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Abstract: The incorporation of different functional fillers has been widely used to improve the prop-
erties of polymeric materials. The polyhydroxy structure of PVA with excellent film-forming ability
can be easily combined with organic/inorganic multifunctional compounds, and such an interesting
combining phenomenon can create a variety of functional materials in the field of materials science.
The composite membrane material obtained by combining MOF material with high porosity, spe-
cific surface area, and adjustable structure with PVA, a non-toxic and low-cost polymer material
with good solubility and biodegradability, can combine the processability of PVA with the excellent
performance of porous filler MOFs, solving the problem that the poor machinability of MOFs and
the difficulty of recycling limit the practical application of powdered MOFs and improving the
physicochemical properties of PVA, maximizing the advantages of the material to develop a wider
range of applications. Firstly, we systematically summarize the preparation of MOF/PVA composite
membrane materials using solution casting, electrostatic spinning, and other different methods for
such excellent properties, in addition to discussing in detail the various applications of MOF/PVA
composite membranes in water treatment, sensing, air purification, separation, antibacterials, and so
on. Finally, we conclude with a discussion of the difficulties that need to be overcome during the film
formation process to affect the performance of the composite film and offer encouraging solutions.

Keywords: metal–organic frameworks; polyvinyl alcohol; film

1. Introduction

Polymer is a traditional material with macromolecular structure that is widely used in
our daily life due to its light weight, low cost, and chemical stability [1]. The processing of
polymer materials into polymer film materials that are indispensable in our lives has a wide
range of applications, such as greenhouses [2,3], packaging [4], antimicrobials [5], and
agricultural films [6,7]. To further expand the applications of polymeric film materials, and
to obtain greater performance advantages than can be obtained by using each component
alone, solid fillers and additives are often added to produce mixed matrix membranes
(MMMs) [8]. MMMs typically consist of a solid filler (dispersed phase) and a processable
polymer matrix (continuous phase). Typical MMMs are made by incorporating various
zeolites [9], activated carbon [10], molecular sieves [11], metal oxides [12], non-porous
silica [13], and other traditional inorganic fillers into the polymer matrix. However, these
conventional fillers often result in non-selective voids or defects in MMMs due to poor
polymer–filler compatibility.

With the rapid development of materials science and technology, research in recent
years has shifted to porous materials combining rich chemical functionality and tunable
pore structure, such as metal–organic framework materials (MOFs), covalent organic
frameworks (COFs), and porous organic cages (POCs), to prepare defect-free and well-
performing MMMs, which has also greatly broadened the range of potential fillers in
MMMs [14]. Among them, MOFs are an emerging porous material compared to traditional
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inorganic fillers, which are bonded by metal ions or clusters and organic linkers and
are known for their huge specific surface area and ultra-high porosity coupled with the
variability of the organic and inorganic components in their structure, where the sum
of the physical properties of the inorganic and the organic components and the possible
synergistic interactions between the two provide MOFs with interesting properties [15,16].
Currently, most of the synthesized or reported MOFs are in the form of powder, and
MOF powder is prone to dust generation due to its poor processing properties, and some
processing problems associated with MOF powder have hindered its industrial application
in mass production, so there is a need to develop reliable methods to apply MOF powder in
practical applications, such as in the photocatalytic reduction of CO2, where MOF powder
has the drawbacks of light scattering and being difficult to recycle after the reaction, which
has limited its practical application [17]. The simplest method usually requires mixing
and granulation of MOF powders with binders, but such methods reduce the internal
surface area and cause pore blockage [18]. Another approach is to combine MOFs with
other materials to form composites, which gives more functions to MOF-based composites
through synergistic effects [19].

Reports on MOF-based thin film materials exhibit many excellent physical and chem-
ical properties [20,21]. If an inorganic substrate is used in the preparation of the com-
posite film, the obtained film has sufficient mechanical strength, chemical stability, and
high-temperature resistance. However, the inorganic substrate preparation process is
cumbersome, expensive, brittle, and difficult to implement on a large scale, which lim-
its its wide application. Comparatively, polymer membranes have the advantages of
low cost, large membrane area, high processing capability, and large-scale industrial
applications [22]. Many polymer materials, including polyacrylonitrile (PAN) [23], poly-
lactic acid (PLA) [24,25], polyvinylpyrrolidone (PVP) [26], polyamide (PA) [27], and other
polymers, are used as substrates for the preparation of MOF-based composite membranes,
which have a wide range of applications in the fields of water treatment, antimicrobials,
air purification, sensing, etc. For example, Sorribas et al. [28] synthesized composite mem-
branes containing ZIF-8, MIL-53(Al), NH2-MIL-53(Al), and MIL-101(Cr) in a PA film layer
by in situ interfacial polymerization with high flux nano-filtration of organic solvents.
Zhang et al. [29] embedded Ag2(HBTC) into PLA fiber membranes as an antibiotic-free
material by an electrostatic spinning process, which was effective in killing bacteria. Among
them, polyvinyl alcohol (PVA) has excellent oil and chemical resistance and also good
biodegradability, making it an attractive bioplastic material [30,31]. PVA, with its excel-
lent film-forming ability and its films, is considered to be a smart material that can be
functionally tailored according to the usage interest due to its colorless and transparent,
non-toxic and non-hazardous, good physicochemical properties and biodegradability [32];
thus, it has a wide range of applications in the fields of catalysis [33], controlled release of
drugs [34], noise reduction [35,36], food packaging [37], and so on. These PVA films will
be well used in one aspect due to their high hydrophilicity; however, in most cases, the
high hydrophilicity will hinder their application in aqueous environments. To improve the
stability and properties of PVA films, various physicochemical methods have been used,
such as cross-linking [38], electrostatic spinning [39], blending [40], sol–gel processing [41],
and grafting [42].

The polyhydroxy structure of PVA can be easily combined with organic/inorganic
multifunctional compounds to create a variety of functional materials in the field of mate-
rials science. The composite film obtained by combining MOFs with PVA is a composite
material consisting of dispersed phases (MOFs) and continuous phases (PVA), the organic
ligands in the MOFs of this composite have good affinity and compatibility with the poly-
mer PVA chains, and the strong interactions with each other can combine the processability
of PVA with the excellent properties of porous filler MOFs to maximize the advantages
of the material [43]. In addition, the combination of multifunctional MOFs and PVA with
a polyhydroxy structure can not only solve the problems of instability and difficulty in
recycling single-use MOFs but also improve the physicochemical properties of PVA and



Membranes 2023, 13, 755 3 of 27

expand a wider range of applications. However, in the process of preparing MOF/PVA
composite film, the MOF particles may be covered by PVA or agglomerate due to the high
surface energy of MOFs, resulting in a decrease in active sites and specific surface area.
Therefore, we will summarize and analyze in a more systematic way the methods used
to prepare MOF/PVA composite films and their applications in different directions, as
shown in Table 1, and also propose encouraging solutions to the challenges faced to further
their functionalization.

Table 1. MOF/PVA composite films with different MOF particles and their applications.

MOF Preparation Methods Applications Ref.

UiO-66-NH2 Solution casting Gas separation [44]
HKUST-1 Solution casting UV blocking [45]
UiO-66-X Solution casting Separation [46]

ZIF-8 Solution casting Ionic dynamics [47]
ZIF-8 Solution casting --- [48]
ZIF-90 Solution casting Separation [49]
ZIF-8 Solution casting Water treatment [50]

SO3H-MIL-101-Cr Solution casting Separation [51]
Cu-BTTri Solution casting Healthcare [52]

MOF-76(EuxTb1−x) Solution casting Sensing [53]
ZIF-90 Solution casting Separation [54]
ZIF-8 Solution casting Electrochemistry [55]

MOF-5-NH2 Electrospinning Sensing [56]
HKUST-1 Electrospinning Antibacterial [57]

UiO-66-NH2 Electrospinning Antibacterial [58]
HKUST-1 Electrospinning Air purification [59]

UiO-66 Spraying method Water treatment [60]
Zn-MOF Spin coating Electrochemistry [61]

UiO-66-NH2 Vacuum filtration Water treatment [62]
ZIF-8 Electrospinning Water treatment [63]

Ln-MOF Solution casting Sensing [64]
UiO-66-X Solution casting Sensing [65]

ZIF-8 Electrospinning Air purification [66]
MIL-53(Al)-NH2 Solution casting Separation [67]

ZIF-8 Solution casting Separation [68]
Cu-BTC Electrospinning Antibacterial [69]
MIL-101 Solution casting Antibacterial [70]
JUC-200 Solution casting Electrochemistry [71]

HKUST-1 Solution casting UV blocking [72]

2. Preparation of MOF/PVA Composite Film

MOF/PVA composite film preparation methods can be widely divided into two cate-
gories: solution casting and electrostatic spinning; in addition, spraying, spin coating, and
vacuum filtration methods can be used to prepare MOF/PVA composite film. Depending
on the preparation process of MOF combined with PVA, it can be further divided into
MOF and PVA blending, in situ growth, and layer-by-layer assembly of MOF particles on
PVA. The comparison of various MOF/PVA composite film preparation methods is shown
in Table 2.

2.1. Solution Casting

Solution casting is a simple solution blending method; the usual method is to dissolve
the polymer in a solvent, and then the inorganic nanoparticles are dispersed in the solvent
through certain physical methods to make the nanoparticles uniformly dispersed in the
polymer solution, and finally the mixed solution containing nanoparticles is poured into
the mold and dried to obtain a composite material. The solution casting method is easy
to operate and low cost. For the preparation of PVA and MOF particles by the solution
casting method to obtain MOF/PVA composite film material, the process is schematically
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shown in Figure 1, which is the blending of MOF particles with PVA and the in situ growth
of MOF particles in PVA, respectively.

Table 2. Comparison of preparation methods of MOF/PVA composite membranes.

Synthesis Method Advantages Disadvantages

Solution Casting
Blending Convenient and fast Agglomerates easily

Low operation cost

In situ growth Even distribution
Good interface compatibility

High MOF loads are difficult
to achieve

Electrospinning

Blending High specific surface area, high
flux, high porosity

Low efficiency in
mass production

Layer-by-layer assembly

High specific surface area and
high active site

Multi-layer assembly,
better performance

The interface between layers
may be defective
Time consuming

Spraying Blending
Even distribution

Convenient and fast
Large-scale production

High dispersion requirements
for suspension

Uniformity and thickness are
difficult to control

Spin coating In situ growth The airflow during the rotation is
conducive to uniform drying

Low concentration solution is
difficult to coat
Not suitable for
mass production

Vacuum filtration Blending Convenient operation
Easy to control film thickness

Not suitable for mass
production

The film is easily damaged
during the separation process
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Figure 1. Schematic diagram of the process of preparing MOF/PVA composite film materials by
solution casting. (A) Pre-synthesised MOF particles blended with PVA. (B) In situ growth of MOF
particles in PVA.

2.1.1. Blending

The most important challenges in preparing composite films are the strong interfacial
interactions between the organic and inorganic phases and the homogeneous dispersion of
the inorganic particles [44]. Similarly, the key to preparing MOF/PVA composite films by
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a simple and low-cost solution casting method is the effective dispersion of MOF particles
in the casting solution to achieve a defect-free MOF-PVA interface. The PVA/HKUST-1
composite film material was obtained by ultrasonically dispersing the HKUST-1 particles in
ethanol and mixing them with the PVA solution. SEM and EDX plots showed that HKUST-1
was uniformly dispersed in the composite film and that the composite film exhibits good
thermal, mechanical, and UV-blocking properties (Figure 2A) [45]. Another approach is to
modify the MOF particles with functional groups to tune their surface properties and thus
improve their adhesion to the polymer [73,74]. Jiang et al. [46] prepared UiO-66-X particles
with different ligand modifications and then mixed them with a PVA solution to obtain
UiO-66-X/PVA hybrid films. The SEM images showed that the UiO-66-X particles modified
with different ligands were uniformly loaded on the UiO-66-X/PVA hybrid membrane.
The cross-sections of all the membranes showed dense morphology, which could be further
applied in osmotic dehydration separation. Therefore, the MOF particles are first dispersed
in the solvent by a certain method. Then, the suspension is slowly reacted with the PVA
solution to facilitate the homogeneous dispersion of the MOF particles in the PVA solution.
The problem of poor compatibility and particle agglomeration and deposition between
the MOF filler and the PVA matrix can also be solved by adjusting the surface functional
groups of the MOF particles.
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Figure 2. (A) HKUST-1 interaction process with PVA and (a) SEM and (b,c) EDX images.
(B) (a,b) SEM and (c,d) TEM images of ZIF-8 nanoparticles. (C) FE-SEM images of fractured surfaces
of ZIF-8/PVA composite films. (a–f) Denote different levels of ZIF-8 in the composite film. Reprinted
with permission from Refs. [45,47,48]. Copyright 2018 The Royal Society of Chemistry. Copyright
2021 Walter de Gruyter GmbH. Copyright 2016 The Royal Society of Chemistry.

The size and morphology of MOFs are also key factors affecting the performance
of composite films [75]. Nanoparticles are often preferred because they can bind tightly
to polymers to form a larger interfacial area [76]. ZIF-8 nanoparticles with uniform size
distribution and regular polyhedral shape without obvious agglomeration were dispersed
with PVA in DMF solution ultrasonically and through heating and then cast to obtain a
PVA/ZIF-8 composite membrane with good mechanical properties and ionic conductivity
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(Figure 2B) [47]. However, ZIF-8/PVA composite films were prepared by loading non-
spherical and agglomerated ZIF-8 particles onto PVA [48]. FE-SEM plots of the fractured
surfaces of the composite films showed that ZIF-8 particles were uniformly distributed
in the PVA matrix at 2 wt% loading in the ZIF-8/PVA composite film, but agglomeration
occurs from 5 wt% loading, and the agglomeration effect was more pronounced at higher
loading levels (Figure 2C). Adjusting the size and morphology of the MOF particles can
also contribute to improving the performance of the composite film.

In addition, researchers have attempted to improve the performance of composite
films by adding dispersants and cross-linkers to the reaction solution to improve the good
affinity between the filler and polymeric materials, enabling the formation of ideal defect-
free composite films [46,49]. Fu et al. [50] added the dispersant polydopamine (PDA) to
the solution and obtained homogeneous PVA/PDA@ZIF-8 composite membranes with
strong antifouling properties and permeation (Figure 3A). Zhang et al. [51] also used the
dispersant PD during the reaction and obtained homogeneous discrete SO3H-MIL-101-
Cr@PD nanoparticles. In addition, they studied hybrid films formed with different filler
amounts of PVA in the presence of cross-linkers with polyacrylonitrile (PAN) film carriers
and found that the SO3H-MIL-101-Cr@PD particles were uniformly distributed in each
hybrid film even at a loading of 30 wt% (Figure 3B). In contrast, hybrid films loaded with
30 wt% SO3H-MIL-101-Cr without the presence of PD showed significant agglomeration.
Zhu et al. [49] observed a significant agglomeration of ZIF-90 particles in the ZIF-90/PVA-
10 composite film without the presence of the cross-linker APTES by SEM maps. In contrast,
the ZIF-90 particles cross-linked with APTES exhibited better dispersion in the composite
membrane and showed high dehydration performance for ethanol separation. In addition,
the uniformity of the particles was greatly improved when the composite films obtained
by cross-linking different levels of Cu MOF with PVA in the presence of glutaraldehyde
(GA) were compared with those without cross-linking agents [52]. By comparing with the
presence of a cross-linking agent and a dispersant in the solution, it can be seen that the
presence of a cross-linking agent and a dispersant promotes the effective dispersion of MOF
particles in the composite film and helps to improve the performance of the composite film.

2.1.2. In Situ Growth

By in situ growing MOF particles in a polymer solution to prepare a composite film,
MOF particles can be evenly and size-controllably dispersed in the polymer matrix, which
can well solve the problem of aggregation of MOF fillers in the polymer solution. Water-
soluble polymers have been reported to positively affect the dispersion of nanoparticles
during in situ synthesis [77]. Li et al. [53] grew MOF-76(EuxTb1−x) and loaded CD in situ
on the PVA membranes by the hydrothermal method. SEM plots showed that CD and
MOF-76(Eu0.05Tb0.95) grew in abundant and uniform porous sheets on the PVA surface,
which in turn increased the binding force between MOF and PVA, allowing the composite
films to exhibit high thermal and mechanical stability, as well as showing exceptional
sensitivity in detecting CBZ at the nanoscale (Figure 4A). In addition, the reaction of
a solution containing PVA, metal cations, and organic ligands has resulted in a ZIF-90/PVA
composite membrane that can be applied to the osmotic dehydration of ethanol. Moreover,
as the viscosity of the PVA solution increases, the size of the ZIF-90 particles decreases,
which further prevents the aggregation of ZIF-90 particles in the system [54]. Therefore, the
viscosity of the PVA solution also contributes to the regulation of the size and dispersibility
of the MOF particles. In addition, Liu et al. [55] added PVA into a fully dissolved solution
containing metal cations and organic ligands, allowing the ZIF-8 particles to grow in situ in
the PVA (Figure 4B). TEM and PXRD showed that in situ crystallization was very effective
for preparing ZIF-8/PVA homogeneous composite films. Therefore, a composite film of
MOF particles grown in situ in PVA is obtained, either by placing the PVA film in a solution
containing metal cations and organic ligands or by combining the PVA of the solution with
a solution containing metal cations and organic ligands in situ, and the viscosity of the PVA
solution also influences the in situ crystallization process of the MOF particles.
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2.2. Electrostatic Spinning

Electrostatic spinning involves the application of a high potential (typically 10–30 kV)
to a polymer solution or polymer melt with a certain viscosity. The high potential causes
the polymer to be rapidly stretched and twisted after the solvent evaporates, eventually
forming microns/nanofibers attached to a specified substrate [78,79]. Nanofibers have
fascinating properties such as a high aspect ratio, large specific surface area, multi-sized
porosity, and high flexibility. Compared to conventional methods of preparing thin film
materials, electrostatic spinning is a low-cost, simple, high-throughput, high-porosity, and
high-mechanical-strength method of film preparation. It has been reported that various
MOF materials can be molded into hybrids with multi-sized porosity and multifunctionality
by combining them with electrostatically spun polymers [80]. The organic part of the MOF
and the electrostatically spun polymer are usually compatible, which makes it possible to
distribute the MOF material evenly at high loading rates, making it possible for the mixture
to aggregate less [81]. For the preparation of PVA and MOF particles by electrostatic
spinning to obtain MOF/PVA composite film materials, the process is schematically shown
in Figure 5, where the pre-synthesized MOF particles are blended with PVA, and the MOF
particles are assembled layer by layer on the PVA film, respectively.
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2.2.1. Blending

The MOF/PVA nanofiber membrane is usually made by mixing pre-synthesized MOF
particles with a PVA solution and then electrostatic spinning. Lou et al. [56] prepared
MOF-5-NH2/PVA nanofiber membranes with different loadings by electrostatic spinning
by blending MOF-5-NH2 nanoparticles with a PVA solution. This nanofiber membrane
had good structural stability, flexibility, and potential for gas sensing and detection applica-
tions. In addition, the researchers have improved the performance of the composite fiber
membrane by adding a cross-linking agent to the reaction system to improve the effective
binding of the MOF particles to the PVA. Wang et al. [57] reported the preparation of
HKUST-1/chitosan/PVA fibrous membranes with antibacterial properties by electrostatic
spinning and a cross-linking process (Figure 6A). The SEM diagram showed that the chi-
tosan/PVA fiber membrane had a smooth surface, and the EDS diagram shows a uniform
distribution of Cu elements in the fiber, indicating that the MOF particles were uniformly in-
corporated in the fiber. Therefore, MOF particles can be uniformly and effectively combined
with PVA by the cross-linking method.
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2.2.2. Layer-by-Layer Assembly

By in situ layer-by-layer growth of MOF particles in nanofibers, higher specific surface
area and active sites can be obtained, which helps improve the composite film’s perfor-
mance. Zhu et al. [58] reported that PVA nanofiber membranes were first prepared by
electrostatic spinning. The PVA nanofiber membranes were placed in a solution containing
metal cations and ligands. Finally, MOF particles were densely nucleated on the sur-
face of the PVA nanofiber membranes to obtain UiO-66-NH2@PVA nanofiber membranes
with antibacterial properties (Figure 6B). In addition, to overcome the problem that the
PVA fiber film obtained by electrostatic spinning is unstable because it is water-soluble,
Truong et al. [59] investigated ways such as cross-linking to make it more stable. Before
electrostatic spinning, citric acid, maleic acid, and polyacrylic acid (PAA) were added to
the PVA solution to prepare cross-linked PVA electrostatic spinning films. Then, the stable
PVA films were sequentially immersed in a solution containing metal cations and organic
ligands, cycling the immersion five times to allow in situ growth of HKUST-1 on the surface
of the stable PVA films. The presence of HKUST-1 particles on all three PVA cross-linked
electrostatic spinning membranes was observed by SEM images, with better growth of
HKUST-1 particles on the cross-linked citric acid–PVA membrane and the potential of this
fiber membrane for air purification applications.

2.3. Alternative Methods

In addition to solution casting and electrostatic spinning, spraying, spin coating,
and vacuum filtration methods can be used to prepare MOF/PVA composite films. To
reduce the agglomeration of MOF particles, Xing et al. [60] applied a mixture of PVA,
polyacrylic acid co-2-acrylamide-2-methyl propane sulfonic acid (P(AA-AMPS)), and UiO-
66 by spraying onto a polysulfone substrate using an airbrush. Finally, the composite
film obtained after cross-linking in a microwave oven had a smooth surface without
defects, uniform distribution of UiO-66 particles, and a load rate of 30% (Figure 7A). The
composite membrane also exhibited very high water flux and salt rejection even when
treating concentrated brine. Fan et al. [61] first grew Zn-MOF particles uniformly in situ
on the surface of copper foil at room temperature. Then, spin-coated PVA gel solutions of
different viscosities were permeated onto the surface of Zn-MOF particles to obtain a Zn-
MOF/PVA artificial solid electrolyte interface (SEI) film. This SEI film had high lithium-ion
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conductivity and good flexibility (Figure 7B). Chen et al. [62] synthesized a new bilayer
composite membrane by a simple vacuum filtration method using the cross-linking agent
GA to form a dense UiO-66-NH2/PVA layer on a PTFE membrane substrate (Figure 7C).
This composite membrane showed good resistance to contamination and wetting by oil and
surfactants. Such a range of other methods can also bind MOF particles to PVA substrates
uniformly and effectively at high loading. When using different methods, exploring the
combination of appropriate PVA solution viscosity, the addition of cross-linkers to the
system and other conditions will result in better film formation.

Membranes 2023, 13, x FOR PEER REVIEW 11 of 27 
 

 

 
Figure 7. Schematic diagram of the preparation of (A) PVA-P(AA-AMPS)-UIO-66 composite film. 
(B) Man-made SEI film. (C) UiO-66-NH2/PVA bilayer composite membrane. Reprinted with permis-
sion from Refs. [60–62]. Copyright 2022 Elsevier B.V. Copyright 2020 The Royal Society of Chemis-
try. Copyright 2022 Elsevier Ltd. 

3. Applications 
With the development of materials science and technology, there is a strong interest 

in developing new porous materials with excellent properties for the needs of everyday 
life and the advancement of industrial applications. According to the pore size, porous 
materials can be divided into large pores with diameters greater than 50 nm, mesopores 
with diameters between 2 and 50 nm, and microporous pores with diameters less than 2 
nm. Traditional porous materials have a wide range of structures from microporous to 
mesoporous. The limited adjustable pore structure of traditional porous materials limits 
the range of applications that require large pores [19]. In contrast, MOFs with typical mi-
cro- or mesoporous materials can be easily adjusted to meet practical requirements by 
changing the metal source, organic ligand, reaction solvent, templating agent, and tem-
perature to adjust the pore size and design a specific morphology of the MOF material 
[82]. Among these, surfactants have been selected as novel templating agents for the syn-
thesis of mesoporous MOFs due to their outstanding performance in the preparation of 
mesoporous molecular sieve materials [83,84]. This is demonstrated by the tendency of 
the MOF precursors to nucleate spontaneously at the edges of the surfactant during the 
crystallization process, resulting in the formation of MOFs with adjustable pore size, mi-
cro- and mesopores, and specific morphology. Such MOF materials with their high crys-
tallinity, tunable composition structure, high porosity, and large surface area make them 
promising for other fields such as gas storage [85], separations [86,87], adsorptions [88], 
sensing [89,90], and drug delivery [91,92]. 

Figure 7. Schematic diagram of the preparation of (A) PVA-P(AA-AMPS)-UIO-66 composite film.
(B) Man-made SEI film. (C) UiO-66-NH2/PVA bilayer composite membrane. Reprinted with permis-
sion from Refs. [60–62]. Copyright 2022 Elsevier B.V. Copyright 2020 The Royal Society of Chemistry.
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In conclusion, the preparation of MOF/PVA composite films by electrostatic spinning
is a low-cost, easy-to-operate film preparation method with high flux, porosity, and me-
chanical strength. This process requires a few polymer and film post-treatment processes,
making electrostatic spinning a more environmentally friendly technology. Moreover,
electrostatic spinning can make the MOF particles combine with PVA in a more uniform
and stable manner with high loading to increase the specific surface area, porosity, and
active sites of the composite film, thus giving the MOF/PVA composite film more excellent
performance and expanding its wider applications.
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3. Applications

With the development of materials science and technology, there is a strong interest
in developing new porous materials with excellent properties for the needs of everyday
life and the advancement of industrial applications. According to the pore size, porous
materials can be divided into large pores with diameters greater than 50 nm, mesopores
with diameters between 2 and 50 nm, and microporous pores with diameters less than
2 nm. Traditional porous materials have a wide range of structures from microporous to
mesoporous. The limited adjustable pore structure of traditional porous materials limits the
range of applications that require large pores [19]. In contrast, MOFs with typical micro- or
mesoporous materials can be easily adjusted to meet practical requirements by changing the
metal source, organic ligand, reaction solvent, templating agent, and temperature to adjust
the pore size and design a specific morphology of the MOF material [82]. Among these,
surfactants have been selected as novel templating agents for the synthesis of mesoporous
MOFs due to their outstanding performance in the preparation of mesoporous molecular
sieve materials [83,84]. This is demonstrated by the tendency of the MOF precursors to
nucleate spontaneously at the edges of the surfactant during the crystallization process,
resulting in the formation of MOFs with adjustable pore size, micro- and mesopores, and
specific morphology. Such MOF materials with their high crystallinity, tunable composition
structure, high porosity, and large surface area make them promising for other fields
such as gas storage [85], separations [86,87], adsorptions [88], sensing [89,90], and drug
delivery [91,92].

MOFs, porous materials consisting of inorganic nodes connected to organic ligands
by coordination bonds, exhibit relatively low stability compared to conventional porous
materials (e.g., zeolites or porous carbon-based materials) under mostly weaker coordina-
tion bonds than covalent bonds [93]. The processing properties of highly crystalline MOFs
are not yet satisfactory, and generally, the synthesized or reported MOFs are obtained in
the form of tiny crystals of tens to hundreds of microns or powder form for large samples.
However, in practical applications, the microscopic morphology, structure, mechanical
properties, and other physicochemical properties of the material are of great importance [94].
MOF powder hinders its further large-scale application due to poor mechanical processing
properties, poor mass and heat transfer rates, and easy dust generation, e.g., in the photo-
catalytic reduction of CO2, MOF powder has disadvantages such as light scattering and
difficulty in recycling after the reaction, which limits its practical application [17]. Therefore,
reliable methods need to be developed to mold MOF powders into formed products with
better performance for practical applications without significantly sacrificing the inherent
properties of the original MOF samples. The simplest method usually involves mixing and
granulating MOF powder with a binder, but such methods reduce the internal surface area
and cause pore blockage [95]. Another approach is to combine MOFs with other materials
to form composites, giving more functionality to MOF-based MMMs through synergistic
effects [96]. Membrane preparation from a polymer matrix is the most extensive method,
and a polymer membrane has a wide range of applications in fuel cells, biomedicine, and
separation [97,98]. PVA membrane materials have attracted wide attention due to their
easy processing, low cost, non-toxicity, and biocompatibility. The combination of PVA
and MOF materials with a variety of excellent properties allows the processing of ideal
materials with a variety of properties, making MOF/PVA composite film materials have a
wide range of applications in water treatment, sensing, air purification, antibacterials, UV
blocking, and other fields.

3.1. Water Treatment

Discharging wastewater containing pollutants into the natural environment is one of
the major causes of water scarcity. To date, many scientists have used different water treat-
ment technologies (membrane treatment, adsorption, advanced oxidation, etc.) to mitigate
environmental pollution [99,100]. Due to its large pore surface area, micro- and mesopores,
adjustable structure, and ability to interact with specific adsorbents/sorbents [101], MOFs
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have attracted a great deal of interest from researchers in the area of high-capacity ad-
sorbents [102], removal of organic pollutants [103], heavy metal removal [104], and other
aspects of water purification. Different types of MOF materials are used for water treatment
applications, e.g., water-stable MOFs, defective MOFs, and layered pore MOFs [105,106].
Typically, defective MOFs have higher porosity and surface area, contributing to the for-
mation of defective active sites and thus enhanced adsorption properties. Water-stable
and multi-dimensional MOFs often exhibit high adsorption performance due to their high
structural stability, high specific surface area, high porosity, and high channeling that can
match organic pollutants.

In addition, the assembly of MOFs suitable for water treatment into thin film mate-
rials helps to improve the effectiveness and efficiency of many industrial processes, such
as wastewater purification, and avoids the problems of difficult recovery and secondary
contamination caused by powdered MOFs [107]. MOFs have better compatibility with
polymeric matrices than other inorganic porous materials, resulting in significantly im-
proved selectivity and permeability in water treatment processes. Jia et al. [108] prepared
PAN/MIL101(Fe)-NH2 nanofiber membranes (NFMs) by a one-step electrostatic spinning
method. By comparing the adsorption performance of pure PAN membranes, powder
MIL101(Fe)-NH2, and NFM for separating dyes and acidic dye molecules in wastewater,
it was shown that the NFM had better adsorption and separation performance for acidic
organic ionic dyes in aqueous solution due to the synergistic effect of PAN and MIL101(Fe)-
NH2 crystals (Figure 8A). A mixture of poly(styrene-alt-maleic-anhydride) (PSMA) and
UiO-66-NH2 was prepared by solution casting to obtain cross-linked MOF/PSMA compos-
ite membranes with different MOF contents by Cao et al. [109]. This MMM has high adsorp-
tion capacity for the separation of methylene blue (MB) and methyl orange (MO), common
organic dye pollutants in wastewater. In addition to this, the polymeric substrates currently
used to combine with MOF materials to form MMM and for water treatment are polyamide
(PA) [110], polyacrylic acid (PAA) [111], polyvinylidene fluoride (PVDF) [112], polyethersul-
fone (PES) [113], PVA, etc. Among them, PVA [63], a biodegradable and environmentally
friendly material, combined with MOF particles with a large specific surface area and
tunable pore structure to obtain composites, is considered a potential active material for
environmental treatment and remediation systems [114,115]. Liu et al. [116] systematically
summarized the mechanism of MOF matrix membranes in the adsorption and removal
of toxic and hazardous substances from water mainly through electrostatic interactions,
hydrogen bonding adsorption, π–π interactions, acid–base interactions, etc., which laid
the foundation for this paper to discuss the content of MOF/PVA composite membranes
in water purification. The PVA-P(AA-AMPS)-UiO-66 composite membrane obtained by
Xing et al. [60] prepared by a spraying method showed very high water flux and salt rejec-
tion even in the treatment of concentrated brine, which is conducive to solving the problem
of water scarcity. Mahmoodi et al. [63] investigated the removal of malachite green (MG)
dye by prepared ZIF-8@CS/PVA ENF through batch adsorption experiments. The increase
in the effective surface area and porosity of the nanofibers increases the effective adsorption
sites on the adsorbent surface and improves surface accessibility. ZIF-8@CS/PVA-ENF at
an optimal dose of 0.003g and sample pH of 6 are ideal conditions to improve the maximum
removal of MG from an aqueous solution (Figure 8B). In addition, ZIF-8@CS/PVA-ENF(2)
after two cycles of loading ZIF-8 showed the highest reusability and stability. These water-
stable and reusable MOF-based MMMs show that they are promising materials for the
efficient capture of pollutants in wastewater. In recent years, a hot research topic for
MOF-based MMMs in water treatment has been the preparation of high-quality, stable
membranes by selecting suitable preparation methods, adjusting the structural proper-
ties of the membranes, and modifying the membrane surface to ultimately expand their
application areas [117].
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3.2. Sensing

Since chemical sensing performance is mainly influenced by surface reactions, MOFs,
with their large specific surface area, tunable structure, and a large number of active sites,
are considered to be one of the most ideal sensing materials [118,119]. After the desired in-
teraction between the analyte and the MOFs has been achieved, the MOFs’ physical and/or
chemical properties can be altered to achieve detection purposes [120]. As an important
branch of MOFs, luminescent metal–organic frameworks (LMOFs) have developed rapidly
in recent years, featuring fast response, low detection limits, good selectivity, tunable
structures, and a large number of active sites, etc. More particularly, most LMOFs used
to detect analytes are reversible, which means that such products have good recyclability
and low detection costs and have broad application prospects in the field of fluorescence
sensing [121,122]. Typically, luminescence bursts and enhancements are how LMOFs
achieve sensing detection of analytes. The mechanism of sensing and detection of various
analytes by LMOFs can be divided into (1) MOF-analyte interactions, including hydrogen
bonding and π–π interactions, affecting the energy transfer process; (2) effective filtering
of excitation light by analytes adsorbed on MOFs (competitive adsorption); (3) collapse
of the MOF framework structure induced by analytes and a break in the energy transfer
process; (4) interaction of the guest molecule with the ligand, promoting the efficiency
of energy conversion from the ligand to Ln3+ and increasing the luminescence intensity;
(5) release of quenchers loaded in the luminescent MOFs and interaction with analytes
inducing fluorescence enhancement [123,124].

However, most studies have focused on powdered MOF materials [125,126]. Com-
bining MOFs with polymeric materials not only solves the problem of brittleness and
instability of MOF particles but also improves their mechanical flexibility and ensures
chemical stability [127]. Thin-film-based sensors have advantages over powdered MOF
materials because they do not require separation and can be easily recycled. In addition,
to eliminate the influence of the presence of aqueous solvents on the relative luminous
intensity of each luminescent component to varying degrees, especially for white lumines-
cent materials, the combination of PVA with MOFs shows higher water stability than pure
MOFs at room temperature. Furthermore, the combination of PVA with MOFs enhances
the accuracy and stability of the luminescent sensing [53], due to the energy transfer from
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the luminescent central ion Tb3+ to Eu3+ that occurs in Eu0.002Tb0.018-BDPO with increasing
temperature, coupled with the good linearity of the emission intensity ratio (ITb/IEu) of
the Tb3+ to Eu3+ transition with temperature. Wang et al. used Eu0.002Tb0.018-BDPO@PVA
composite films as ratio luminescence thermometers with excellent temperature sensing
performance in the temperature range of 303–423 K, enabling visible color changes with
sensitivity up to 3.7% K−1. The emission spectra of Tb3+ and Eu3+ in [Tb0.43Eu1.57(1,4-
phda)3(H2O)] (H2O)2 changed due to the presence of label Bacillus anthracis (pyridine
dicarboxylic acid, DPA), indicating an energy transfer from DPA to the Tb3+ and Eu3+

centers and a linear relationship between the emission intensity ratio (ITb/IEu) and DPA
concentration for DPA present in methanol and water. Therefore, Othong et al. used
PVA/[Tb0.43Eu1.57(1,4-phda)3(H2O)] (H2O)2 composite films as a ratiometric luminescence
sensor for the calibration of DPA. In the presence of DPA, the visible luminescence color of
this composite film under UV light changes from red-orange in methanol to orange-yellow,
and from red-orange in water to green (Figure 9A) [64].
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dye@UiO-66-OH/PVA composite films exposed to different concentrations of TMA gas. Reprinted
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In addition to combining Ln-MOFs with PVA to produce excellent membranes with
sensing properties, Lou et al. [56] compared the fluorescence effect of MOF-5-NH2/PVA
nanofiber membranes in the presence of NO2, CO2, H2S, N2, and SO2 gases. They found
that the composite nanofiber membranes had a blue fluorescence effect only in the SO2
environment, which has a positive effect on the preparation of sensors with SO2 gas
detection (Figure 9B). Ma et al. [65] prepared composite films of different colors (dye@UiO-
66-OH/PVA, dye@UiO-66/PVA, and dye@PVA) by impregnating six dyes in MOF and
PVA solutions. The sensing performance of the comparative composite films exposed to
methylamine (MA) gas was investigated. With increasing MA gas concentration, dye@UiO-
66-OH/PVA and dye@UiO-66/PVA show significant color differences due to the three-
dimensional porous structure of UiO-66 particles, which enhances gas transfer and brings
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more reaction sites (Figure 9C). In addition, dye@UiO-66/PVA showed the lowest detection
limit (80 ppm) and the shortest equilibration time (420 s). In addition, the composite
membrane can also effectively identify gases such as NH3 and trimethylamine (TMA),
which has great potential for food freshness testing.

3.3. Air Purification

Through risk factor studies, air pollution has been identified as the most significant
contributor to disease and premature death in the world [128]. Ambient particulate mat-
ter (PM) is an environmental factor associated with increased respiratory morbidity and
mortality. In susceptible populations, the main effect of PM on the cardiovascular system
is to promote increased inflammation and thrombosis. The mechanism that induces its
inflammatory and thrombogenic effects is the generation of oxidative stress by its com-
pounds and metals [129,130]. In addition, the presence of toxic and hazardous gases
in the air (e.g., volatile organic compounds (VOCs)) and acidic and alkaline gases (H2S,
NH3) poses an alarming threat to public health and the environment, especially in some
heavy industries and densely populated cities. Traditional adsorbents such as activated
carbon and zeolite have been widely proven to be good candidates for removing toxic
substances from the air, but most of these materials suffer from limited adsorption capacity
and high regeneration energy consumption [131,132]. MOF particles are popular for the
adsorption of airborne health hazards due to their unique and excellent properties such as
large specific surface area, high porosity, easily designed pore structure, rich unsaturated
metal site coordination, and the ability to tailor chemical functionality in a controlled
manner [133–135]. For example, the metal ions of the MIL-100, MIL-101, and MOF-74 series
allow for a variety of exchanges while maintaining the original topology [136–138]. Such
a theoretically infinite number of metal ion–organic linker combinations makes them an
unbeatable choice for targeted chemical interactions, allowing the adsorption of a wide
range of chemicals [139]. For example, MIL-101 on acetone, benzene, toluene, ethylben-
zene, xylene, methanol, dichloromethane, and other polar VOCs has a good adsorption
effect [140]. Moreover, the adsorption capacity of MIL-101 for acetone, toluene, ethylben-
zene, and xylene is also higher than that of commonly used adsorbents such as zeolite,
activated carbon, and their derivatives [141]. MIL-101 has a large specific surface area and
pore volume; moreover, when adsorbing benzene, the π–π interactions formed between
benzene molecules and benzene rings in the ligand of MIL-101 are greater than the C–π and
O–π interactions between benzene molecules and carbon materials or zeolites; therefore,
the adsorption of benzene by MIL-101 at 288 K and 56 mbar is 16.7 mmol/g, which is
almost zeolites (silica-1 and SBA-15) and 3–5 times more than activated carbon (Ajax and
ACF) [142].

MOFs can be put to better use in practice to solve the problems of difficult powder
recovery and avoiding secondary contamination and to improve their chemical stability
and make them more durable under extreme conditions. Combining MOFs with polymeric
materials to develop flexible film materials can be used for more efficient and portable
air purification applications, with PVA, a non-toxic, non-hazardous, biodegradable, and
good film-forming substance, being a reliable choice. Typically, MOF-based composite
membranes interact with contaminants by (1) binding to the open metal sites of MOFs;
(2) interacting with functional groups on MOFs or polymers; and (3) electrostatic inter-
actions with MOF nanocrystals [143]. In particular, MOF/polymer fibrous membranes
prepared by electrostatic spinning can exhibit higher surface roughness, larger specific
surface area, and porosity, increasing the probability of fibrous membrane collisions with
contaminants, which will facilitate the capture of PM and toxic gases [144,145]. Compared
with the SiO2 nanofiber membrane, the ZIF-8@SiO2 composite nanofiber membrane in-
creased the electrostatic interaction with PM due to the increased surface area and the
unbalanced metal ions and defects of MOF, and the removal efficiency of PM was as high
as 99.96%, and the adsorption of formaldehyde also increased with the increase in ZIF-8
content on the composite nanofiber, up to 48.87 mg/g, while the adsorption of formalde-



Membranes 2023, 13, 755 16 of 27

hyde on the SiO2 nanofiber membrane was 1.49 mg/g [146]. The PP/PVA/ZIF-8 composite
membrane prepared by Li et al. [66] had a positive effect on the adsorption of nanoparticles
on the fiber surface due to the increased specific surface area of the composite membrane
when loaded with 2.5% ZIF-8, and the average filtration efficiency of the PP/PVA/ZIF-8
composite membrane for PM2.5 was as high as 96.5% with a quality factor (Qf) of 0.099 Pa−1

(Figure 10A). Kim et al. [147] used a combination of electrostatic spinning and electrospray
processes to prepare MOF/PVA nanofiber (NF) hybrid membranes on polyethylene tereph-
thalate nonwovens (NWs). This MOF+NF/NW had a maximum filtration efficiency of
97% for air and demonstrated excellent gas capture efficiencies of 60% and 35% lower than
the initial NH3 and H2S concentrations due to the reduction in pore size of the hybrid
membrane and the interaction of contaminants with the functional groups on the MOF
surface. The HKUST-1-PAA-PVA and HKUST-1-citric acid-PVA membranes prepared by
Truong et al. showed that NH3 was removed due to adsorption by the lattice of HKUST-1
and interaction with the carboxyl groups on the nanofiber surface via hydrogen bonding
and/or ionic interactions. The composite membranes achieved 85% and 87% removal of
NH3, respectively [59].
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3.4. Separation

With the depletion of fossil fuels, the development of clean, renewable biofuels has
entered the limelight because of their ability to alleviate the global energy crisis and envi-
ronmental degradation, especially renewable clean biofuels such as bioethanol [148,149].
The corresponding separation technology is pervaporation (PV), which is highly selective,
efficient, and energy-saving and is widely used for the dehydration of organic solvents, the
separation of organic–organic mixtures, and the removal of dilute organic compounds from
aqueous systems [150,151]. The choice of hydrophilic membrane is key when dealing with
the dewatering and separation of any organic substance. Currently, hydrophilic polymers
such as polyimide [152], polysulfone (PSF) [153], CA [154], PAN [155], polyvinylamine
(PVAm) [156], and PVA [157] are being investigated as film-forming materials. PVA is
widely used in organic solvent dehydration due to its high chemical stability, hydrophilic-
ity, low cost, excellent film-forming properties, and good mechanical properties, and it
is also the only polymer that cures on an industrial level. To improve the separability
and selectivity of polymeric membranes, the introduction of suitable inorganic materials
into the polymer matrix is a very successful trend [158]. Among porous inorganic materi-
als, the most typical examples are zeolites and carbon-based materials. Because of their
amorphous structure, activated carbons are popular among porous inorganic materials
due to their higher porosity and specific surface area compared to zeolites, despite their
inhomogeneous structure. The emergence of new porous materials has been accompa-
nied by excellent properties, such as MOFs, which combine the synergistic properties of
organic–inorganic materials and have a molecular sieve effect, a large specific surface area,
and a uniform and well-defined pore size, as well as a tunable structure. They show great
promise in separation applications. Over the past decade, MOFs have been extensively
investigated for separation applications, including the separation and capture of many
gases and vapors and phase separation including liquid mixtures. MOFs also present
new opportunities for enantioselective separations and are membranes that easily enhance
separation results, showing potential to become a valuable building block in the manufac-
ture of high-performance PV membranes [159,160]. The mechanism used to achieve the
separation of MOF-based MMMs by PV technology is mainly the molecular sieving effect
and/or the preferential adsorption of certain compound molecules by MOFs. In the former
separation mechanism, molecules in the liquid mixture pass through or are blocked in the
MOFs depending on the size of the pores of the MOFs [161]. In the latter mechanism, the
preferential adsorption of target molecules by the MOF is utilized as the pores of the MOF
that are sufficiently large or structurally flexible to allow the passage of molecules from
all liquid mixtures. The interactions of the target molecules with the surface of the MOFs
influence the properties of the MMMs, and these interactions (Eint = µ·Ex,y,z) depend on
the permanent dipole moment of the polar molecule (µ) and on the electric field strength
determined by the local space charge density of the MOF (Ex,y,z) [160].

The performance of MOF-based MMMs in the separation of liquid mixtures is usually
evaluated using selectivity and water permeability. Wu et al. [67] used modified MIL-
53(Al)-NH2 nanocrystals, added to PVA membranes for the total evaporation of 92.5 wt%
ethanol. Due to interparticle interactions (e.g., hydrogen bonding, π–π interactions), the
best MIL-53-NHCOH/PVA MMMs showed a 206% increase in water permeability and
a 200% increase in selectivity, and the best MIL-53-NHCOC4H9/PVA MMMs showed
a 340% increase in water permeability and a 170% increase in selectivity compared to the
pristine PVA membrane (Figure 10B). Similarly, the group prepared MOF particles con-
taining different organic ligands and incorporated them into PVA membranes for the total
evaporation of 90 wt% ethanol. Compared to pristine PVA membranes, UiO-66-(OH)2/PVA
MMMs loaded at 1.0 wt% showed 24% and 10% improvement in water permeability and
selectivity, respectively, and a 28% reduction in swelling, due to the enhanced hydrophilic-
ity of MMMs and hydrogen bonding of PVA with Zr-MOF ligands, which favored their
selectivity for water adsorption and diffusion and showed a high potential for dehydration
in ethanol solutions [162]. In addition to the application of MOF/PVA MMMs to ethanol
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dehydration by the PV technique, due to the PD containing a large number of hydrophilic
groups encapsulated on the surface of SO3H-MIL-101-Cr with a macroporous structure
and good compatibility between the polymer and filler, the well-dispersed nano-charges
produced a diffusion limitation for the bulkiest molecules. Zhang et al. investigated the
prepared SO3H-MIL-101-Cr@PD-PVA MMMs with good water permeability, separating
glycols containing 10 wt% water at 343 K with water permeability and selectivity up to
7.0 × 10−5 g m−1 h−1 kPa−1, 68.1 (separation factor of 2864), which is 483% and 567%
higher than the water permeability and selectivity of the original PVA membrane, respec-
tively (Figure 10C) [51]. Amirilargani et al. [68] prepared a PVA/ZIF-8 hybrid membrane
for the separation of isopropanol. The hybrid membrane with an optimum loading of 5 wt%
ZIF-8 improved the permeability coefficient by a factor of five compared to the original
PVA membrane.

3.5. Antibacterial

Diseases caused by the transmission of pathogenic microorganisms have become one of
the greatest threats to the global public health system, such as SARS and COVID-19 [163,164].
To fight against these pathogenic microorganisms, the resistance of pathogenic bacteria
increases after overuse of antibiotics, which makes the treatment of antibiotics extremely
difficult. Therefore, the development of new antibacterial materials has been in full swings,
such as metal/metal oxide nanoparticles [165], nano enzymes [166], and semiconductor
photocatalytic materials [167]. As a kind of MOF material with good features such as high
specific surface area, high enzyme-like activity, strong interaction with bacterial membranes,
high drug loading capacity, and continuously controlled release of metal ions, it has gained
a lot of attention in various antimicrobial applications [168]. Moreover, MOFs have the
same or similar active centers as in the very metal/metal oxide nanoparticles, which are
moderately strong, robust, and flexible. Given that the antimicrobial effect of the presence
of metal ions (e.g., silver, zinc, and copper) in MOFs is associated with physical damage to
bacterial cells, i.e., the release of metal ions that can cross cell membranes and lead to cell
destruction, MOFs hold promise as a support or alternative to antibiotics [169,170]. The
organic ligands in the MOF structure can act both as antibiotics and as photosensitizers
that produce reactive oxygen species (ROS) to kill bacteria upon light irradiation [171].
In addition, the advantage of MOFs as new high-performance antimicrobial materials
is that the internal surface area of MOFs is large enough to be used as a storage site for
antimicrobial agents [172]. MOFs provide a diverse platform for antimicrobial materials
through the formation of nanocomposites between MOFs and polymers that can perform
functions not possible with individual components, including controlled polymerization
and new stable composite films. For example, Seyedpour et al. [173] reported a polyamide-
positive permeable thin-film composite (TFC) by in situ depositing Ag-MOF. The confocal
microscopy showed that Ag-MOF gave the membrane a strong antibacterial performance
with a nearly 100% reduction in viable bacteria. MMMs prepared by Liu et al. [174] com-
pounding Zr-MOF and poly(ε-caprolactone) (PCL), irradiated by LED, produced ROS that
acted as efficient photosensitizers to inhibit E. coli.

In addition to the low toxicity, biodegradability, and good dispersion of MOF parti-
cles combined with strong interfacial interactions with non-toxic and non-hazardous PVA
polymeric materials, MOF-based MMMs with high antimicrobial efficiency have great
potential for applications in the healthcare sector. The three-dimensional network struc-
ture of the fiber membrane facilitates the adsorption of bacteria. Singbumrung et al. [69]
studied the antibacterial activity of Cu-BTC/PVA electrospun fibers against Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) and concluded that Cu-BTC/PVA electro-
spun fibers have strong antibacterial properties due to the interaction between the released
Cu2+ and the bacterial membrane. The antibacterial activity increased with increasing
concentration of Cu-BTC and completely inhibited the growth of Staphylococcus aureus.
Zhu et al. [58] studied the antibacterial activity of UiO-66-NH2@PVA nanofiber membranes
compared with LV@UiO-66-NH2@PVA nanofiber membranes loaded with the antibacterial
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drug levofloxacin (LV) against E. coli and S. aureus. Due to the long-term effective release of
LV stored in the pores of the nanofiber membrane and UiO-66-NH2, the antibacterial per-
formance of the nanofiber membrane was enhanced, especially the bactericidal efficiency
of LV@UiO-66-NH2@PVA at 100µg/mL, which was more significant than 99.9% for both
E. coli and S. aureus (Figure 11A). In addition, the composite membrane without adding
antibacterial agents can also show a good antibacterial effect. Wang et al. [57] prepared
HKUST-1/chitosan/PVA nanofiber membranes by electrostatic spinning, which, in ad-
dition to exhibiting good physical properties, also had good biocompatibility, and the
composite fiber membrane also had over 99% antibacterial properties due to the release
of Cu2+ (Figure 11B). Thanks to the adequate enrichment and antimicrobial activity of
volatile amines, MIL-101 is a promising material. Lin et al. [70] introduced cheap and
readily available grape skin anthocyanins (GSAs) and MIL-101 into a starch/PVA (PS) film.
They prepared a composite film that exhibited good antibacterial properties and helped
maintain the pork’s freshness.
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3.6. Other Applications

The world’s demand for electric energy devices has accelerated the development of
new energy storage systems with high energy density and long life [175]. For the fuel
cell as a new type of energy storage device that has received significant attention, the
development of high proton conductivity membrane materials can solve the problems
of high cost and mild working conditions of commercial proton exchange membrane
materials [176,177]. The JUC-200@PVA composite membrane with a loading capacity of
10 wt% prepared by Cai et al. [71] had a good proton conductivity of 1.25 × 10−3 S·cm−1 at
50 ◦C (Figure 11C). Yang et al. [178] added the prepared Ln-MOF to a PVA matrix to obtain
a composite membrane with better proton conductivity than Ln-MOF alone under the same
conditions. In addition, it is vital to prepare materials with high UV-barrier properties, as
polymers’ performance and service life can be affected by high-energy UV radiation [179].
Our group compared the UV-blocking performance of HKUST-1/PVA composite film,
ZnO/PVA composite film, and UV531/PVA composite film [72]. It showed that the 5 wt%
loading of HKUST-1/PVA composite film exhibited up to 98.8% UV-blocking performance
with better water resistance and mechanical properties.
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4. Conclusions and Outlook

The combination of MOF materials with high specific surface area, regular pore size,
and tunable structure with PVA, a biodegradable material with low toxicity, cheap and easy
availability, good mechanical properties, and biocompatibility, is an important material
for the preparation of composite membranes with multiple application potentials. This
paper summarizes the preparation of MOF/PVA composite films from PVA and MOFs
using solution casting, electrostatic spinning, and other different methods. The simple
and effective embedding of MOF particles in PVA membrane materials by these methods
has led to widespread interest in MOF/PVA composite membrane materials for a wide
range of applications such as water purification, sensing, air purification, antimicrobials,
UV blocking, and so on. However, to further achieve the functionalization of MOF/PVA
composite membranes, the prepared composite membranes still face some challenges in
improving the dispersion of MOF particles in PVA, active sites, and specific surface area. In
the future, the experimental methods can be further optimized, e.g., pre-dispersing MOF
particles ultrasonically in solvents, preparing good quality MOF particles, designing organic
ligands for specific functions, optimizing electrostatic spinning parameters, exploring
the viscosity of the PVA solution, and incorporating dispersing agents or cross-linking
agents, etc., to improve the uniform and stable loading of MOF particles on the composite
membranes and to increase the specific surface area of the composite membranes with the
active sites, which is crucial for evaluating the performances of the MOF/PVA composite
membranes. In addition, this paper concludes that MOF/PVA composite membranes
are found to have important application potential in utilizing their adsorptive separation
properties; therefore, more optimization of the process of MOF/PVA composite membranes
as an adsorptive separation application can be investigated in the future. Finally, to
give more excellent properties to MOF/PVA composite membranes, MOFs or PVA can
be pre-combined with different functional materials, and then the structure–property
relationship of MOF/PVA composite membranes combined with functional materials can
be investigated to explore more different applications, as different applications may require
composites with different properties.
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3. Gündoğdu, R.; Önder, D.; Gündoğdu, S.; Gwinnett, C. Plastics derived from disposable greenhouse plastic films and irrigation

pipes in agricultural soils: A case study from Turkey. Environ. Sci. Pollut. Res. Int. 2022, 29, 87706–87716. [CrossRef] [PubMed]
4. Bertotto, C.; Bilck, A.P.; Yamashita, F.; Anjos, O.; Bakar Siddique, M.A.; Harrison, S.M.; Brunton, N.P.; Carpes, S.T. Development

of a biodegradable plastic film extruded with the addition of a Brazilian propolis by-product. LWT 2022, 157, 113124. [CrossRef]
5. Andrade, J.; Gonzalez-Martinez, C.; Chiralt, A. Antimicrobial PLA-PVA multilayer films containing phenolic compounds. Food

Chem. 2022, 375, 131861. [CrossRef] [PubMed]
6. Zhao, H.; Xiong, Y.-C.; Li, F.-M.; Wang, R.-Y.; Qiang, S.-C.; Yao, T.-F.; Mo, F. Plastic film mulch for half growing-season maximized

WUE and yield of potato via moisture-temperature improvement in a semi-arid agroecosystem. Agric. Water Manag. 2012, 104,
68–78. [CrossRef]

https://doi.org/10.1016/j.mser.2018.06.002
https://doi.org/10.1016/j.nanoen.2021.106328
https://doi.org/10.1007/s11356-022-21911-6
https://www.ncbi.nlm.nih.gov/pubmed/35819676
https://doi.org/10.1016/j.lwt.2022.113124
https://doi.org/10.1016/j.foodchem.2021.131861
https://www.ncbi.nlm.nih.gov/pubmed/34942501
https://doi.org/10.1016/j.agwat.2011.11.016


Membranes 2023, 13, 755 21 of 27

7. Jones, H.; Black, T.A.; Jassal, R.S.; Nesic, Z.; Johnson, M.S.; Smukler, S. Characterization of shortwave and longwave properties of
several plastic film mulches and their impact on the surface energy balance and soil temperature. Sol. Energy 2021, 214, 457–470.
[CrossRef]

8. Noble, R.D. Perspectives on mixed matrix membranes. J. Membr. Sci. 2011, 378, 393–397. [CrossRef]
9. Khan, A.L.; Cano-Odena, A.; Gutiérrez, B.; Minguillón, C.; Vankelecom, I.F.J. Hydrogen separation and purification using

polysulfone acrylate–zeolite mixed matrix membranes. J. Membr. Sci. 2010, 350, 340–346. [CrossRef]
10. Anson, M.; Marchese, J.; Garis, E.; Ochoa, N.; Pagliero, C. ABS copolymer-activated carbon mixed matrix membranes for

CO2/CH4 separation. J. Membr. Sci. 2004, 243, 19–28. [CrossRef]
11. Vu, D.Q.; Koros, W.J.; Miller, S.J. Mixed matrix membranes using carbon molecular sieves: II. Modeling permeation behavior.

J. Membr. Sci. 2003, 211, 335–348. [CrossRef]
12. Sherugar, P.; Naik, N.S.; Padaki, M.; Nayak, V.; Gangadharan, A.; Nadig, A.R.; Déon, S. Fabrication of zinc doped aluminium

oxide/polysulfone mixed matrix membranes for enhanced antifouling property and heavy metal removal. Chemosphere 2021,
275, 130024. [CrossRef] [PubMed]

13. Kudo, Y.; Mikami, H.; Tanaka, M.; Isaji, T.; Odaka, K.; Yamato, M.; Kawakami, H. Mixed matrix membranes comprising a polymer
of intrinsic microporosity loaded with surface-modified non-porous pearl-necklace nanoparticles. J. Membr. Sci. 2020, 597, 117627.
[CrossRef]

14. Cheng, Y.; Ying, Y.; Japip, S.; Jiang, S.D.; Chung, T.S.; Zhang, S.; Zhao, D. Advanced Porous Materials in Mixed Matrix Membranes.
Adv. Mater. 2018, 30, 1802401. [CrossRef]

15. Huang, Y.L.; Ping, L.J.; Wu, J.; Li, Y.Y.; Zhou, X.P. Increasing the Stability of Metal-Organic Frameworks by Coating with
Poly(tetrafluoroethylene). Inorg. Chem. 2022, 61, 5092–5098. [CrossRef]

16. Liu, L.; Du, S.; Guo, X.; Xiao, Y.; Yin, Z.; Yang, N.; Bao, Y.; Zhu, X.; Jin, S.; Feng, Z.; et al. Water-Stable Nickel Metal-Organic
Framework Nanobelts for Cocatalyst-Free Photocatalytic Water Splitting to Produce Hydrogen. J. Am. Chem. Soc. 2022, 144,
2747–2754. [CrossRef]

17. Li, P.-X.; Yan, X.-Y.; Song, X.-M.; Li, J.-J.; Ren, B.-H.; Gao, S.-Y.; Cao, R. Zirconium-Based Metal–Organic Framework Particle Films
for Visible-Light-Driven Efficient Photoreduction of CO2. ACS Sustain. Chem. Eng. 2021, 9, 2319–2325. [CrossRef]

18. Lohe, M.R.; Rose, M.; Kaskel, S. Metal-organic framework (MOF) aerogels with high micro- and macroporosity. Chem. Commun.
2009, 40, 6056–6058. [CrossRef]

19. Cheng, P.; Wang, C.; Kaneti, Y.V.; Eguchi, M.; Lin, J.; Yamauchi, Y.; Na, J. Practical MOF Nanoarchitectonics: New Strategies for
Enhancing the Processability of MOFs for Practical Applications. Langmuir 2020, 36, 4231–4249. [CrossRef]

20. Wang, X.; Chen, J.; Fang, M.; Wang, T.; Yu, L.; Li, J. ZIF-7/PDMS mixed matrix membranes for pervaporation recovery of butanol
from aqueous solution. Sep. Purif. Technol. 2016, 163, 39–47. [CrossRef]

21. Denny, M.S., Jr.; Cohen, S.M. In Situ Modification of Metal-Organic Frameworks in Mixed-Matrix Membranes. Angew. Chem. Int.
Ed. Engl. 2015, 54, 9029–9032. [CrossRef] [PubMed]

22. Li, Y.; Zhang, X.; Chen, X.; Tang, K.; Meng, Q.; Shen, C.; Zhang, G. Zeolite Imidazolate Framework Membranes on Polymeric Sub-
strates Modified with Poly(vinyl alcohol) and Alginate Composite Hydrogels. ACS Appl. Mater. Interfaces 2019, 11, 12605–12612.
[CrossRef] [PubMed]

23. Guo, Q.; Li, Y.; Wei, X.Y.; Zheng, L.W.; Li, Z.Q.; Zhang, K.G.; Yuan, C.G. Electrospun metal-organic frameworks hybrid nanofiber
membrane for efficient removal of As(III) and As(V) from water. Ecotoxicol. Environ. Saf. 2021, 228, 112990. [CrossRef] [PubMed]

24. Liu, Z.; Ye, J.; Rauf, A.; Zhang, S.; Wang, G.; Shi, S.; Ning, G. A flexible fibrous membrane based on copper(ii) metal-organic
framework/poly(lactic acid) composites with superior antibacterial performance. Biomater. Sci. 2021, 9, 3851–3859. [CrossRef]

25. Yang, D.; Zhu, Y.; Li, J.; Yue, Z.; Zhou, J.; Wang, X. Degradable, antibacterial and ultrathin filtrating electrospinning membranes of
Ag-MOFs/poly(l-lactide) for air pollution control and medical protection. Int. J. Biol. Macromol. 2022, 212, 182–192. [CrossRef]

26. Zheng, Q.; Xiong, L.; Yu, L.; Wu, D.; Yang, C.; Xiao, Y. An enzyme-free fluorescent sensing platform for the detection of uric acid
in human urine. J. Lumin. 2021, 236, 118076. [CrossRef]

27. Wen, Y.; Dai, R.; Li, X.; Zhang, X.; Cao, X.; Wu, Z.; Lin, S.; Tang, C.Y.; Wang, Z. Metal-organic framework enables ultraselective
polyamide membrane for desalination and water reuse. Sci. Adv. 2022, 8, eabm4149. [CrossRef]

28. Sorribas, S.; Gorgojo, P.; Tellez, C.; Coronas, J.; Livingston, A.G. High flux thin film nanocomposite membranes based on
metal-organic frameworks for organic solvent nanofiltration. J. Am. Chem. Soc. 2013, 135, 15201–15208. [CrossRef]

29. Zhang, S.; Ma, X.; Yu, H.; Lu, X.; Liu, J.; Zhang, L.; Wang, G.; Ye, J.; Ning, G. Silver(I) metal-organic framework-embedded
polylactic acid electrospun fibrous membranes for efficient inhibition of bacteria. Dalton Trans. 2022, 51, 6673–6681. [CrossRef]

30. Premkumar, P.S. Preparation and electrical studies on pure and oxygen plasma treated polyvinyl alcohol films. J. Mater. Res.
Technol. 2019, 8, 2232–2237. [CrossRef]

31. Abral, H.; Atmajaya, A.; Mahardika, M.; Hafizulhaq, F.; Kadriadi; Handayani, D.; Sapuan, S.M.; Ilyas, R.A. Effect of ultrasonication
duration of polyvinyl alcohol (PVA) gel on characterizations of PVA film. J. Mater. Res. Technol. 2020, 9, 2477–2486. [CrossRef]

32. Gonzalez-Ortiz, D.; Pochat-Bohatier, C.; Gassara, S.; Cambedouzou, J.; Bechelany, M.; Miele, P. Development of novel h-
BNNS/PVA porous membranes via Pickering emulsion templating. Green. Chem. 2018, 20, 4319–4329. [CrossRef]

33. Ceia, T.F.; Silva, A.G.; Ribeiro, C.S.; Pinto, J.V.; Casimiro, M.H.; Ramos, A.M.; Vital, J. PVA composite catalytic membranes for
hyacinth flavour synthesis in a pervaporation membrane reactor. Catal. Today 2014, 236, 98–107. [CrossRef]

https://doi.org/10.1016/j.solener.2020.11.058
https://doi.org/10.1016/j.memsci.2011.05.031
https://doi.org/10.1016/j.memsci.2010.01.009
https://doi.org/10.1016/j.memsci.2004.05.008
https://doi.org/10.1016/S0376-7388(02)00425-8
https://doi.org/10.1016/j.chemosphere.2021.130024
https://www.ncbi.nlm.nih.gov/pubmed/33662734
https://doi.org/10.1016/j.memsci.2019.117627
https://doi.org/10.1002/adma.201802401
https://doi.org/10.1021/acs.inorgchem.2c00073
https://doi.org/10.1021/jacs.1c12179
https://doi.org/10.1021/acssuschemeng.0c08559
https://doi.org/10.1039/b910175f
https://doi.org/10.1021/acs.langmuir.0c00236
https://doi.org/10.1016/j.seppur.2016.02.040
https://doi.org/10.1002/anie.201504077
https://www.ncbi.nlm.nih.gov/pubmed/26073065
https://doi.org/10.1021/acsami.8b20422
https://www.ncbi.nlm.nih.gov/pubmed/30879292
https://doi.org/10.1016/j.ecoenv.2021.112990
https://www.ncbi.nlm.nih.gov/pubmed/34798359
https://doi.org/10.1039/D1BM00164G
https://doi.org/10.1016/j.ijbiomac.2022.05.112
https://doi.org/10.1016/j.jlumin.2021.118076
https://doi.org/10.1126/sciadv.abm4149
https://doi.org/10.1021/ja407665w
https://doi.org/10.1039/D1DT04234C
https://doi.org/10.1016/j.jmrt.2018.12.023
https://doi.org/10.1016/j.jmrt.2019.12.078
https://doi.org/10.1039/C8GC01983E
https://doi.org/10.1016/j.cattod.2014.02.052


Membranes 2023, 13, 755 22 of 27

34. Yang, D.; Li, Y.; Nie, J. Preparation of gelatin/PVA nanofibers and their potential application in controlled release of drugs.
Carbohydr. Polym. 2007, 69, 538–543. [CrossRef]

35. Shen, J.; Lee, H.P.; Yan, X. Sound absorption performance and mechanism of flexible PVA microperforated membrane. Appl.
Acoust. 2022, 185, 108420. [CrossRef]

36. Liu, H.; Zuo, B. Structure and Sound Absorption Properties of Spiral Vane Electrospun PVA/PEO Nanofiber Membranes. Appl.
Sci. 2018, 8, 296. [CrossRef]

37. Xie, M.; Wang, J.; Zhao, H. A PVA film for detecting lipid oxidation intended for food application. Sens. Actuators B Chem. 2018,
273, 260–263. [CrossRef]

38. Cao, S.-g.; Liu, Z.-f.; Hu, B.-h.; Liu, H.-q. Stabilization of electrospun poly(vinyl alcohol) nanofibrous mats in aqueous solutions.
Chin. J. Polym. Sci. 2010, 28, 781–788. [CrossRef]

39. Min, T.; Sun, X.; Zhou, L.; Du, H.; Zhu, Z.; Wen, Y. Electrospun pullulan/PVA nanofibers integrated with thymol-loaded
porphyrin metal-organic framework for antibacterial food packaging. Carbohydr. Polym. 2021, 270, 118391. [CrossRef]

40. Patil, A.S.; Waghmare, R.D.; Pawar, S.P.; Salunkhe, S.T.; Kolekar, G.B.; Sohn, D.; Gore, A.H. Photophysical insights of highly
transparent, flexible and re-emissive PVA @ WTR-CDs composite thin films: A next generation food packaging material for UV
blocking applications. J. Photochem. Photobiol. A Chem. 2020, 400, 112647. [CrossRef]

41. Kassenova, N.; Kalybekkyzy, S.; Kahraman, M.V.; Mentbayeva, A.; Bakenov, Z. Photo and thermal crosslinked poly(vinyl
alcohol)-based nanofiber membrane for flexible gel polymer electrolyte. J. Power Sources 2022, 520, 230896. [CrossRef]

42. Holloway, J.L.; Lowman, A.M.; VanLandingham, M.R.; Palmese, G.R. Chemical grafting for improved interfacial shear strength in
UHMWPE/PVA-hydrogel fiber-based composites used as soft fibrous tissue replacements. Compos. Sci. Technol. 2013, 85, 118–125.
[CrossRef]

43. Jia, S.; Ji, D.; Wang, L.; Qin, X.; Ramakrishna, S. Metal–Organic Framework Membranes: Advances, Fabrication, and Applications.
Small Struct. 2022, 3, 2100222. [CrossRef]

44. Ashtiani, S.; Khoshnamvand, M.; Regmi, C.; Friess, K. Interfacial Design of Mixed Matrix Membranes via Grafting PVA on
UiO-66-NH2 to Enhance the Gas Separation Performance. Membranes 2021, 11, 419. [CrossRef] [PubMed]

45. Dai, Y.; Tang, Q.; Zhang, Z.; Yu, C.; Li, H.; Xu, L.; Zhang, S.; Zou, Z. Enhanced mechanical, thermal, and UV-shielding properties
of poly(vinyl alcohol)/metal-organic framework nanocomposites. RSC Adv. 2018, 8, 38681–38688. [CrossRef] [PubMed]

46. Jiang, H.; Shi, W.; Liu, Q.; Wang, H.; Li, J.; Wu, C.; Li, Y.; Wei, Z. Intensification of water/ethanol separation by PVA hybrid
membrane with different functional ligand UiO-66-X nanochannels in pervaporation process. Sep. Purif. Technol. 2021, 256, 117802.
[CrossRef]

47. Lu, C.; Xiao, H.; Chen, X. MOFs/PVA hybrid membranes with enhanced mechanical and ion-conductive properties. e-Polymers
2021, 21, 160–165. [CrossRef]

48. Sharma, S.K.; Sudarshan, K.; Pujari, P.K. Unraveling the sub-nanoscopic structure at interphase in a poly(vinyl alcohol)-MOF
nanocomposite, and its role on thermo-mechanical properties. Phys. Chem. Chem. Phys. 2016, 18, 25434–25442. [CrossRef]

49. Zhu, T.; Zhao, X.; Yi, M.; Xu, S.; Wang, Y. Ternary cross-linked PVA-APTES-ZIF-90 membrane for enhanced ethanol dehydration
performance. Adv. Compos. Hybrid. Mater. 2021, 5, 91–103. [CrossRef]

50. Fu, W.; Chen, J.; Li, C.; Jiang, L.; Qiu, M.; Li, X.; Wang, Y.; Cui, L. Enhanced flux and fouling resistance forward osmosis membrane
based on a hydrogel/MOF hybrid selective layer. J. Colloid. Interface Sci. 2021, 585, 158–166. [CrossRef]

51. Zhang, W.; Ying, Y.; Ma, J.; Guo, X.; Huang, H.; Liu, D.; Zhong, C. Mixed matrix membranes incorporated with polydopamine-
coated metal-organic framework for dehydration of ethylene glycol by pervaporation. J. Membr. Sci. 2017, 527, 8–17. [CrossRef]

52. Neufeld, M.J.; Lutzke, A.; Jones, W.M.; Reynolds, M.M. Nitric Oxide Generation from Endogenous Substrates Using Metal-
Organic Frameworks: Inclusion within Poly(vinyl alcohol) Membranes To Investigate Reactivity and Therapeutic Potential. ACS
Appl. Mater. Interfaces 2017, 9, 35628–35641. [CrossRef] [PubMed]

53. Li, Y.; Sun, M.; Yang, Y.; Meng, H.; Wang, Q.; Li, C.; Li, G. Luminescence-colour-changing sensing toward neurological drug
carbamazepine in water and biofluids based on white light-emitting CD/Ln-MOF/PVA test papers. J. Mater. Chem. C 2021, 9,
8683–8693. [CrossRef]

54. Wei, Z.; Liu, Q.; Wu, C.; Wang, H.; Wang, H. Viscosity-driven in situ self-assembly strategy to fabricate cross-linked ZIF-90/PVA
hybrid membranes for ethanol dehydration via pervaporation. Sep. Purif. Technol. 2018, 201, 256–267. [CrossRef]

55. Liu, C.; Zhang, G.; Zhao, C.; Li, X.; Li, M.; Na, H. MOFs synthesized by the ionothermal method addressing the leaching problem
of IL-polymer composite membranes. Chem Commun 2014, 50, 14121–14124. [CrossRef] [PubMed]

56. Lou, C.-W.; Zhang, X.; Wang, Y.; Zhang, X.; Shiu, B.-C.; Li, T.-T.; Lin, J.-H. Study on the preparation and performance of flexible
sulfur dioxide gas sensors based on metal-organic framework. J. Polym. Res. 2022, 29, 114. [CrossRef]

57. Wang, S.; Yan, F.; Ren, P.; Li, Y.; Wu, Q.; Fang, X.; Chen, F.; Wang, C. Incorporation of metal-organic frameworks into electrospun
chitosan/poly (vinyl alcohol) nanofibrous membrane with enhanced antibacterial activity for wound dressing application. Int. J.
Biol. Macromol. 2020, 158, 9–17. [CrossRef]

58. Zhu, J.; Qiu, W.; Yao, C.; Wang, C.; Wu, D.; Pradeep, S.; Yu, J.; Dai, Z. Water-stable zirconium-based metal-organic frameworks
armed polyvinyl alcohol nanofibrous membrane with enhanced antibacterial therapy for wound healing. J. Colloid. Interface Sci.
2021, 603, 243–251. [CrossRef]

59. Truong, Y.B.; Choi, J.; Mardel, J.; Gao, Y.; Maisch, S.; Musameh, M.; Kyratzis, I.L. Functional Cross-Linked Electrospun Polyvinyl
Alcohol Membranes and Their Potential Applications. Macromol. Mater. Eng. 2017, 302, 1700024. [CrossRef]

https://doi.org/10.1016/j.carbpol.2007.01.008
https://doi.org/10.1016/j.apacoust.2021.108420
https://doi.org/10.3390/app8020296
https://doi.org/10.1016/j.snb.2018.06.058
https://doi.org/10.1007/s10118-010-9140-8
https://doi.org/10.1016/j.carbpol.2021.118391
https://doi.org/10.1016/j.jphotochem.2020.112647
https://doi.org/10.1016/j.jpowsour.2021.230896
https://doi.org/10.1016/j.compscitech.2013.06.007
https://doi.org/10.1002/sstr.202100222
https://doi.org/10.3390/membranes11060419
https://www.ncbi.nlm.nih.gov/pubmed/34072897
https://doi.org/10.1039/C8RA07143H
https://www.ncbi.nlm.nih.gov/pubmed/35559108
https://doi.org/10.1016/j.seppur.2020.117802
https://doi.org/10.1515/epoly-2021-0010
https://doi.org/10.1039/C6CP04872B
https://doi.org/10.1007/s42114-021-00218-z
https://doi.org/10.1016/j.jcis.2020.11.092
https://doi.org/10.1016/j.memsci.2017.01.001
https://doi.org/10.1021/acsami.7b11846
https://www.ncbi.nlm.nih.gov/pubmed/28976734
https://doi.org/10.1039/D1TC02042K
https://doi.org/10.1016/j.seppur.2018.03.015
https://doi.org/10.1039/C4CC05526H
https://www.ncbi.nlm.nih.gov/pubmed/25271394
https://doi.org/10.1007/s10965-022-02900-2
https://doi.org/10.1016/j.ijbiomac.2020.04.116
https://doi.org/10.1016/j.jcis.2021.06.084
https://doi.org/10.1002/mame.201700024


Membranes 2023, 13, 755 23 of 27

60. Xing, Y.; Xue, Y.; Qin, D.; Zhao, P.; Li, P. Microwave-induced ultrafast crosslinking of Poly (vinyl alcohol) blended with
nanoparticles as wave absorber for pervaporation desalination. J. Membr. Sci. Lett. 2022, 2, 100021. [CrossRef]

61. Fan, L.; Guo, Z.; Zhang, Y.; Wu, X.; Zhao, C.; Sun, X.; Yang, G.; Feng, Y.; Zhang, N. Stable artificial solid electrolyte interphase
films for lithium metal anode via metal–organic frameworks cemented by polyvinyl alcohol. J. Mater. Chem. A 2020, 8, 251–258.
[CrossRef]

62. Chen, L.; Li, F.; Jiang, L.; He, F.; Wei, Y. UiO-66-NH2/PVA composite Janus membrane with a dense hydrophilic surface layer for
strong resistance to fouling and wettability in membrane distillation. J. Water Process Eng. 2022, 48, 102887. [CrossRef]

63. Mahmoodi, N.M.; Oveisi, M.; Taghizadeh, A.; Taghizadeh, M. Synthesis of pearl necklace-like ZIF-8@chitosan/PVA nanofiber
with synergistic effect for recycling aqueous dye removal. Carbohydr. Polym. 2020, 227, 115364. [CrossRef] [PubMed]

64. Othong, J.; Boonmak, J.; Kielar, F.; Hadsadee, S.; Jungsuttiwong, S.; Youngme, S. Self-calibrating sensor with logic gate operation
for anthrax biomarker based on nanoscaled bimetallic lanthanoid MOF. Sens. Actuators B Chem. 2020, 316, 128156. [CrossRef]

65. Ma, P.; Xu, W.; Teng, Z.; Luo, Y.; Gong, C.; Wang, Q. An Integrated Food Freshness Sensor Array System Augmented by
a Metal-Organic Framework Mixed-Matrix Membrane and Deep Learning. ACS Sens. 2022, 7, 1847–1854. [CrossRef] [PubMed]

66. Li, T.T.; Fan, Y.; Cen, X.; Wang, Y.; Shiu, B.C.; Ren, H.T.; Peng, H.K.; Jiang, Q.; Lou, C.W.; Lin, J.H. Polypropylene/Polyvinyl
Alcohol/Metal-Organic Framework-Based Melt-Blown Electrospun Composite Membranes for Highly Efficient Filtration of
PM2.5. Nanomaterials 2020, 10, 2025. [CrossRef]

67. Wu, G.; Jiang, M.; Zhang, T.; Jia, Z. Tunable Pervaporation Performance of Modified MIL-53(Al)-NH2/Poly(vinyl Alcohol) Mixed
Matrix Membranes. J. Membr. Sci. 2016, 507, 72–80. [CrossRef]

68. Amirilargani, M.; Sadatnia, B. Poly(vinyl alcohol)/zeolitic imidazolate frameworks (ZIF-8) mixed matrix membranes for
pervaporation dehydration of isopropanol. J. Membr. Sci. 2014, 469, 1–10. [CrossRef]

69. Singbumrung, K.; Motina, K.; Pisitsak, P.; Chitichotpanya, P.; Wongkasemjit, S.; Inprasit, T. Preparation of Cu-BTC/PVA Fibers
with Antibacterial Applications. Fibers Polym. 2018, 19, 1373–1378. [CrossRef]

70. Lin, X.; Li, N.; Xiao, Q.; Guo, Y.; Wei, J.; Jiao, T.; Chen, Q.; Chen, Q.; Chen, X. Polyvinyl alcohol/starch-based film incorporated
with grape skin anthocyanins and metal-organic framework crystals for colorimetric monitoring of pork freshness. Food Chem.
2022, 395, 133613. [CrossRef]

71. Cai, K.; Sun, F.; Liang, X.; Liu, C.; Zhao, N.; Zou, X.; Zhu, G. An acid-stable hexaphosphate ester based metal–organic framework
and its polymer composite as proton exchange membrane. J. Mater. Chem. A 2017, 5, 12943–12950. [CrossRef]

72. Qi, Z.; Zhang, S.; Liu, B.; Li, M.; Mei, D. Performance Research of PVA (Polyvinyl alcohol) Based on HKUST-1 as Additive. Chem.
Lett. 2022, 51, 658–661. [CrossRef]

73. Anjum, M.W.; Vermoortele, F.; Khan, A.L.; Bueken, B.; De Vos, D.E.; Vankelecom, I.F. Modulated UiO–66 based Mixed Matrix
Membranes for CO2 Separation. ACS Appl. Mater. Interfaces 2015, 7, 25193–25201. [CrossRef] [PubMed]

74. Xin, Q.; Ouyang, J.; Liu, T.; Li, Z.; Li, Z.; Liu, Y.; Wang, S.; Wu, H.; Jiang, Z.; Cao, X. Enhanced interfacial interaction and CO2
separation performance of mixed matrix membrane by incorporating polyethylenimine-decorated metal-organic frameworks.
ACS Appl. Mater. Interfaces 2015, 7, 1065–1077. [CrossRef]

75. Sabetghadam, A.; Seoane, B.; Keskin, D.; Duim, N.; Rodenas, T.; Shahid, S.; Sorribas, S.; Le Guillouzer, C.; Clet, G.; Tellez, C.;
et al. Metal Organic Framework Crystals in Mixed-Matrix Membranes: Impact of the Filler Morphology on the Gas Separation
Performance. Adv. Funct. Mater. 2016, 26, 3154–3163. [CrossRef] [PubMed]

76. Sánchez-Laínez, J.; Zornoza, B.; Mayoral, Á.; Berenguer-Murcia, Á.; Cazorla-Amorós, D.; Téllez, C.; Coronas, J. Beyond the
H2/CO2 upper bound: One-step crystallization and separation of nano-sized ZIF-11 by centrifugation and its application in
mixed matrix membranes. J. Mater. Chem. A 2015, 3, 6549–6556. [CrossRef]

77. Lu, G.; Li, S.; Guo, Z.; Farha, O.K.; Hauser, B.G.; Qi, X.; Wang, Y.; Wang, X.; Han, S.; Liu, X.; et al. Imparting functionality to
a metal-organic framework material by controlled nanoparticle encapsulation. Nat. Chem. 2012, 4, 310–316. [CrossRef]

78. Hunley, M.T.; Long, T.E. Electrospinning functional nanoscale fibers: A perspective for the future. Polym. Int. 2008, 57, 385–389.
[CrossRef]

79. Lannutti, J.; Reneker, D.; Ma, T.; Tomasko, D.; Farson, D. Electrospinning for tissue engineering scaffolds. Mater. Sci. Eng. C 2007,
27, 504–509. [CrossRef]

80. Dou, Y.; Zhang, W.; Kaiser, A. Electrospinning of Metal-Organic Frameworks for Energy and Environmental Applications. Adv.
Sci. 2020, 7, 1902590. [CrossRef]

81. Efome, J.E.; Rana, D.; Matsuura, T.; Lan, C.Q. Metal–organic frameworks supported on nanofibers to remove heavy metals.
J. Mater. Chem. A 2018, 6, 4550–4555. [CrossRef]

82. Zhang, X.; Chen, Z.; Liu, X.; Hanna, S.L.; Wang, X.; Taheri-Ledari, R.; Maleki, A.; Li, P.; Farha, O.K. A historical overview of the
activation and porosity of metal-organic frameworks. Chem. Soc. Rev. 2020, 49, 7406–7427. [CrossRef] [PubMed]

83. Beck, J.S.; Vartuli, J.C.; Roth, W.J.; Leonowicz, M.E.; Kresge, C.T.; Schmitt, K.D.; Chu, C.T.W.; Olson, D.H.; Sheppard, E.W.;
McCullen, S.B.; et al. A new family of mesoporous molecular sieves prepared with liquid crystal templates. J. Am. Chem. Soc.
1992, 114, 10834–10843. [CrossRef]

84. Zhang, P.; Chen, C.; Kang, X.; Zhang, L.; Wu, C.; Zhang, J.; Han, B. In situ synthesis of sub-nanometer metal particles on
hierarchically porous metal-organic frameworks via interfacial control for highly efficient catalysis. Chem. Sci. 2018, 9, 1339–1343.
[CrossRef]

https://doi.org/10.1016/j.memlet.2022.100021
https://doi.org/10.1039/C9TA10405D
https://doi.org/10.1016/j.jwpe.2022.102887
https://doi.org/10.1016/j.carbpol.2019.115364
https://www.ncbi.nlm.nih.gov/pubmed/31590865
https://doi.org/10.1016/j.snb.2020.128156
https://doi.org/10.1021/acssensors.2c00255
https://www.ncbi.nlm.nih.gov/pubmed/35834210
https://doi.org/10.3390/nano10102025
https://doi.org/10.1016/j.memsci.2016.01.048
https://doi.org/10.1016/j.memsci.2014.06.034
https://doi.org/10.1007/s12221-018-8072-8
https://doi.org/10.1016/j.foodchem.2022.133613
https://doi.org/10.1039/C7TA00169J
https://doi.org/10.1246/cl.220111
https://doi.org/10.1021/acsami.5b08964
https://www.ncbi.nlm.nih.gov/pubmed/26458211
https://doi.org/10.1021/am504742q
https://doi.org/10.1002/adfm.201505352
https://www.ncbi.nlm.nih.gov/pubmed/29200991
https://doi.org/10.1039/C4TA06820C
https://doi.org/10.1038/nchem.1272
https://doi.org/10.1002/pi.2320
https://doi.org/10.1016/j.msec.2006.05.019
https://doi.org/10.1002/advs.201902590
https://doi.org/10.1039/C7TA10428F
https://doi.org/10.1039/D0CS00997K
https://www.ncbi.nlm.nih.gov/pubmed/32955065
https://doi.org/10.1021/ja00053a020
https://doi.org/10.1039/C7SC04269H


Membranes 2023, 13, 755 24 of 27

85. Farha, O.K.; Yazaydin, A.O.; Eryazici, I.; Malliakas, C.D.; Hauser, B.G.; Kanatzidis, M.G.; Nguyen, S.T.; Snurr, R.Q.; Hupp, J.T. De
novo synthesis of a metal-organic framework material featuring ultrahigh surface area and gas storage capacities. Nat. Chem.
2010, 2, 944–948. [CrossRef] [PubMed]

86. Chang, G.; Li, B.; Wang, H.; Hu, T.; Bao, Z.; Chen, B. Control of interpenetration in a microporous metal-organic framework for
significantly enhanced C2H2/CO2 separation at room temperature. Chem. Commun. 2016, 52, 3494–3496. [CrossRef]

87. Ma, D.; Li, Z.; Zhu, J.; Zhou, Y.; Chen, L.; Mai, X.; Liufu, M.; Wu, Y.; Li, Y. Inverse and highly selective separation of CO2/C2H2
on a thulium–organic framework. J. Mater. Chem. A 2020, 8, 11933–11937. [CrossRef]

88. Yu, Z.; Anstine, D.M.; Boulfelfel, S.E.; Gu, C.; Colina, C.M.; Sholl, D.S. Incorporating Flexibility Effects into Metal-Organic
Framework Adsorption Simulations Using Different Models. ACS Appl. Mater. Interfaces 2021, 13, 61305–61315. [CrossRef]

89. Guo, X.; Zhou, L.; Liu, X.; Tan, G.; Yuan, F.; Nezamzadeh-Ejhieh, A.; Qi, N.; Liu, J.; Peng, Y. Fluorescence detection platform of
metal-organic frameworks for biomarkers. Colloids Surf. B: Biointerfaces 2023, 229, 113455. [CrossRef]

90. Luo, D.; Huang, J.; Jian, Y.; Singh, A.; Kumar, A.; Liu, J.; Pan, Y.; Ouyang, Q. Metal–organic frameworks (MOFs) as apt luminescent
probes for the detection of biochemical analytes. J. Mater. Chem. B 2023, 11, 6802–6822. [CrossRef]

91. Dong, J.; Yu, Y.; Pei, Y.; Pei, Z. pH-responsive aminotriazole doped metal organic frameworks nanoplatform enables self-boosting
reactive oxygen species generation through regulating the activity of catalase for targeted chemo/chemodynamic combination
therapy. J. Colloid. Interface Sci. 2022, 607, 1651–1660. [CrossRef] [PubMed]

92. Zhong, Y.; Peng, Z.; Peng, Y.; Li, B.; Pan, Y.; Ouyang, Q.; Sakiyama, H.; Muddassir, M.; Liu, J. Construction of Fe-doped
ZIF-8/DOX nanocomposites for ferroptosis strategy in the treatment of breast cancer. J. Mater. Chem. B 2023, 11, 6335–6345.
[CrossRef] [PubMed]

93. Liu, X.-M.; Xie, L.-H.; Wu, Y. Recent advances in the shaping of metal–organic frameworks. Inorg. Chem. Front. 2020, 7, 2840–2866.
[CrossRef]

94. Akhtar, F.; Andersson, L.; Ogunwumi, S.; Hedin, N.; Bergström, L. Structuring adsorbents and catalysts by processing of porous
powders. J. Eur. Ceram. Soc. 2014, 34, 1643–1666. [CrossRef]

95. Edubilli, S.; Gumma, S. A systematic evaluation of UiO-66 metal organic framework for CO2/N2 separation. Sep. Purif. Technol.
2019, 224, 85–94. [CrossRef]

96. Ding, Y.; Lu, Y.; Yu, K.; Wang, S.; Zhao, D.; Chen, B. MOF-Nanocomposite Mixed-Matrix Membrane for Dual-Luminescence
Ratiometric Temperature Sensing. Adv. Opt. Mater. 2021, 9, 2100945. [CrossRef]

97. Lu, W.; Yuan, Z.; Zhao, Y.; Qiao, L.; Zhang, H.; Li, X. Advanced porous PBI membranes with tunable performance induced by the
polymer-solvent interaction for flow battery application. Energy Storage Mater. 2018, 10, 40–47. [CrossRef]

98. Liu, J.; Xu, Q.; Jiang, J. A molecular simulation protocol for swelling and organic solvent nanofiltration of polymer membranes.
J. Membr. Sci. 2019, 573, 639–646. [CrossRef]

99. Farrokhi, A.; Jafarpour, M.; Alipour, M. Solar-driven advanced oxidation process catalyzed by metal–organic frameworks for
water depollution. Polyhedron 2019, 170, 325–333. [CrossRef]

100. Song, K.; Qian, X.; Zhu, X.; Li, X.; Hong, X. Fabrication of mechanical robust keratin film by mesoscopic molecular network
reconstruction and its performance for dye removal. J. Colloid. Interface Sci. 2020, 579, 28–36. [CrossRef]

101. Alqadami, A.A.; Khan, M.A.; Siddiqui, M.R.; Alothman, Z.A. Development of citric anhydride anchored mesoporous MOF
through post synthesis modification to sequester potentially toxic lead (II) from water. Microporous Mesoporous Mater. 2018, 261,
198–206. [CrossRef]

102. Abazari, R.; Mahjoub, A.R.; Shariati, J. Synthesis of a nanostructured pillar MOF with high adsorption capacity towards antibiotics
pollutants from aqueous solution. J. Hazard. Mater. 2019, 366, 439–451. [CrossRef] [PubMed]

103. Zhang, Q.; Yu, J.; Cai, J.; Song, R.; Cui, Y.; Yang, Y.; Chen, B.; Qian, G. A porous metal–organic framework with –COOH groups
for highly efficient pollutant removal. Chem. Commun. 2014, 50, 14455–14458. [CrossRef] [PubMed]

104. Saleem, H.; Rafique, U.; Davies, R.P. Investigations on post-synthetically modified UiO-66-NH2 for the adsorptive removal of
heavy metal ions from aqueous solution. Microporous Mesoporous Mater. 2016, 221, 238–244. [CrossRef]

105. Xu, Y.; Lv, J.; Song, Y.; Zhou, X.; Tian, C.; Hong, X.; Cai, Y.; Zhao, C.; Lin, Z. Efficient removal of low-concentration organoarsenic
by Zr-based metal–organic frameworks: Cooperation of defects and hydrogen bonds. Environ. Sci. Nano 2019, 6, 3590–3600.
[CrossRef]

106. Saiz, P.G.; Iglesias, N.; Gonzalez Navarrete, B.; Rosales, M.; Quintero, Y.M.; Reizabal, A.; Orive, J.; Fidalgo Marijuan, A.; Larrea,
E.S.; Lopes, A.C.; et al. Chromium Speciation in Zirconium-Based Metal-Organic Frameworks for Environmental Remediation.
Chemistry 2020, 26, 13861–13872. [CrossRef]

107. Wang, C.; Liu, X.; Keser Demir, N.; Chen, J.P.; Li, K. Applications of water stable metal-organic frameworks. Chem. Soc. Rev. 2016,
45, 5107–5134. [CrossRef]

108. Jia, J.; Wu, H.; Xu, L.; Dong, F.; Jia, Y.; Liu, X. Removal of Acidic Organic Ionic Dyes from Water by Electrospinning a Polyacry-
lonitrile Composite MIL101(Fe)-NH2 Nanofiber Membrane. Molecules 2022, 27, 2035. [CrossRef]

109. Cao, X.T.; Vo, T.K.; An, T.N.M.; Nguyen, T.D.; Kabtamu, D.M.; Kumar, S. Enhanced Dye Adsorption of Mixed-Matrix Membrane by
Covalent Incorporation of Metal-Organic Framework with Poly(styrene-alt-maleic anhydride). ChemistrySelect 2021, 6, 4689–4697.
[CrossRef]

110. Basu, S.; Balakrishnan, M. Polyamide thin film composite membranes containing ZIF-8 for the separation of pharmaceutical
compounds from aqueous streams. Sep. Purif. Technol. 2017, 179, 118–125. [CrossRef]

https://doi.org/10.1038/nchem.834
https://www.ncbi.nlm.nih.gov/pubmed/20966950
https://doi.org/10.1039/C5CC10598F
https://doi.org/10.1039/D0TA03151H
https://doi.org/10.1021/acsami.1c20583
https://doi.org/10.1016/j.colsurfb.2023.113455
https://doi.org/10.1039/D3TB00505D
https://doi.org/10.1016/j.jcis.2021.09.043
https://www.ncbi.nlm.nih.gov/pubmed/34592552
https://doi.org/10.1039/D3TB00749A
https://www.ncbi.nlm.nih.gov/pubmed/37350051
https://doi.org/10.1039/C9QI01564G
https://doi.org/10.1016/j.jeurceramsoc.2014.01.008
https://doi.org/10.1016/j.seppur.2019.04.081
https://doi.org/10.1002/adom.202100945
https://doi.org/10.1016/j.ensm.2017.08.004
https://doi.org/10.1016/j.memsci.2018.12.035
https://doi.org/10.1016/j.poly.2019.06.005
https://doi.org/10.1016/j.jcis.2020.06.026
https://doi.org/10.1016/j.micromeso.2017.11.016
https://doi.org/10.1016/j.jhazmat.2018.12.030
https://www.ncbi.nlm.nih.gov/pubmed/30562656
https://doi.org/10.1039/C4CC06648K
https://www.ncbi.nlm.nih.gov/pubmed/25303384
https://doi.org/10.1016/j.micromeso.2015.09.043
https://doi.org/10.1039/C9EN00923J
https://doi.org/10.1002/chem.202001435
https://doi.org/10.1039/C6CS00362A
https://doi.org/10.3390/molecules27062035
https://doi.org/10.1002/slct.202100615
https://doi.org/10.1016/j.seppur.2017.01.061


Membranes 2023, 13, 755 25 of 27

111. Huang, J.; Huang, D.; Zeng, F.; Ma, L.; Wang, Z. Photocatalytic MOF fibrous membranes for cyclic adsorption and degradation of
dyes. J. Mater. Sci. 2020, 56, 3127–3139. [CrossRef]

112. Karimi, A.; Vatanpour, V.; Khataee, A.; Safarpour, M. Contra-diffusion synthesis of ZIF-8 layer on polyvinylidene fluoride
ultrafiltration membranes for improved water purification. J. Ind. Eng. Chem. 2019, 73, 95–105. [CrossRef]

113. Low, Z.-X.; Razmjou, A.; Wang, K.; Gray, S.; Duke, M.; Wang, H. Effect of addition of two-dimensional ZIF-L nanoflakes on the
properties of polyethersulfone ultrafiltration membrane. J. Membr. Sci. 2014, 460, 9–17. [CrossRef]

114. Qian, Y.; Zhang, F.; Kang, D.J.; Pang, H. A Review of Metal-Organic Framework-based Compounds for Environmental Applica-
tions. Energy Environ. Mater. 2022, 6, e12414. [CrossRef]

115. Zhang, S.; Wang, J.; Zhang, Y.; Ma, J.; Huang, L.; Yu, S.; Chen, L.; Song, G.; Qiu, M.; Wang, X. Applications of water-stable
metal-organic frameworks in the removal of water pollutants: A review. Environ. Pollut. 2021, 291, 118076. [CrossRef]

116. Liu, X.; Shan, Y.; Zhang, S.; Kong, Q.; Pang, H. Application of metal organic framework in wastewater treatment. Green. Energy
Environ. 2022, 8, 698–721. [CrossRef]

117. Yu, S.; Pang, H.; Huang, S.; Tang, H.; Wang, S.; Qiu, M.; Chen, Z.; Yang, H.; Song, G.; Fu, D.; et al. Recent advances in metal-organic
framework membranes for water treatment: A review. Sci. Total Environ. 2021, 800, 149662. [CrossRef]

118. Tajik, S.; Beitollahi, H.; Garkani Nejad, F.; Sheikhshoaie, I.; Nugraha, A.S.; Jang, H.W.; Yamauchi, Y.; Shokouhimehr, M.
Performance of metal–organic frameworks in the electrochemical sensing of environmental pollutants. J. Mater. Chem. A 2021, 9,
8195–8220. [CrossRef]

119. Koo, W.-T.; Jang, J.-S.; Kim, I.-D. Metal-Organic Frameworks for Chemiresistive Sensors. Chem 2019, 5, 1938–1963. [CrossRef]
120. Gong, Y.N.; Huang, Y.L.; Jiang, L.; Lu, T.B. A luminescent microporous metal-organic framework with highly selective CO2

adsorption and sensing of nitro explosives. Inorg. Chem. 2014, 53, 9457–9459. [CrossRef]
121. Butler, C.; Goetz, S.; Fitchett, C.M.; Kruger, P.E.; Gunnlaugsson, T. Spontaneous formation of novel luminescent dinuclear

lanthanide complexes that emit in the visible and near-IR regions. Inorg. Chem. 2011, 50, 2723–2725. [CrossRef] [PubMed]
122. Sousaraei, A.; Queiros, C.; Moscoso, F.G.; Lopes-Costa, T.; Pedrosa, J.M.; Silva, A.M.G.; Cunha-Silva, L.; Cabanillas-Gonzalez, J.

Sub-ppm Amine Detection via Absorption and Luminescence Turn-On Caused by Ligand Exchange in Metal Organic Frameworks.
Anal. Chem. 2019, 91, 15853–15859. [CrossRef] [PubMed]

123. Liu, Y.; Xie, X.-Y.; Cheng, C.; Shao, Z.-S.; Wang, H.-S. Strategies to fabricate metal–organic framework (MOF)-based luminescent
sensing platforms. J. Mater. Chem. C 2019, 7, 10743–10763. [CrossRef]

124. Zhu, X.; Zheng, H.; Wei, X.; Lin, Z.; Guo, L.; Qiu, B.; Chen, G. Metal-organic framework (MOF): A novel sensing platform for
biomolecules. Chem. Commun. 2013, 49, 1276–1278. [CrossRef]

125. Lin, X.-M.; Niu, J.-L.; Wen, P.-X.; Pang, Y.; Hu, L.; Cai, Y.-P. A Polyhedral Metal–Organic Framework Based on Supramolecular
Building Blocks: Catalysis and Luminescent Sensing of Solvent Molecules. Cryst. Growth Des. 2016, 16, 4705–4710. [CrossRef]

126. Wang, S.; Sun, B.; Su, Z.; Hong, G.; Li, X.; Liu, Y.; Pan, Q.; Sun, J. Lanthanide-MOFs as multifunctional luminescent sensors. Inorg.
Chem. Front. 2022, 9, 3259–3266. [CrossRef]

127. Ali, A.; AlTakroori, H.H.D.; Greish, Y.E.; Alzamly, A.; Siddig, L.A.; Qamhieh, N.; Mahmoud, S.T. Flexible Cu3(HHTP)2 MOF
Membranes for Gas Sensing Application at Room Temperature. Nanomaterials 2022, 12, 913. [CrossRef]

128. GBD Risk Factor Collaborators. Global, regional, and national comparative risk assessment of 84 behavioural, environmental and
occupational, and metabolic risks or clusters of risks for 195 countries and territories, 1990-2017: A systematic analysis for the
Global Burden of Disease Study 2017. Lancet 2018, 392, 1923–1994.

129. Li, N.; Xia, T.; Nel, A.E. The role of oxidative stress in ambient particulate matter-induced lung diseases and its implications in
the toxicity of engineered nanoparticles. Free Radic. Biol. Med. 2008, 44, 1689–1699. [CrossRef]

130. Signorelli, S.S.; Oliveri Conti, G.; Zanobetti, A.; Baccarelli, A.; Fiore, M.; Ferrante, M. Effect of particulate matter-bound metals
exposure on prothrombotic biomarkers: A systematic review. Environ. Res. 2019, 177, 108573. [CrossRef]

131. Mohamad Nor, N.; Lau, L.C.; Lee, K.T.; Mohamed, A.R. Synthesis of activated carbon from lignocellulosic biomass and its
applications in air pollution control—A review. J. Environ. Chem. Eng. 2013, 1, 658–666. [CrossRef]

132. Aguado, S. Removal of pollutants from indoor air using zeolite membranes. J. Membr. Sci. 2004, 240, 159–166. [CrossRef]
133. Barea, E.; Montoro, C.; Navarro, J.A. Toxic gas removal--metal-organic frameworks for the capture and degradation of toxic gases

and vapours. Chem. Soc. Rev. 2014, 43, 5419–5430. [CrossRef] [PubMed]
134. Bian, Y.; Wang, R.; Wang, S.; Yao, C.; Ren, W.; Chen, C.; Zhang, L. Metal–organic framework-based nanofiber filters for effective

indoor air quality control. J. Mater. Chem. A 2018, 6, 15807–15814. [CrossRef]
135. Zhao, X.; Chen, L.; Guo, Y.; Ma, X.; Li, Z.; Ying, W.; Peng, X. Porous cellulose nanofiber stringed HKUST-1 polyhedron membrane

for air purification. Appl. Mater. Today 2019, 14, 96–101. [CrossRef]
136. Férey, G.; Serre, C.; Mellot-Draznieks, C.; Millange, F.; Surblé, S.; Dutour, J.; Margiolaki, I. A Hybrid Solid with Giant Pores

Prepared by a Combination of Targeted Chemistry, Simulation, and Powder Diffraction. Angew. Chem. 2004, 116, 6456–6461.
[CrossRef]

137. Hupp, J.T.; Poeppelmeier, K.R. Chemistry. Better living through nanopore chemistry. Science 2005, 309, 2008–2009. [CrossRef]
138. Tranchemontagne, D.J.; Hunt, J.R.; Yaghi, O.M. Room temperature synthesis of metal-organic frameworks: MOF-5, MOF-74,

MOF-177, MOF-199, and IRMOF-0. Tetrahedron 2008, 64, 8553–8557. [CrossRef]
139. DeCoste, J.B.; Peterson, G.W. Metal-organic frameworks for air purification of toxic chemicals. Chem. Rev. 2014, 114, 5695–5727.

[CrossRef]

https://doi.org/10.1007/s10853-020-05473-x
https://doi.org/10.1016/j.jiec.2019.01.010
https://doi.org/10.1016/j.memsci.2014.02.026
https://doi.org/10.1002/eem2.12414
https://doi.org/10.1016/j.envpol.2021.118076
https://doi.org/10.1016/j.gee.2022.03.005
https://doi.org/10.1016/j.scitotenv.2021.149662
https://doi.org/10.1039/D0TA08344E
https://doi.org/10.1016/j.chempr.2019.04.013
https://doi.org/10.1021/ic501413r
https://doi.org/10.1021/ic102578k
https://www.ncbi.nlm.nih.gov/pubmed/21391667
https://doi.org/10.1021/acs.analchem.9b04291
https://www.ncbi.nlm.nih.gov/pubmed/31701735
https://doi.org/10.1039/C9TC03208H
https://doi.org/10.1039/c2cc36661d
https://doi.org/10.1021/acs.cgd.6b00779
https://doi.org/10.1039/D2QI00682K
https://doi.org/10.3390/nano12060913
https://doi.org/10.1016/j.freeradbiomed.2008.01.028
https://doi.org/10.1016/j.envres.2019.108573
https://doi.org/10.1016/j.jece.2013.09.017
https://doi.org/10.1016/j.memsci.2004.05.004
https://doi.org/10.1039/C3CS60475F
https://www.ncbi.nlm.nih.gov/pubmed/24705539
https://doi.org/10.1039/C8TA04539A
https://doi.org/10.1016/j.apmt.2018.11.012
https://doi.org/10.1002/ange.200460592
https://doi.org/10.1126/science.1117808
https://doi.org/10.1016/j.tet.2008.06.036
https://doi.org/10.1021/cr4006473


Membranes 2023, 13, 755 26 of 27

140. Huang, C.Y.; Song, M.; Gu, Z.Y.; Wang, H.F.; Yan, X.P. Probing the adsorption characteristic of metal-organic framework MIL-101
for volatile organic compounds by quartz crystal microbalance. Environ. Sci. Technol. 2011, 45, 4490–4496. [CrossRef]

141. Yang, K.; Sun, Q.; Xue, F.; Lin, D. Adsorption of volatile organic compounds by metal–organic frameworks MIL-101: Influence of
molecular size and shape. J. Hazard. Mater. 2011, 195, 124–131. [CrossRef] [PubMed]

142. Zhao, Z.; Li, X.; Huang, S.; Xia, Q.; Li, Z. Adsorption and Diffusion of Benzene on Chromium-Based Metal Organic Framework
MIL-101 Synthesized by Microwave Irradiation. Ind. Eng. Chem. Res. 2011, 50, 2254–2261. [CrossRef]

143. Zhang, Y.; Yuan, S.; Feng, X.; Li, H.; Zhou, J.; Wang, B. Preparation of Nanofibrous Metal-Organic Framework Filters for Efficient
Air Pollution Control. J. Am. Chem. Soc. 2016, 138, 5785–5788. [CrossRef]

144. Li, Y.; Yuan, D.; Geng, Q.; Yang, X.; Wu, H.; Xie, Y.; Wang, L.; Ning, X.; Ming, J. MOF-Embedded Bifunctional Composite
Nanofiber Membranes with a Tunable Hierarchical Structure for High-Efficiency PM0.3 Purification and Oil/Water Separation.
ACS Appl. Mater. Interfaces 2021, 13, 39831–39843. [CrossRef] [PubMed]

145. Ma, X.; Chai, Y.; Li, P.; Wang, B. Metal-Organic Framework Films and Their Potential Applications in Environmental Pollution
Control. Acc. Chem. Res. 2019, 52, 1461–1470. [CrossRef]

146. Zhu, Q.; Tang, X.; Feng, S.; Zhong, Z.; Yao, J.; Yao, Z. ZIF-8@SiO2 composite nanofiber membrane with bioinspired spider web-like
structure for efficient air pollution control. J. Membr. Sci. 2019, 581, 252–261. [CrossRef]

147. Kim, D.; Kim, Y.; Kim, D.; Son, D.; Doh, S.J.; Kim, M.; Lee, H.; Yoon, K.R. Rational Process Design for Facile Fabrication of Dual
Functional Hybrid Membrane of MOF and Electrospun Nanofiber towards High Removal Efficiency of PM2.5 and Toxic Gases.
Macromol. Rapid Commun. 2022, 43, 2100648. [CrossRef]

148. Liu, Y.; Cruz-Morales, P.; Zargar, A.; Belcher, M.S.; Pang, B.; Englund, E.; Dan, Q.; Yin, K.; Keasling, J.D. Biofuels for a sustainable
future. Cell 2021, 184, 1636–1647. [CrossRef]

149. Zereshki, S.; Figoli, A.; Madaeni, S.S.; Simone, S.; Esmailinezhad, M.; Drioli, E. Effect of polymer composition in PEEKWC/PVP
blends on pervaporation separation of ethanol/cyclohexane mixture. Sep. Purif. Technol. 2010, 75, 257–265. [CrossRef]

150. Wee, S.-L.; Tye, C.-T.; Bhatia, S. Membrane separation process—Pervaporation through zeolite membrane. Sep. Purif. Technol.
2008, 63, 500–516. [CrossRef]

151. Baker, R.W.; Wijmans, J.G.; Huang, Y. Permeability, permeance and selectivity: A preferred way of reporting pervaporation
performance data. J. Membr. Sci. 2010, 348, 346–352. [CrossRef]

152. Xu, Y.M.; Chung, T.-S. High-performance UiO-66/polyimide mixed matrix membranes for ethanol, isopropanol and n-butanol
dehydration via pervaporation. J. Membr. Sci. 2017, 531, 16–26. [CrossRef]

153. Chen, S.-H.; Liou, R.-M.; Lai, C.-L.; Hung, M.-Y.; Tsai, M.-H.; Huang, S.-L. Embedded nano-iron polysulfone membrane for
dehydration of the ethanol/water mixtures by pervaporation. Desalination 2008, 234, 221–231. [CrossRef]

154. Zhou, K.; Zhang, Q.G.; Han, G.L.; Zhu, A.M.; Liu, Q.L. Pervaporation of water–ethanol and methanol–MTBE mixtures using poly
(vinyl alcohol)/cellulose acetate blended membranes. J. Membr. Sci. 2013, 448, 93–101. [CrossRef]

155. An, Q.-F.; Ang, M.B.M.Y.; Huang, Y.-H.; Huang, S.-H.; Chiao, Y.-H.; Lai, C.-L.; Tsai, H.-A.; Hung, W.-S.; Hu, C.-C.; Wu, Y.-P.; et al.
Microstructural characterization and evaluation of pervaporation performance of thin-film composite membranes fabricated
through interfacial polymerization on hydrolyzed polyacrylonitrile substrate. J. Membr. Sci. 2019, 583, 31–39. [CrossRef]

156. Qiao, Z.; Wang, Z.; Zhang, C.; Yuan, S.; Zhu, Y.; Wang, J.; Wang, S. PVAm-PIP/PS Composite Membrane with High Performance
for CO2/N2 Separation. AIChE J. 2013, 59, 215–228. [CrossRef]

157. Wang, S.-N.; Huang, Z.; Wang, J.-T.; Ru, X.-F.; Teng, L.-J. PVA/UiO-66 mixed matrix membranes for n-butanol dehydration via
pervaporation and effect of ethanol. Sep. Purif. Technol. 2023, 313, 123487. [CrossRef]

158. Castro-Muñoz, R.; Buera-González, J.; Iglesia, Ó.d.l.; Galiano, F.; Fíla, V.; Malankowska, M.; Rubio, C.; Figoli, A.; Téllez, C.;
Coronas, J. Towards the dehydration of ethanol using pervaporation cross-linked poly(vinyl alcohol)/graphene oxide membranes.
J. Membr. Sci. 2019, 582, 423–434. [CrossRef]

159. Zhao, X.; Wang, Y.; Li, D.S.; Bu, X.; Feng, P. Metal-Organic Frameworks for Separation. Adv. Mater. 2018, 30, 1705189. [CrossRef]
160. Xu, X.; Nikolaeva, D.; Hartanto, Y.; Luis, P. MOF-based membranes for pervaporation. Sep. Purif. Technol. 2021, 278, 119233.

[CrossRef]
161. Khan, A.; Ali, M.; Ilyas, A.; Naik, P.; Vankelecom, I.F.J.; Gilani, M.A.; Bilad, M.R.; Sajjad, Z.; Khan, A.L. ZIF-67 filled PDMS mixed

matrix membranes for recovery of ethanol via pervaporation. Sep. Purif. Technol. 2018, 206, 50–58. [CrossRef]
162. Wu, G.; Li, Y.; Geng, Y.; Lu, X.; Jia, Z. Adjustable pervaporation performance of Zr-MOF/poly(vinyl alcohol) mixed matrix

membranes. J. Chem. Technol. Biotechnol. 2019, 94, 973–981. [CrossRef]
163. Talebian, S.; Wallace, G.G.; Schroeder, A.; Stellacci, F.; Conde, J. Nanotechnology-based disinfectants and sensors for SARS-CoV-2.

Nat. Nanotechnol. 2020, 15, 618–621. [CrossRef] [PubMed]
164. Han, H.J.; Nwagwu, C.; Anyim, O.; Ekweremadu, C.; Kim, S. COVID-19 and cancer: From basic mechanisms to vaccine

development using nanotechnology. Int. Immunopharmacol. 2021, 90, 107247. [CrossRef]
165. Chai, Z.; Tian, Q.; Ye, J.; Zhang, S.; Wang, G.; Qi, Y.; Che, Y.; Ning, G. Hierarchical magnesium oxide microspheres for removal of

heavy ions from water and efficient bacterial inactivation. J. Mater. Sci. 2020, 55, 4408–4419. [CrossRef]
166. Mei, L.; Zhu, S.; Liu, Y.; Yin, W.; Gu, Z.; Zhao, Y. An overview of the use of nanozymes in antibacterial applications. Chem. Eng. J.

2021, 418, 129431. [CrossRef]

https://doi.org/10.1021/es200256q
https://doi.org/10.1016/j.jhazmat.2011.08.020
https://www.ncbi.nlm.nih.gov/pubmed/21871718
https://doi.org/10.1021/ie101414n
https://doi.org/10.1021/jacs.6b02553
https://doi.org/10.1021/acsami.1c09463
https://www.ncbi.nlm.nih.gov/pubmed/34374511
https://doi.org/10.1021/acs.accounts.9b00113
https://doi.org/10.1016/j.memsci.2019.03.075
https://doi.org/10.1002/marc.202100648
https://doi.org/10.1016/j.cell.2021.01.052
https://doi.org/10.1016/j.seppur.2010.08.014
https://doi.org/10.1016/j.seppur.2008.07.010
https://doi.org/10.1016/j.memsci.2009.11.022
https://doi.org/10.1016/j.memsci.2017.02.041
https://doi.org/10.1016/j.desal.2007.09.089
https://doi.org/10.1016/j.memsci.2013.08.005
https://doi.org/10.1016/j.memsci.2019.04.050
https://doi.org/10.1002/aic.13781
https://doi.org/10.1016/j.seppur.2023.123487
https://doi.org/10.1016/j.memsci.2019.03.076
https://doi.org/10.1002/adma.201705189
https://doi.org/10.1016/j.seppur.2021.119233
https://doi.org/10.1016/j.seppur.2018.05.055
https://doi.org/10.1002/jctb.5846
https://doi.org/10.1038/s41565-020-0751-0
https://www.ncbi.nlm.nih.gov/pubmed/32728083
https://doi.org/10.1016/j.intimp.2020.107247
https://doi.org/10.1007/s10853-019-04312-y
https://doi.org/10.1016/j.cej.2021.129431


Membranes 2023, 13, 755 27 of 27

167. Sun, Y.; Qin, H.; Yan, Z.; Zhao, C.; Ren, J.; Qu, X. Combating Biofilm Associated Infection In Vivo: Integration of Quorum Sensing
Inhibition and Photodynamic Treatment based on Multidrug Delivered Hollow Carbon Nitride Sphere. Adv. Funct. Mater. 2019,
29, 1808222. [CrossRef]

168. Li, R.; Chen, T.; Pan, X. Metal-Organic-Framework-Based Materials for Antimicrobial Applications. ACS Nano 2021, 15, 3808–3848.
[CrossRef]

169. Kittler, S.; Greulich, C.; Diendorf, J.; Köller, M.; Epple, M. Toxicity of Silver Nanoparticles Increases during Storage Because of
Slow Dissolution under Release of Silver Ions. Chem. Mater. 2010, 22, 4548–4554. [CrossRef]

170. Yao, S.; Chi, J.; Wang, Y.; Zhao, Y.; Luo, Y.; Wang, Y. Zn-MOF Encapsulated Antibacterial and Degradable Microneedles Array for
Promoting Wound Healing. Adv. Heal. Healthc. Mater. 2021, 10, e2100056. [CrossRef]

171. Li, P.; Li, J.; Feng, X.; Li, J.; Hao, Y.; Zhang, J.; Wang, H.; Yin, A.; Zhou, J.; Ma, X.; et al. Metal-organic frameworks with
photocatalytic bactericidal activity for integrated air cleaning. Nat. Commun. 2019, 10, 2177. [CrossRef] [PubMed]

172. Luo, T.; Shakya, S.; Mittal, P.; Ren, X.; Guo, T.; Bello, M.G.; Wu, L.; Li, H.; Zhu, W.; Regmi, B.; et al. Co-delivery of superfine
nano-silver and solubilized sulfadiazine for enhanced antibacterial functions. Int. J. Pharm. 2020, 584, 119407. [CrossRef]
[PubMed]

173. Seyedpour, S.F.; Rahimpour, A.; Najafpour, G. Facile in-situ assembly of silver-based MOFs to surface functionalization of TFC
membrane: A novel approach toward long-lasting biofouling mitigation. J. Membr. Sci. 2019, 573, 257–269. [CrossRef]

174. Liu, M.; Wang, L.; Zheng, X.; Xie, Z. Zirconium-Based Nanoscale Metal-Organic Framework/Poly(epsilon-caprolactone) Mixed-
Matrix Membranes as Effective Antimicrobials. ACS Appl. Mater. Interfaces 2017, 9, 41512–41520. [CrossRef] [PubMed]

175. Lin, D.; Liu, Y.; Cui, Y. Reviving the lithium metal anode for high-energy batteries. Nat. Nanotechnol. 2017, 12, 194–206. [CrossRef]
176. Mauritz, K.A.; Moore, R.B. State of understanding of nafion. Chem. Rev. 2004, 104, 4535–4585. [CrossRef]
177. Moilanen, D.E.; Spry, D.B.; Fayer, M.D. Water dynamics and proton transfer in nafion fuel cell membranes. Langmuir 2008, 24,

3690–3698. [CrossRef]
178. Yang, S.-L.; Sun, P.-P.; Yuan, Y.-Y.; Zhang, C.-X.; Wang, Q.-L. High proton conduction behavior in 12-connected 3D porous

lanthanide–organic frameworks and their polymer composites. CrystEngComm 2018, 20, 3066–3073. [CrossRef]
179. Cao, Y.; Xu, P.; Lv, P.; Lemstra, P.J.; Cai, X.; Yang, W.; Dong, W.; Chen, M.; Liu, T.; Du, M.; et al. Excellent UV Resistance of

Polylactide by Interfacial Stereocomplexation with Double-Shell-Structured TiO2 Nanohybrids. ACS Appl. Mater. Interfaces 2020,
12, 49090–49100. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/adfm.201808222
https://doi.org/10.1021/acsnano.0c09617
https://doi.org/10.1021/cm100023p
https://doi.org/10.1002/adhm.202100056
https://doi.org/10.1038/s41467-019-10218-9
https://www.ncbi.nlm.nih.gov/pubmed/31097709
https://doi.org/10.1016/j.ijpharm.2020.119407
https://www.ncbi.nlm.nih.gov/pubmed/32389789
https://doi.org/10.1016/j.memsci.2018.12.016
https://doi.org/10.1021/acsami.7b15826
https://www.ncbi.nlm.nih.gov/pubmed/29115828
https://doi.org/10.1038/nnano.2017.16
https://doi.org/10.1021/cr0207123
https://doi.org/10.1021/la703358a
https://doi.org/10.1039/C8CE00476E
https://doi.org/10.1021/acsami.0c14423

	Introduction 
	Preparation of MOF/PVA Composite Film 
	Solution Casting 
	Blending 
	In Situ Growth 

	Electrostatic Spinning 
	Blending 
	Layer-by-Layer Assembly 

	Alternative Methods 

	Applications 
	Water Treatment 
	Sensing 
	Air Purification 
	Separation 
	Antibacterial 
	Other Applications 

	Conclusions and Outlook 
	References

