoparticles from hydrophilic to hydropho-
bic, markedly influencing their catalytic efficiency for substrates with different levels of
hydrophilicity and hydrophobicity (Figure 2a) [12]. By further adjusting the hydrophilicity
and hydrophobicity of sulfonated UiO-66 with PDMS coating, the team enhanced its utility
in electrocatalytic reactions. The modified hydrophobic surface promotes the formation of
active intermediates and inhibits hydrogen evolution reactions [13]. In addition, PDMS
could also act as a solvent, transforming UiO-66 from a solid powder into a porous liquid.
Porous liquids are a new type of material that combine the fluidity of liquid adsorbents
with the porosity of solid adsorbents, attracting growing attention. However, it is very
difficult to maintain porosity while achieving fluidity [14]. Li et al. achieved a porous liquid
by uniformly coating UiO-66 surfaces with PDMS through a free radical polymerization
technique [15]. The inherent fluidity of PDMS ensures the preservation of the MOF pore
structure, thereby forming a porous liquid. This polymer-modified MOF material demon-
strates broad application prospects in the field of gas adsorption (Figure 2b). Polymers do
not always enhance the performance of MOFs, and sometimes, they may even inhibit and
hinder the performance of MOFs. Jiang et al. utilized another polymer, polyvinylpyrroli-
done (PVP), to encapsulate UiO-66-NH; loaded with Pt nanoparticles for photocatalytic
hydrogen production tests [16]. However, introducing PVP hindered the electron transfer
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between Pt and MOF, reducing the photocatalytic activity of the catalyst. Zuo et al. em-
ployed PVP to regulate the thickness of porphyrin-based MOF nanosheets. PVP selectively
adheres between layers of nanosheets, thus facilitating their dispersion and promoting
anisotropic growth in two dimensions. This interaction results in the formation of ultrathin
nanosheets with a thickness of approximately 2.4 nm. By leveraging the excellent process-
ability of two-dimensional layered materials, the PVP-modified porphyrin-based MOF
nanosheets could further be dispersed in ethanol and then drop-cast into films, demonstrat-
ing a superior photocatalytic hydrogen production performance (Figure 2c) [17]. MOFs are
not only pivotal in catalysis but also hold significant applications in biomedical diagnostics
and therapeutics. The surface chemistry of MOFs significantly influences their interaction
with biological systems, making controlled regulation essential. Zimpel et al. conducted an
initial systematic investigation into how MOF surface functionality interacts with biological
interfaces, such as cell binding and protein adhesion [18]. They systematically utilized
cationic polymers (branched polyethyleneimine (PEI) and dendritic fourth-generation
PAMAM), anionic polymers (polyglutamic acid (PGlu) and polyacrylic acid (PAA)), non-ionic
polymers (PEG and polysorbitol ester), and block copolymers (polyglutamic acid
salt-b-polysarcosine (pGlu-PSar)) for the surface modification of Zr-fumarate. The re-
sults demonstrate that different polymers could attach to the MOF surface by exchanging
their coordinating groups with the modulator (formic acid) in Zr-fum. Polymers containing
carboxylic acids and amines significantly enhance the stability of MOFs (Figure 2d).
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Figure 2. Functionality regulation of MOFs by polymers. (a) Hydrophobic modification of UiO-66
via PDMS coating [12], (b) transformation of PDMS-modified MOF into a porous liquid [15],
(c) PVP-regulated photocatalytic performance of MOF nanosheets [17], and (d) the surface modifica-
tion of Zr-fum with polymers possessing varied electrical properties [18].

2.2. Regulation of MOF Growth by Polymers

Polymers could also directly participate in the growth and formation processes of
MOFs [19]. Currently, the synthesis of MOFs predominantly utilizes conditions that require
organic solvents. How to reduce or even eliminate the use of organic solvents in the
synthesis of MOFs represents an emerging research direction. Deep eutectic solvents
have garnered significant attention due to their green raw materials and their ease of
functionalizing MOFs [20]. Due to the inherent ability of polymers to interact with both
metal ions and ligands, they hold a significant role in the green synthesis of MOFs [21,22].

Polyethylene glycol (PEG) is a non-ionic surfactant that also serves as a reaction
medium for MOF crystals. PEG possesses the following characteristics: (1) it is non-toxic
and degradable, approved by the United States Food and Drug Administration for use as
an additive in food and cosmetics; (2) the polymer chain of PEG contains many oxygen
atoms, which could bind more effectively with metal ions and control the growth of MOFs.
Xiong et al. utilized transition metal ions (Fe?*, Co?*, Zn%*, and Cd%*) and ligands such
as 1,4-benzenedicarboxylic acid (BDC) or isophthalic acid (IPA) in coordination with PEG
to synthesize eight new types of MOFs [23]. It is important to note that the crystals could
not be prepared without using PEG as a solvent. Subsequently, they also reacted four
different types of transition metal acetates (Co, Mn, Ni, and Zn) with trimesic acid (BTC)
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and pyridine (py) in the presence of PEG, resulting in the preparation of four new types of
3D MOFs [24]. However, the above studies did not explore the role of the polymer in MOF
growth. Gaurav et al. carried out experimental and theoretical studies on the crystallization
of zeolitic imidazolate frameworks (ZIFs) with PEG present. In the absence of PEG, ZIF
formation only occurred when the ligand-to-metal salt ratio exceeded 20. Surprisingly,
with PEG present, ZIF was able to form at a ligand-to-metal salt ratio greater than 8 [25].
This could be attributed to PEG chains binding with Zn nodes within the pre-nucleation
clusters of ZIF, thereby altering the growth process and enabling ZIF formation at lower
ratios of ligand to metal salt (Figure 3a). Yao et al. separately dissolved the ZIF precursor, a
Zn metal salt, and the ligand 2-methylimidazole (2-Hmim) in water. They then introduced
a triblock copolymer surfactant into the aqueous solution of the Zn metal salt. PEO groups
on the surface of the triblock copolymer could adsorb metal ions, thus facilitating the
formation of ZIF. However, if the polymer is absent from the precursor solution, the metal
ions in water would directly interact with deprotonated imidazole to form via Zn structures,
preventing the formation of the ZIF structures (Figure 3b) [26]. By leveraging the strategy
of PEG-assisted growth of ZIFs, Peng et al. coated nanofiber surfaces with a PEG solution
containing ZIF precursors [27]. They then employed a hot-pressing method to facilitate
the growth of ZIF, applying it for the efficient removal of heavy metal Cu?* from aqueous
solutions (Figure 3c). Not limited to PEG, other polymers also possess characteristics that
control the crystallization process of MOFs. Xu et al. induced the cogrowth of MOFs and
enzymes by coating membrane surfaces with polydopamine (PDA) and polyethyleneimine
(PEI), constructing biomimetic catalytic membranes for the removal of bisphenol A from
water [28]. PDA reacted with PEI through a Michael addition or Schiff base reactions,
serving as a connector for the growth of MOFs and membranes. This interaction resulted in
the in situ formation of a continuous enzyme@ZIF layer structure on the membrane surface
(Figure 3d). Polymers not only regulate the growth process of MOFs but also influence
their surface morphology. Uemura et al. used poly(vinylsulfonic acid, sodium salt) (PVSA)
to regulate the size and shape of Cu-based MOFs. The size of the MOF particles increases
proportionally with the concentration of PVSA in the precursor, reaching sizes of up to
70 um. The increased crystal size is a result of electrostatic interactions between PVSA and
Cu precursors, which reduces the number of MOF nucleation sites [29].
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Figure 3. Growth and structure regulation of MOF by polymers. (a) Influence of PEO on the
growth pathway of ZIF [25], (b) effect of the block copolymer on the growth pathway of ZIF-8 [26],
(c) schematic of PEG-assisted ZIF growth on a nanofiber substrate [27], and (d) PDA /PEl-induced
cogrowth of MOF and enzymes [28].

Polymers could interact not only with metal ions but also with organic ligands to
regulate the crystallization process. Baiker et al. employed poly(acrylic acid, sodium
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salt) (PAA) to control the particle size of Cu-BTC, reducing the size of the MOF from
micrometers to nanometers. The size reduction is attributed to PAA, which accelerates the
deprotonation of the BTC ligand, thereby increasing the nucleation rate and resulting in
smaller crystal morphologies. Although the MOF crystals became smaller, the expanded
surface area enabled Cu-BTC to adsorb twenty times more dibenzylamine compared to
the original MOF [30]. Beyond influencing the crystallization process of MOFs, polymers
could also affect the pore structure of MOFs during their growth. Li et al. introduced PVP
into the precursors of Zr-based MOFs to construct hierarchical pore structures consisting of
macropores, mesopores, and micropores [31]. Like the previously mentioned examples,
MOF crystals cannot form in the absence of PVP. Remarkably, the addition of PVP led to the
formation of irregular MOF structures and macropores after 2 h of heating. Upon extending
the heating duration to 6 h or more, continuous macropores and hierarchical pore structures
developed. Furthermore, this method showcases its universality through the synthesis of
diverse MOF materials, including UiO-66, NU-1200, NU-1000, and PCN-777.

3. Strategies for the Preparation of MOF-Polymer Membranes

As previously mentioned, the interaction between MOFs and polymers can result in
three types of membranes: MOF polycrystalline membranes, MMMs, and TENs. These
three different configurations of membranes face both common issues (interfacial com-
patibility) and unique challenges. Therefore, it is necessary to elucidate and compare
these issues and their solutions to clarify their structure-performance relationships. For
MOF polycrystalline membranes, the MOF layer has a critical impact on their separation
performance. The primary challenges include the difficulty in controlling the crystal plane,
defects, and thickness of MOFs. Additionally, poor interfacial compatibility manifests as
weak adhesion between MOFs and the substrate in polycrystalline membranes. Here, we
discuss the regulation of the crystal plane, surface properties, morphology, and defects
of MOF membranes by polymers and how these adjustments affect the separation perfor-
mance of the membranes. For MOF mixed-matrix membranes, the primary issue is poor
interfacial compatibility [32]. To address these challenges, this section introduces methods
and strategies for modifying both polymers and MOFs. For TENs, the main challenges
stem from the difficulty in controlling the growth process of the polymer selective layer
and overcoming the “trade-off” effect. This section introduces strategies for using MOFs
as an interlayer to regulate the polymer selective layer and methods to incorporate MOFs
as transport channels to overcome the “trade-off” effect. By analyzing and comparing
these methods, we further clarify the structure-performance relationship of MOFs and
polymers, guiding the preparation of high-performance nanofiltration membranes applied
in sub-nanometer channel transport.

3.1. MOF Polycrystalline Membranes

The performance of MOF membranes is often limited by intercrystalline defects.
Polymers can reduce these defects through the following approaches: (1) pre-binding with
metal ions in MOF precursors to provide anchors for subsequent growth; (2) regulating
the MOF crystallization process to form thinner membranes, thereby reducing defects;
and (3) embedding metal ions in advance to act as a “sustained release layer” for subsequent
MOF growth.

Polymers not only modify the functionality of MOFs and regulate their growth pro-
cesses but also play a crucial role in the transition from MOF crystals to MOF membranes.
Due to their inherent uniform channels, ranging from angstrom to nanometer levels, MOFs
could facilitate precise molecular or ion sieving (Figure 4a). However, the polycrystalline
MOF membranes often exhibit intercrystalline defects or cracks, and there also exists a
“trade-oft” effect between MOF crystallization and membrane formation. In other words,
forming a defect-free membrane structure becomes more challenging as the crystallinity of
the crystal increases. MOF polycrystalline membranes refer to the growth of MOF crystals
on a porous substrate to form interconnected MOF layers, where the MOF layer provides a
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sieving function [33]. The porous substrates could be divided into inorganic (alumina, metal
mesh, etc.) and polymer materials (polyimide, nylon, etc.). The growth of polycrystalline
MOF membranes is consistently challenging, requiring remedies for concerns regarding
MOF growth and the interface adhesion between MOFs and the substrate. Polymers, rich
in active functional groups, may effectively modify the substrate material to improve the
affinity between MOFs and the substrate. Additionally, the introduction of polymers could
regulate the crystallization process of MOFs, as mentioned earlier. Therefore, incorporating
polymers in the preparation process of MOF polycrystalline membranes is expected to solve
these problems. Figure 4b illustrates the interrelationship among MOFs, polymers, and
polycrystalline MOF membranes. Here, the preparation strategies of MOF polycrystalline
membranes based on different substrate materials (inorganic and polymer types) will
be introduced.

3.4 4.8
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Figure 4. (a) Diagram of the pore sizes of common water-stable MOFs; (b) schematic of the inter-
relationship among MOFs, polymers, and the MOF polycrystalline membrane; and (c) schematic
comparison of MOF growth on substrates with and without polymer modification.

3.1.1. Growth of MOFs on the Inorganic Carriers Modified with Polymers

Inorganic substrates, with their robust mechanical properties, high-temperature resis-
tance, and tolerance to organic solvents, provide an optimal environment for the growth
of MOF polycrystalline membranes. However, the absence of growth sites between in-
organic substrates and MOFs leads to weak binding forces between them. Researchers
often employ methods such as secondary growth and surface modification to enhance
this interaction [34,35].

The abundant functional groups in polymers not only offer sites for MOF growth but
also modify the inorganic substrates, serving as adhesives between the inorganic substrates
and MOFs (Figure 4c). Liu et al. employed PVP to modify alumina substrates, subsequently
achieving the in situ growth of MOF-808 on the substrate for dye/salt separation appli-
cations. Compared to the initial alumina substrates, the abundance of oxygen-containing
active groups in PVP facilitated a more effective binding with Zr metal clusters, enhancing
the nucleation density of MOF-808 on the support. Moreover, the unique large pore struc-
ture of MOF-808 allowed for efficient salt permeation while intercepting dyes, showcasing
a high salt/dye selectivity of 287.3 and permeance of 4.37 L m~2 h~! bar~! (Figure 5a) [36].
Beyond improving the bond between MOF and alumina substrates, PVP also allows for
the orientation control of MOFs. Zhang et al. utilized PVP for the in situ growth of UiO-67
on anodic aluminum oxide (AAQ) substrates. Similar to the previous instance, the affinity
of active groups in PVP for Zr** ensured the uniform anchoring of Zr** ions on the AAO
substrate. Subsequently, these ions coordinated with 4,4'-biphenyl dicarboxylic acid (BPDC)
ligands, leading to the formation of UiO-67 layers with an [022] orientation [37]. The unique
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orientation of the UiO-67 membranes facilitated the rapid passage of Li*, resulting in a
high Li*/ Mg2+ separation ratio of 159.4.

The thickness of the MOF polycrystalline membranes significantly influences their
separation performance. However, conventional methods struggle to precisely control this
thickness. As mentioned before, polymers have dual effects on MOF membrane growth,
promoting or restricting it. Currently, the thickness of MOF polycrystalline membranes
used in separation applications tends to exceed 1 pm. Although thicker MOF membranes
exhibit fewer defects, their considerable thickness limits the effective mass transfer. Us-
ing polymers to control MOF crystallization may construct ultrathin MOF membranes.
Jiang et al. introduced the polymer PEG-NH,, which is capable of chelating with Zn?*,
into the ZIF precursor and synthesized ZIF-8 via an electrochemical approach. Lone pair
electrons on PEG’s amino and ether oxygen groups compete with 2-methylimidazole for
Zn?* coordination, reducing ZIF crystallization and leading to thinner ZIF layers [38]. Poly-
mers play a nuanced role in not only regulating the growth of MOF membranes but also
modifying MOF surfaces, which affects the separation performance. Peng et al. applied
sodium polystyrene sulfonate (PSS) onto AAO substrate embedded with copper hydroxide
nanowires, followed by the in situ growth of HKUST-1 on this substrate. The sulfonate
groups present in PSS exhibit varying affinities for Li*, Na*, K*, and Mg?*, leveraging
these differences to achieve the efficient separation of mono/divalent salts. The membrane
exhibited ideal selectivities of 78 for Li* /Na™, 99 for Lit/K*, and 10,296 for Li*/ Mg2+,
respectively. The actual binary ion selectivities were 35 for Li* /Na*, 67 for Li* /K*, and
1815 for Lit/Mg?*, respectively (Figure 5b) [39].

3.1.2. Growth of MOFs on the Polymer Substrates

Polymer supports are cost-effective, highly flexible, and easy to scale up. However, the
conditions of MOF growth typically involve organic solvents and high temperatures, where
common polymer materials may not endure. Furthermore, the nucleation and growth of
MOFs on polymer substrates is also challenging. To enhance the bond between MOFs and
polymer supports, Yao et al. employed the contra-diffusion synthesis method to create
defect-free ZIF-8 films on nylon membranes. This method placed the metal salt and organic
ligand solutions on opposing sides of a nylon polymer substrate, enabling mutual diffusion
to form a ZIF film. The chemical potential difference between the solutions drove the
diffusion process towards the polymer substrate. As the reaction occurs not just on the
surface but also within the pores, the binding force between the MOF and the polymer
is enhanced. The contra-diffusion growth method is characterized by its “healing” and
“self-limiting” nature. The term “healing” refers to the process where solutions diffuse
through intercrystalline gaps, facilitating the growth of ZIF that subsequently fills these
spaces. As the gaps become filled and crystals fully form, the diffusion of the precur-
sor solution ceases, thereby halting the reaction. This phenomenon demonstrates the
“self-limiting” characteristic of this method [40,41]. Enriching metal ions on the surface
of a porous substrate is a universal strategy for constructing high-quality MOF polycrys-
talline membranes. Phytic acid, known for its strong metal ion chelating capabilities, could
be utilized in the preparation of MOF polycrystalline membranes. Jiang et al. first pro-
posed the preparation strategy for “metal-organic phosphoric acid” membranes in 2019,
using phytic acid as an electron donor and transition metal ions (Ag*, Zn?*, Ni**, Fe>*,
and Zr**) as electron acceptors [42]. According to acid-base coordination theory, only
hard acids (Fe**, Zr**) and similarly hard base phosphoric acid ligands could combine
to form defect-free membrane structures. Jiang et al. then used pre-embedding metal
ions on polymer surfaces to serve as nucleation sites for MOFs, thereby improving the
MOF-polymer substrate bond [43]. They subsequently utilized contra-diffusion synthesis
for MOF membrane preparation. Metal-organic phosphoric acid could self-assemble into a
coating on the polymer substrate, enhancing the enrichment of metal ions and facilitating
MOF growth. This strategy works for various polymers (PES, PAN, and HPAN) and MOFs
(e.g., ZIF-8 and HKUST-1). This indicates that the influence of metal ions on MOF growth
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is exceptionally subtle. Researchers have also utilized the characteristic of polymers to
adsorb metal precursor ions, which helps to compensate for defects between MOF crystals,
enabling the fabrication of large-scale, defect-free membranes. Yu et al. initially coated
a polysulfone (PSF) substrate with a PDMS layer to create a uniform surface for MOF
growth [44]. They then immersed the PDMS-layered membrane in a PVA-metal ion solu-
tion to serve as a “release layer” for subsequent MOF growth. Subsequently, the membrane
was immersed in metal ion and organic ligand solutions, leading to MOF formation upon
the interaction of solution ligands with membrane surface metal ions. However, metal ions
in the pure metal ion layer partially dissolved into the solution, causing defects in MOF
growth. Surprisingly, metal ions in the release layer were gradually and consistently sup-
plied to the defect sites, facilitating MOF growth and self-repair in these areas. During this
process, ligand molecules were attracted to the PVA—metal ion layer. As mentioned before,
polymers significantly affect the MOF crystallization process. In this case, the PVA-metal
ion layer greatly promotes the deprotonation step of MOF, facilitating rapid nucleation.
Furthermore, this method enabled the preparation of membranes with a packing area
of 4800 cm?, demonstrating the practical application prospects of polymer-assisted MOF
growth strategies in developing large-area MOF membranes (Figure 5c). Additionally,
Yu et al. added Ag™ to the pure metal ion solution, leveraging the oxidizing and etching effects
of Ag* solution to create hierarchical porous membranes with micro- and mesopores [45].

Unlike MOF particles, two-dimensional MOF nanosheets possess ultrathin thickness
and an exceptionally large surface area, making them advantageous for membrane separa-
tion applications due to relatively fewer lattice defects [2]. To tackle disorderly stacking and
microporous defects in Cu-TCPP two-dimensional nanosheets, Chen et al. employed the
“MOF on MOF” strategy, enhancing the triple-nozzle electrostatic spraying technique [46].
One nozzle dispersed Cu-TCPP nanosheets, while the other two separately sprayed
Cu-TCPP metal cluster and organic ligand solutions. This approach not only facilitates
a more precise application but also contributes to a tighter integration with the preced-
ing triple-nozzle technique. Covalent bonds between the secondary MOF particles and
nanosheets filled the gaps, reducing defects and resulting in more orderly nanosheet stack-
ing. The membrane achieved a retention of over 90% for rose red dye, with an ethanol
permeance of around 90 L m~2 h~! bar~!. However, electrostatic spraying also poses chal-
lenges for scaling up, particularly in producing membranes with larger pores that struggle
to retain small molecules and ions. Zhao et al. improved MOF nanosheet adhesion to PVDF
substrates by integrating ZIF-8 crystals into the PVDF casting solution [47]. Introducing
ZIF-8 created heterogeneous nucleation sites and strong binding forces for the subsequent
growth of MOF nanosheets. By flipping, twisting, and shaking the membrane substrate, the
nanosheets were securely attached without tearing (Figure 5d). In contrast to the secondary
growth strategy, Zhao et al. synthesized MOF nanosheets with excellent self-film-forming
properties, offering a new approach for preparing large-area and ultrathin MOF membranes.
In 2017, Zhao et al. initially synthesized NUS-8 nanosheets via a modulated hydrothermal
method. NUS-8 nanosheets are composed of ZrgO4(OH)s or HfgO4(OH)4 clusters and
1,3,5-benzenetriphosphonate (BTB>~) ligands. Unique heterogeneous synthesis conditions
restrict planar ligands to interface reactions and crystal growth, allowing for the creation
of two-dimensional NUS-8 materials [48]. In 2021, Zhao et al. optimized the synthesis by
using formic acid as capping molecules. Formic acid molecules selectively coordinated with
Zr** sites, forming multi-layered NUS-8 nanosheets with superb solution processability.
This allowed the preparation of high-performance aerogels, xerogels, and large-area thin
films [49]. In 2023, Zhao et al. used a scraping and evaporating method to produce NUS-8
membranes with variable thickness and uniformity on PAN-400 substrates. The excellent
adhesion, flexibility, and processability of NUS-8 nanosheets ensured a strong binding to
PAN substrates. The membrane achieved nearly 98% retention of common Mg2+, AI¥*, and
dyes, with a permeance of 1to 3L m~2 h~! bar~! [50].
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Figure 5. Effect of polymers on the growth of the MOF polycrystalline membrane. (a) PVP-modified
AAO substrate to promote UiO-67 growth [37], (b) PSS aiding HKUST-1 growth on AAO [39],
(c) PVA mending MOF defects for defect-free membranes [44], and (d) the “MOF on MOF” strategy
for in situ MOF membrane growth [47].

3.2. Growth of MOFs within Polymers: MOF MMMs

MOF polycrystalline membranes are formed by growing MOFs on the porous carrier,
whereas MOF MMMs are prepared by embedding MOFs within the polymer. MMMs
are typically fabricated through a blending technique. This method involves dissolving
the polymer in a solvent to form a casting solution. Then, MOF particles are added into
the casting solution and stirred or sonicated to achieve uniform dispersion. Subsequently,
methods such as phase transformation are employed to remove the solvent from the
casting solution and form a membrane. The organic—inorganic hybrid nature of MOFs
enhances polymer compatibility compared to conventional inorganic materials. However,
challenges such as MOF particle aggregation within the polymer matrix and less-than-ideal
MOF-polymer interfacial compatibility still exist. Benefiting from the tunable properties
of MOF materials, modifications could be carried out to improve the interface between
MOF materials and polymers. The relationship among MMMs, MOFs, and membranes is
illustrated in the following Figure 6.

Polymer

../ Providing additional
- channel
—

X o Modified
MOF MMM

Figure 6. Schematic of the interrelationship among MOFs, polymers, and MMMs.

To address the issue of interfacial compatibility between MOFs and polymers in
mixed-matrix membranes, several approaches are commonly employed: modification of
MOFs (including functionalization of MOFs and the “MOF on MOF” strategy), modifica-
tion of polymers, and in situ growth methods. A common method for modifying MOFs
is the modification of their ligands. Zhu et al. improved the compatibility between ZIF-8
and PIM polymers using a mixed-ligand approach in ZIF-8 synthesis. They incorporated
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-CN groups into the ZIF-8 structure using 4,5-dicyanoimidazole as an auxiliary ligand.
After thermal activation, ZIF-8-CN was further covalently bonded with PIM-1, significantly
improving the interface compatibility between ZIF-8 and the PIM polymer (Figure 7a) [51].
As mentioned before, polymers could also functionalize MOFs, which is simpler compared
to ligand modification methods. Cseri et al. adopted a polymer modification approach
for MOF modification, coating aminated UiO series with poly (N-isopropyl acrylamide)
(PNIPAM) [52]. This modification increases the MOF-polymer matrix compatibility, signifi-
cantly enhancing the organic solvent nanofiltration performance. Specifically, it increased
acetone solvent permeability, with a molecular weight cutoff of 160-290 g/mol. Fan et al.
used PDA to modify MOFs, boosting the interfacial compatibility with Troger base polymer
membranes. The NH and hydroxyl groups in PDA molecules form multiple hydrogen
bonds with the Troger base polymer. Additionally, the flexibility of PDA partly reduces
interface stress, thus enhancing the mechanical properties of the membrane (Figure 7b) [53].

A larger interface contact area between MOFs and polymers generally suggests im-
proved interfacial compatibility. However, the relatively large size of MOF particles often
results in limited contact with polymers. Wu et al. utilized a “dual-interface approach” for
enhanced compatibility. This method involved the growth of smaller MOF-74 particles,
approximately 20 nm in size, on the surface of original MOF particles around 170 nm. The
reduced size and open active sites of MOF-74 particles expanded the interface area and
tripled the contact interaction force with the polymer [54]. Zhang et al. adopted a similar
strategy by growing smaller Agytz, particles (10 nm) on larger ZIF-67 (120 nm) to form a
ZIF-67@Agytz, core-shell structure [55]. The inclusion of Agstz, not only strengthens the
interfacial bonding with the polymer but also significantly mitigates the agglomeration
of ZIF-67. By leveraging hydrogen bonding, Li et al. skillfully adjusted the compatibility
between ZIF and glassy polymer 6FDA durene and rubbery polymer Pebax 1657 [56]. This
approach smartly used the basicity of dimethylimidazole in ZIF ligands to manage the
hydrolysis/condensation of phenolic resins. The phenolic hydroxyl groups of resin formed
hydrogen bonds with the C=O groups of the polymer, resulting in a core—shell structure
with ZIF that greatly improved their interfacial compatibility.

Functionalization of MOFs could indeed enhance their interfacial compatibility with
polymers. However, modifying MOFs may alter or block their porous structure, thereby
affecting their separation performance. Alternatively, modifying polymers represents an-
other approach to improve interfacial compatibility. Carja et al. functionalized PIM-1 with
aminooxy, tetrazole, and N-((2-ethylamino)ethyl)amide groups to compare their interac-
tions with UiO-66 [57]. Among these, the aminooxy-functionalized PIM-1 demonstrates
the strongest interfacial interaction with the MOF surface. This strong interaction is likely
due to the hydrogen bonding between the O(OH) groups of AO-PIM-1 and the H(OH) on
the surface of UiO-66 (Zr), which simultaneously promotes the adhesion between MOF
nanoparticles and the polymer matrix (Figure 7c). Functionalization of MOFs and poly-
mers markedly enhances their interfacial compatibility, which is vital for boosting the
mixed-matrix membrane performance. Beyond simple modifications to polymers, intro-
ducing MOF ligand units into the polymer structure could also enhance interfacial com-
patibility. Lee et al. combined carboxylated PIM-1 with UiO-66 to prepare mixed-matrix
membranes [58]. Carboxylated PIMs, which contain phthalic acid units, align with the
structural characteristics of UiO-66’s organic ligands. The BDC units within the PIM are
able to coordinate with metal ions, facilitating the formation of a polyMOF structure.
Concurrently, the phthalic acid units can react with metal clusters to generate UiO-66
nanoparticles. This synergistic interaction enhances the interfacial compatibility and dis-
persion between the PIM and the MOF, resulting in a uniformly integrated composite
material (Figure 7d).

The above methods enhance the interfacial compatibility between MOFs and poly-
mers through functionalization. Typically, this process involves dispersing synthesized
MOFs into a polymer solution, which is often cumbersome and time-intensive. Altering
the procedure to enable the in situ growth of MOFs within the polymer matrix could



Polymers 2024, 16, 1653

12 of 24

(c)

significantly reduce the preparation time for MOF membranes and improve compatibil-
ity. Unfortunately, the in situ synthesis of MOFs within polymers generally requires the
alignment of the polymer dissolution system with the MOF growth system. Seoane et al.
employed tetrahydrofuran to dissolve MIL-68 precursors and PSF, utilizing a one-pot
method to prepare MOF mixed-matrix membranes [59]. This technique eliminates the
requirement to dry MOF crystals before dispersion, thereby improving their dispersion
and interfacial compatibility. Li et al. adopted a “constrained swelling coupled with
solvent-induced crystallization” strategy for the rapid in situ synthesis of ZIF-8 within a
polymer substrate [60]. This strategy entailed dissolving ZIF precursors in methanol and
mixing them with a PEO polymer to create a casting solution. Subsequently, UV light was
used to initiate the formation of the PEO film, which was then immersed in a mixture
of ammonia and methanol. Ammonia can accelerate the deprotonation of 2-hmim and
facilitate rapid ZIF crystallization, while methanol serves as the dispersant and solvent for
ZIF. This method allowed for a maximum ZIF loading of 63.5%. Chen et al. selected PEG,
renowned for its pH stability, as the matrix for MOF in situ growth [61]. The flexibility
of PEG chains alleviates the precipitation of MOF particles. They employed spin-coating
to deposit the polymer and MOF precursor onto a substrate, followed by reacting it with
vaporized ligands to form the MOF. This technique resulted in membranes with a thickness
of merely 50 nm. Specifically, the growth of ZIF materials in PIMs also faces challenges due
to incompatible solvent requirements: water or alcohol is needed for ZIF synthesis, while
chloroform is required for PIM dissolution. Inspired by the symbiotic relationship between
rhizobia and legume roots, Shao et al. developed a “chloroform-water” symbiotic solvent
system for PIM and ZIF materials [62]. Initially, the PIM was dissolved in chloroform,
followed by the addition of metal salt and ligand aqueous solutions, creating a uniform
oil-water mixture. The compatibility between chloroform and water facilitated an even
dispersion of ZIF within the PIM. Furthermore, the presence of chloroform delayed ZIF
crystallization, allowing for a more uniform dispersion. This technique drastically cut
down MOF post-synthesis processing and greatly enhanced MOF nanoparticle dispersion,
achieving a loading capacity of up to 70%.
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Figure 7. Strategies for improving the interface compatibility of MOF mixed-matrix membranes.
(a) -CN-modified ZIF for mixed-matrix membrane fabrication [51], (b) PDA-modified ZIF-8 for
well-compatible mixed-matrix membrane fabrication [53], (c) functionalized polymers for
mixed-matrix membrane construction [57], and (d) schematic of the polyMOF growth strategy [58].

3.3. MOF Sandwiched by Polymers: TFN Membranes

The previously mentioned MOF polycrystalline membranes and MOF mixed-matrix
membranes both utilize polymers as carriers, while MOFs serve as sub-nanometer chan-
nels to enhance the separation performance. Polymers themselves could also form sub-
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nanometer channels to provide selectivity, such as through interfacial polymerization. In
1959, Wittbecker et al. synthesized high molecular weight polymers using acyl chloride
and compounds with active hydrogen atoms (-OH, -NH, and -SH). Since this reaction
occurs at the liquid-liquid interface, it is known as interfacial polymerization. Interfacial
polymerization features mild reaction conditions and short reaction times [63]. In 1978,
Cadotte’s team used piperazine (PIP) and trimesoyl chloride (TMC) monomers to create the
first thin-film composite (TFC) nanofiltration membrane via interfacial polymerization on a
PSF substrate. The interfacial polymerization method demonstrates significant advantages
in preparing sub-nanometer channel membranes, such as low cost, ease of operation, and
suitability for continuous production. The polymeric substrate, drying time, and coating
method all have significant impacts on the rejection performance [64]. However, tradi-
tional interfacial polymerization technology struggles to overcome the limitations of the
“trade-off” effect. MOF crystals have regular pore structure and tunable properties, poten-
tially overcoming the “trade-off” effect. However, MOF crystals often feature structural
defects and lack flexibility. Integrating MOFs with interfacial polymerization could address
their mutual shortcomings, facilitating the creation of TEN membranes [65]. The prepara-
tion of TFN membranes combining MOFs with interfacial polymerization could be divided
into three types: as an interlayer, doped into the water/organic phase, and participating in
the interfacial polymerization process (Figure 8).

Polymer

(1) Modulate IP
process

(2) Provide additional
channel

MOF TFN membranes

Figure 8. Schematic of the interrelationship among MOFs, polymers, and TFN membranes.

3.3.1. MOF as an Interlayer for Interfacial Polymerization

The synergistic design of interfacial polymerization layers is considered one of the
most important areas of research in nanofiltration membranes. In 2015, Livingston intro-
duced the concept of TEN membranes with an interlayer, yielding ultrathin, high-flux
membranes. Nanoparticles serve as an interlayer to control amine monomer adsorption
and release, regulate interfacial polymerization, and enhance the effectiveness of inter-
facial degassing via nanobubbles [66]. The incorporation of organic groups in MOFs
enhances their compatibility and controllability compared to inorganic materials. Zhao
et al. dispersed amino group MOF particles (e.g., UiO-66-NH; and MIL-101-NHy) in
ethanol, combined the dispersion with a PEI aqueous solution, and sprayed it onto a PAN
substrate to create a MOF layer. Then, they sprayed a TMC solution on the MOF layer.
TMC can react with PEI and the amino groups of MOFs, embedding MOF particles within
the PEI-TMC polyamide network. This integration serves to prevent particle leaching and
aggregation (Figure 9a) [67]. This membrane exhibited a rejection rate of over 99% for
methylene blue and a pure water permeance of 20 L m~2 h~! bar~!. It greatly exceeds the
permeance of commercial nanofiltration membranes. The improvement in performance can
be attributed to the amino functional groups in MOFs, which relax the polyamide network
and expand the water transport channels due to the intrinsic porosity of MOFs. Besides
serving as an interlayer to adjust interfacial polymerization properties, MOFs could also
influence the polymerization formation process via their unique characteristics. Peng et al.
utilized Fe-TCPP, a MOF known for its photothermal effect that converts light to thermal
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energy, as an interlayer. The heat quickened the diffusion of monomers and thermally
cured the polymerization layer, resulting in a cross-linked, hydrophilic polyamide selective
layer. This membrane achieved a permeance of 120 L m~2 h~! bar~! for methanol and
160 L m 2 h~! bar~! for acetonitrile, while maintaining a 97% rejection rate for acid red [68].

The role of MOF particles as an interlayer in controlling the interfacial polymeriza-
tion process has been widely reported. However, due to the dispersion and diversity of
nanoparticles, the relationship between the properties of the interlayer and performance of
the membrane has been challenging to elucidate. The unique configuration and properties
of two-dimensional nanosheets provide distinct advantages in TFN membrane preparation.
By leveraging the adjustable thickness of interlayers from 2D materials, Xia et al. used
the series resistance model to elucidate how the structure of layers affects the membrane
resistance distribution and permeability [69]. Initially, Cu-TCPP nanosheets with varying
thicknesses were prepared on a PES substrate through vacuum filtration. After using
nanosheets as an interlayer for interfacial polymerization and analyzing water resistance
with the series resistance model, the study found that an increased thickness of the Cu-TCPP
layer decreased the resistance of the polyamide layer. Moreover, increasing the nanosheet
thickness initially raised and then lowered the cross-linking degree of the polyamide selec-
tive layer. This occurred because more PIP monomers adsorbed onto the porous nanosheets
compared to the PES substrate, and the smaller pore size of the nanosheets restricted PIP
permeation, promoting the formation of a densely cross-linked polyamide network. By
precisely controlling the interlayer and the structure and properties of selective layers, the
membrane reached a permeance of 32.7 L m~2 h~! bar~! and selectivity of 271.7 for C1~
and SO42~. Xu et al. used two-dimensional Al-based nanosheets as an interlayer, applying
them onto a nylon membrane surface via vacuum suction. The AI-MOF nanosheets” high
porosity enabled the membrane to achieve a permeance of 42 L m 2 h~! bar ! and a
NaySOy rejection rate of 97% (Figure 9b) [70]. MOF nanosheets could not only regulate
the interfacial polymerization process from beneath the polyamide layer but also act as
a switch between the aqueous and organic phases to initiate polymerization. Wang et al.
dispersed Cu-BDC nanosheets in hexane, transferred this dispersion into an aqueous phase
containing amine monomers, and used solvent evaporation to aid the self-assembly of the
nanosheets at the interface [71]. Adding a TMC-containing hexane solution initiated the
interfacial polymerization (IP) reaction, where Cu-BDC nanosheets aligned horizontally
at the water/hexane interface to speed up amine monomer transport and nanobubble for-
mation. This process resulted in the formation of a wrinkled PA nanofilm. The membrane
subsequently achieved high rejection (>90%) for neutral small molecules like boron and
N-nitrosodimethylamine (NDMA).

When MOFs serve as an interlayer, the water-phase and organic-phase monomers of
interfacial polymerization meet on the MOF surface, embedding MOFs within the selective
layer. This configuration makes it challenging to effectively utilize the pore structure of
MOFs. In response, Zhao et al. proposed a capillary force-assisted interfacial polymeriza-
tion method for preparing MOF-PA nanofiltration membranes [72]. This approach involved
depositing MOF particles on a PES membrane and then moving it to a polyvinyl alcohol
sponge soaked with PIP. Capillary forces drove the PIP solution in the sponge up through
MOF particle gaps, reacting with TMC to form a polyamide selective layer. Capillary forces
created a PIP concentration gradient at the membrane interface, reducing the PIP levels at
the top, which decreased cross-linking and enhanced water flux (Figure 9c). Additionally,
due to the high hydrophilicity of the membrane and uniform pore size, it achieved the
efficient separation of nutrients and emerging pollutants like perfluoroalkyl substances
from wastewater, with a separation factor of around 8.

3.3.2. Doping MOFs into the Aqueous/Organic Phase

Besides serving as an interlayer for selective layer formation control during interfacial
polymerization, MOFs could also be dispersed directly into aqueous- or organic-phase
solutions, integrating themselves into the selective layer. Jin et al. introduced hydrophilic
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UiO-66-NH; particles, 15 nm in size, into the aqueous PIP phase, creating an ultrathin
selective layer around 20 nm thick [73]. The size compatibility between nanoparticles and
the selective layer enabled uniform nanoparticle incorporation, resulting in an ultrathin,
defect-free polyamide layer with high water flux. The membrane demonstrated a high flux
of 46 L m~2 h~! bar~! and approximately 98% retention for Na;SOy4. Apart from preparing
small-sized MOF particles for enhanced compatibility with the selective layer, modifying
MOF particles is also a prevalent strategy. Fang et al. modified UiO-66-NH; with chitosan
and dispersed it into PIP for interfacial polymerization, demonstrating strong anti-fouling
properties [74]. Shao et al. selected dopamine and glucose, which are rich in amine and
phenolic groups, as aqueous-phase monomers. They introduced UiO-66-NH, to create a
ternary biomimetic nanofiltration membrane. Incorporating UiO-66-NH, enhanced the
water permeance to 32 L m~2 h~! bar~! and preserved high Na,;SOy retention. This is due
to hydrogen bonds between glucose and the amine groups of UiO-66-NH,, promoting an
even UiO-66-NH); spread and leveraging the MOF porosity for extra molecular transport
paths [75]. Moreover, the Zr metal centers in MOFs could also interact with fatty amines.
This interaction slows the diffusion rate of amine monomers, leading to selective layers
with distinctive morphologies [76]. Jiang et al. introduced UiO-66-NHj; particles, around
15 nm in size, into a water solution of TETA. The amine groups of TETA interact with Zr
centers of UiO-66-NH,, affecting the behavior of the monomer. This interaction decreases
the diffusion rate of TETA and increases the amine monomer concentration around the
MOF [77,78]. An excessive amine monomer concentration may disrupt the MOF structure
by forming intermediate complexes [79]. Han et al. modified MIL-101-NH,, particles with
TMC and (3-glycidyloxypropyl) triethoxysilane (GPTES) and then dispersed the modified
MOF particles in a hexane solution containing TMC [80]. The TFN membrane demon-
strated up to 99.0% NaCl retention and approximately 90% removal of small molecules.
Both TMC and GPTES modifications to MOFs target the same amine groups. TMC engages
these groups in an in situ chemical cross-linking reaction to form amide bonds, thereby
enhancing the compatibility and resolving interfacial issues between MOFs and polyamide.
GPTES engages in a ring-opening reaction with the epoxy groups and the amines in
MOFs. This reaction stabilizes MOF particles in the organic phase as a particle suspen-
sion, which inhibits particle aggregation during the interfacial polymerization process.
Xu et al. applied post-synthetic metal ion exchange to UiO-66-NH,, substituting Zr**
with Ti** during doping into TMC. This partial replacement increased the negative charge
inside MOF pores and enabled faster cation transport. Additionally, the NH, groups in
UiO-66-NH, locally reacted with TMC, resulting in chemical crosslinking and giving the
membrane a Li* over Mg?* selectivity of 12 [81].

3.3.3. In Situ Cogrowth of MOFs

It is also feasible to synchronize the growth and crystallization of MOFs with the
interfacial polymerization process, facilitating the in situ formation of MOFs within the
polyamide matrix. This strategy enables a uniform and oriented distribution of MOFs
throughout the polyamide network. Fu et al. uniformly sprayed atomized copper ion
droplets onto the surface of a mixed solution containing the organic ligand (1,4-benzene
dicarboxylic acid, HyBDC) and m-phenylenediamine [82]. The resulting MOF was uni-
formly dispersed within the polymer matrix without defects over a large area, and the
membrane exhibited ideal selectivity for Li*/Mg?* of 1221.95, with a Li* permeability of
12.54 mol m~2 h~!. The bifunctional metal ions self-assemble with the organic ligands
and stimulate monomer polymerization at the gas-liquid interface, rapidly growing a
large-scale interfacial polymerization layer.

Amine monomers could not only in situ form a polyamide network with MOF but also
confine the crystallization process of MOFs, resulting in defect-free MOF membranes. By
integrating amine monomers with polymers to form nanoreactors, the release of metal ions
from the precursors could be regulated, thereby enabling the controlled growth of MOFs.
The covalent linkage between the nanoreactors and MOFs maintains both the porous
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structure of the MOFs and the intercrystalline channels, offering the potential for the
fabrication of membranes with high flux and precise sieving capabilities. An et al. confined
Zn?* metal ions of ZIF precursors within a mixed solution of PIP and dopamine (DA).
Adding Zn?* ions and PIP slowed the reaction and deposition rates of DA on the membrane,
creating a 9 nm thick nanoparticle layer [83]. The membrane achieved a permeance of
130 L m~2 h~! bar™!, successfully retaining over 97% of molecules larger than 1 nm while
allowing less than 15% of those smaller than 0.9 nm to pass through (Figure 9d). The team
adopted the same strategy in 2021, using n-(2-aminoethyl) piperazine propyl sulfonate
and dopamine-derived amphiphilic polymer nanoparticles as templates. However, the
complexity of synthesizing amphiphilic polymer nanoparticles may limit its large-scale
production [84]. MOF precursors typically contain metal ions and organic ligands, and
interfacial polymerization usually involves aqueous-phase amine monomers and an acyl
chloride organic phase. Han et al. used in situ synthesis to integrate MOF into polyamide
by dissolving the ZIF-8 precursor and PSS in PIP solution and imidazole in a solution of
chloroform with acyl chloride, followed by interfacial polymerization to form a selective
layer [85]. The in situ synthesis approach ensured the continuous and perfect distribution
of ZIF within the selective layer. The membrane flux increased from 10.0 Lm~2 h~! bar~!
t020.6 L m~2 h~! bar ! while maintaining high retention for NaySOj.
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Figure 9. Preparation of TEN membranes involving MOFs. (a) Thin-layer MOF composite membranes
fabricated by spray deposition [67], (b) AI-MOF nanosheets as an interlayer for TFN membrane
fabrication [70], (c) schematic of TFN membrane preparation assisted by capillary forces [72], and
(d) TFN membrane fabrication through polymer nano-ion interfacial confinement crystallization [83].

4. Nanofiltration Applications

This section analyzes and compares the performance of the three different types of
MOF-polymer membranes in nanofiltration applications (water treatment and organic
solvent nanofiltration). It introduces the separation performance and existing problems of
these membranes in nanofiltration systems. Through this comparison, we further clarify
the structure—performance relationship of polymer-MOF membranes in nanofiltration
systems. Due to the limitations of the “trade-off” effect in conventional polymer materials,
it is challenging to simultaneously enhance both rejection and flux [86,87]. Incorporating
MOFs with high porosity and regular channels can achieve a simultaneous improvement
in permeance and rejection, as the MOF channels provide additional transport pathways
and selectivity. The synergistic and defect-free integration of polymer and MOF materials
is fundamental to achieving high flux and high selectivity.
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4.1. Water Treatment

The rising demand for freshwater has elevated water scarcity to a global challenge.
Water treatment processes include seawater desalination; recovery; and the purification
of wastewater containing dyes, heavy metal ions, and organics. The sub-nanometer pore
structure of MOF membranes enables high water flux and desalination performance, mak-
ing them ideal for nanofiltration processes. MOFs can effectively balance high permeance
with high rejection. Their stable crystalline structure and ultra-high porosity provide
channels that allow water molecules to pass through while retaining small molecules.
This characteristic enables MOFs to achieve both high selectivity and high permeability
simultaneously. Liu et al. developed MOF-303 directly on an alumina substrate [88]. Based
on the hard and soft acids and bases (HSAB) theory, MOF-303 exhibits excellent water
stability in water. Possessing a pore size of approximately 0.6 nm, which falls between
that of water molecules (0.28 nm) and hydrated ions, the membrane reached retention
rates of 93.5% for MgCl, and 96.0% for NaySO4. This performance is linked to the dis-
sociated carboxyl groups in the MOF-303 ligands that give the membrane a negatively
charged surface, enhancing Na;SOj retention. Liu et al. synthesized UiO-66 on an alumina
substrate, achieving retention rates of 86.3% for CaZ*, 98% for Mg2+, and 99.3% for A3+
over 170 h [35]. The long-term stability could be attributed to the high stability of UIO-66.
Jian et al. produced two-dimensional AI-MOF nanosheets on an AAO substrate, reaching
nearly 100% removal of inorganic salts such as NaCl and KCI [89]. The exceptional reten-
tion and stability are due to the strong self-locking structure formed by p—p interactions
among MOF nanosheets, with the performance stability exceeding 750 h. The crystal
structure of MOFs crucially impacts their separation performance, and defect engineering
allows pore size adjustment to enhance the separation capabilities. Wang et al. utilized
post-synthetic ligand repair on defect-rich UiO-66, altering its pore size from 1.26 nm to
0.4 nm and boosting NaCl retention from 26% to 45% [90]. MMMs with MOFs typically
show suboptimal ion separation performance. Zhang et al. evaluated several MOFs em-
bedded in PVC and discovered that UiO-66-SO3;H@PVC exhibited the highest Li* /Mg?*
selectivity, attributed to its sulfonate groups. However, its selectivity, at a value of 4, was
considerably lower than that of MOF polycrystalline membranes. This may be due to
the poor binding force between the MOF and the polymer in MMM, leading to more
interfacial voids [91]. The following table summarizes the performance of the three MOF
membrane types in water treatment systems, as introduced earlier (Table 1). In desalina-
tion applications, MOF polycrystalline membranes achieve retention rates exceeding 95%.
However, their compact structure results in increased membrane thickness and reduced
flux, ranging from 0.1 to 4 L m~2 h~! bar~!. For ion separation, MOF polycrystalline
membranes demonstrate excellent ion separation capabilities due to uniform pores and
the ability to specifically bind ions. MMMs applied to water treatment systems struggle
with effective ion rejection and separation due to interfacial defects. TFIN membranes,
prepared through MOF incorporation and interfacial polymerization, exhibit the most
outstanding performance among the three membranes. The polyamide layer, inherently
containing extensive sub-nanometer channels, is generated via interfacial polymerization.
Additionally, MOFs enhance this structure by regulating the polymerization process and
contributing their sub-nanometer channels to facilitate material transport.
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Table 1. Comparison of different MOF-based membranes for water treatment applications.

Membrane Type @ nffzrnl:ﬁr::rl) Rejection or Selectivity Ref
MOF-808 PMOF 4.37 287.3 (Salt/dye) [36]
UiO-67 PMOF / 159.4 (Li*/Mg?*) [37]
HKUST-1 PMOF / 10,296 (Li*/ Mg2+) [39]
NUS-8 PMOF 3 98%, MgCl, [49]
MOF-303 PMOF 3.0 96.0%, NaySO4 [88]
UiO-66 PMOF 0.14 98%, MgCl, [92]
UiO-66 PMOF 0.285 45%, NaCl [90]
UiO-66-SO3H MMM / 4 (Lit/ Mg2+) [91]
MIL-101-NH, TFN 20.0 99.0% (Methyl blue, MW = 799.80) [67]
Cu-TCPP TEN 32.7 271.7 (C1~ /SO4%7) [69]
AI-MOF TFN 424 97.0%, NaySOy4 [70]
Cu-BDC TFEN 4.0 >90%, (Boron and NDMA) [71]
UiO-66-NH, TEN 46.0 97.1%, NaySOy [73]
UiO-66-NH, TFN 31.5 99.9%, NaySOy4 [75]
Cu-BDC TFN / 1221.95 (Li*/Mg?*) [82]
ZIF-8 TFN 130.0 97% (>1 nm molecule) [83]
ZIF-8 TFN 20.6 96.5%, NaySO4 [85]

Note: MOF polycrystalline membranes are abbreviated as PMOF in the table.

4.2. Organic Solvent Nanofiltration

Organic solvent separation is vital in industries like biorefining, petrochemicals, and
pharmaceuticals, forming a crucial aspect of industrial manufacturing. The primary chal-
lenge in organic solvent nanofiltration (OSN) lies in developing membranes that are chemi-
cally stable in organic solvents. MOFs have attracted widespread attention as promising
materials for OSN membranes due to their stability in common organic solvents. Zhao et al.
processed an amorphous Al precursor with formic acid via a sol-gel method to produce
an Al-MOF [93]. This membrane demonstrates precise molecular sieving capabilities in
organic solvent systems. By adjusting the reaction time, the pore size of the membrane
could be fine-tuned from 0.6 to 2 nm, enabling the molecular weight cutoff to be set between
300 and 650 Da and achieving ethanol permeability of 0.8-22 L m~2 h~! bar~! (Figure 10a).
However, MMM s also encounter poor retention in OSN systems due to interfacial de-
fects. Yao et al. incorporated Cu-TCPP as the filler into a P84 membrane substrate to
create a MOF mixed-matrix membrane [94]. They observed that the dispersion state of
the filler greatly affects the performance of MMM, with fully dispersed Cu-TCPP almost
doubling the permeance compared to partial dispersion, though retention for bright blue
R (Mw = 825.97) stayed nearly constant at 95.7% (Figure 10b). Ma et al. synthesized
UiO-66 on a solvent-resistant substrate via a multi-growth method. As this method did
not yield a complete and defect-free crystal structure, the membrane retained 96.33% of
the large molecular dye Bengal rose (Mw = 1017.64), with an ethanol permeation flux of
0.88 L m~2 h™! bar~!. Table 2 summarizes the performance of three MOF membrane
types in organic solvent systems, as introduced before. Similar to their performance in
water treatment, MMM membranes in organic solvent systems exhibit low flux and limited
separation precision. In contrast, MOF polycrystalline membranes and TFN membranes
stand out in separation efficiency due to the distinctive narrow pores of MOFs.
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Figure 10. Applications of MOF-based membranes in organic solvent nanofiltration. (a) In situ
preparation of AI-MOF membranes for organic solvent systems [93], and (b) fabrication of MOF
mixed-matrix membranes for organic solvent nanofiltration systems [94].
Table 2. Performance comparison of MOF-based membranes in organic solvent nanofiltration.
Permeance o . ..
Membrane Type (L m-2h-1bar1) Rejection or Selectivity Ref
AI-MOF PMOF EtOH, 0.8-22 99% (300-650 Da molecule) [93]
Cu-TCPP MMM EtOH, 2.82 95.7% (Brilliant Blue R, Mw = 825.97) [94]
UiO-66—NH, MMM EtOH, 0.88 96.33% (Rose Bengal, Mw = 1017.64) [95]
Fe-TCPP TFEN MeOH, 120 97.0% (Acid Fuchsin, Mw = 585.54) [68]
UiO-66—NH, TFEN EtOH, 30.2 98%, (Rose Bengal, Mw = 1017.64) [75]

5. Summary and Outlook

This review introduces the synergy between polymers and MOFs in membrane con-
struction, focusing on polymer-enhanced MOF functionality and high-performance mem-
brane construction with sub-nanometer channels. It discusses the roles of polymers in
MOF surface modification, growth regulation, and support carriers. In the future, it will be
essential to address several key considerations to improve the separation performance and
functionalize MOF—polymer composite membranes.

(1) Interaction mechanisms between polymers and MOFs

Polymers could regulate the growth of MOFs during synthesis by controlling the
number and angles of connections between metal clusters and organic ligands, thereby
influencing the growth process of MOFs. Although researchers have employed density
functional theory simulations to elucidate the role of polymers in MOF synthesis, direct
observation or detection of the roles of polymers during MOF synthesis remains exceed-
ingly challenging. Future research should utilize sub-nanometer-scale characterization
or detection techniques (such as in situ TEM and two-dimensional NMR) to establish
interaction models between polymers and MOFs and profoundly analyze their growth
regulation mechanisms.

(2) Coordinated regulation of MOF crystallization and polymer membrane formation

The crystallization of MOFs often demands harsh conditions such as high tempera-
tures, high pressures, and organic solvents, which typically exceed the tolerance of polymer
substrates and thereby hinder the collaborative construction of high-performance func-
tional materials. To address this, mitigating the harsh conditions of MOF growth to better
align with the processes for forming polymer membranes could be a promising direction.
Studies have shown that polymers, due to their strong compatibility, could precisely embed
various ligands or metal ions into MOF structural units and even replace organic solvents
as growth media for MOFs. Furthermore, the growth of MOFs generally requires acids
or bases as regulators, which adversely affect the construction of polymer membranes.
Consequently, exploring the use of functional polymers to replace these acids or bases
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during MOF synthesis represents a worthwhile direction for research. Additionally, the in
situ growth strategy of polymers and MOFs, capable of significantly reducing the MOF
synthesis time and addressing issues of dispersibility and interfacial compatibility, should
be further developed to enhance the processability of MOFs.

(3) Scaling up the fabrication of the MOF-based membrane for practical applications

A major barrier to the large-scale application of MOF—polymer materials is the
high cost of MOF production. By deploying these materials in high-value fields such
as biomedicine and chiral separation, the associated costs could be offset. Meanwhile,
the inherent brittleness of MOF crystals often leads to defects at crystal interfaces during
large-scale production. Emerging research is focused on transforming MOFs into an amor-
phous and glassy state to eliminate crystal face defects and achieve self-supporting MOFs.
These research directions are worth close attention.
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