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A B S T R A C T

Due to the high chemical and structural diversity, metal-organic frameworks (MOFs) have attracted great interest 
in water purification. However, the poor processability of MOF powders has hindered their practical applica
tions. To achieve the efficient utilization of MOFs during water treatment, it is effective to combine MOFs with 
flexible fiber substrates into composite membranes. In this review, the research progress of rational development 
strategies of MOFs-coupled-fiber membranes was summarized, divided by the formation of MOFs. Furthermore, 
the pros and cons of different techniques for the synthesis of MOFs-coupled-fiber membranes were elaborated. 
Based on the understanding of the synthesis strategies, the applications of MOFs-coupled-fiber membranes for the 
removal of waterborne contaminants were listed, including heavy metal ions, organic dyes, and emerging pol
lutants. The purification performance largely depends on the structure of MOFs-coupled-fiber membranes and, 
ultimately on the synthesis strategies. To uncover the full potential of MOFs-coupled-fiber membranes in prac
tical applications, current challenges and perspectives were also proposed. This review aims to help researchers 
gain a deep understanding of the important effect of MOFs-coupled-fiber membranes in wastewater treatment 
and provide theoretical guidance for the design and development of functional membranes.

Abbreviations

MOFs Metal-organic frameworks
LbL Layer-by-layer
HoP Hot pressing
ALD Atomic layer deposition
AOP Advanced oxidation process
DMF N, N-dimethylformamide
2-MI 2-methylimidazole
MIM 1-methylimidazole
PAN Polyacrylonitrile
PVDF Polyvinylidene fluoride
PS Polystyrene
PST P(St-co-TMSPMA)
PLA Polylactic acid
PP Polypropylene
PBT Polybutylene terephthalate
PVP Polyvinyl pyrrolidone
PVA Polyvinyl alcohol
PFOA Perfluorooctanoic acid
CFC Carbon fiber cloth
CA Cellulose acetate
RhB Rhodamine B
EPs Emerging pollutants
POPs Persistent organic pollutants
PMS Peroxymonosulfate

1. Introduction

Water is an essential resource for the survival of all the livings on the 
earth. Clean and sustainable freshwater is a basic requirement for peo
ple’s daily lives and industrial activities. However, the shortage of 
freshwater resources remains a huge threat to humans. The World 
Health Organization anticipated that water shortage may affect up to 1.9 
billion people by 2030 [1]. In addition, with the acceleration of popu
lation growth and industrialization development, a large amount of 
wastewater has been discharged into natural water bodies, which may 
damage their self-cleaning ability and exacerbate water shortage [2]. 
More importantly, sewage contains a series of pollutants, including 
organic dyes, heavy metal ions, drugs, antibiotics, etc. [3–5], which 
could introduce waterborne diseases, further causing serious health 
problems for humans. Therefore, it is significant to develop efficient 
technologies for water purification.

The membrane is defined as a semi-permeable barrier between two 
phases [6]. Membrane-based water purification is a complex process 
including membrane filtration, adsorption, and catalytic degradation. 
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However, traditional membranes face the disadvantages of low effi
ciency, lack of durability and reusability, etc., which limit their appli
cation in the field of water purification [7–10]. Therefore, it is necessary 
to develop functional membranes to remove pollutants from water 
bodies effectively. Combining functional materials with membranes can 
significantly enhance the purification of waterborne pollutants. Among 
various functional materials, metal–organic frameworks (MOFs) have 
emerged as promising candidates for water purification [11]. MOFs are 
a class of porous materials composed of metal ions or metal clusters 
connected by organic ligands, which achieve highly ordered structures 
and adjustable pore sizes [12–14]. Due to the porous structure, abun
dant functional groups, and excellent physical–chemical properties, 
MOFs attain the ideal performance of high efficiency and reusability in 
the application of water purification [15]. To take full use of the 
strengths of MOFs, a series of substrates have been proposed to combine 
with MOF powders, including fiber, film, carbon nanotubes, foam, etc. 
[16–22] Among these hybrid materials, flexible fiber substrates can 
achieve effective loading performance of MOFs due to their relatively 
large specific surface area, high porosity, and structural tenability 
[23–27]. Different loading strategies have important effects on the 
structural characteristics of MOF fibers such as diameter and porosity, as 
well as the exposure of active sites of MOFs on the composite mem
branes, which in turn exhibit different purification performance in water 
treatment [28].

This review focused on the fiber substrate, summarizing recent 
progress in the development of MOFs-coupled-fiber membranes and 
their application in water purification. The categorization of composite 
fibrous membranes is based on the combination of MOFs and fibers, such 
as conventional solvothermal synthesis, unconventional synthesis of 
MOFs on fiber surfaces, and coupling pre-synthesized MOFs with fibers. 
Moreover, the influence of the structure of MOFs-coupled-fiber mem
branes on the control of waterborne contaminants was also systemati
cally discussed. The main contents of this review are shown in Fig. 1. The 
review includes four parts: Introduction (Section 1), Preparation of 
MOFs-coupled-fiber membranes (Section 2), Applications of MOFs- 
coupled-fiber membranes in removing contaminants from water 
(Section 3) and Current challenges and future chances (Section 4). In 
Section 2, the preparation strategies of MOFs-coupled-fiber membranes 

are categorized into three subclasses based on the formation of MOFs, 
namely conventional solvothermal synthesis (including direct sol
vothermal growth and seed-assisted secondary growth), unconventional 
synthesis of MOFs on fiber surfaces (including solvent-free hot pressing 
method, layer-by-layer growth, and atomic-layer-deposition-assisted 
growth), and coupling pre-synthesized MOFs with fibers (including 
doping during electrospinning and covalent immobilization coating). 
Pros and cons of different preparation strategies are analyzed thor
oughly based on the categorization. Section 3 is divided into 3 parts 
based on the type of waterborne contaminants. The application with the 
use of MOFs-coupled-fiber membranes for water treatment are discussed 
and analyzed in this section. Moreover, current challenges and future 
chances of MOFs-coupled-fiber membranes are put forward in Section 4. 
Critical factors in composite synthesis, innovation of characterization 
techniques, comprehensive design of devices, the practical application 
of MOFs-coupled-fiber membranes, and the related environmental risks 
are taken into consideration.

2. Preparation of MOFs-coupled-fiber membranes

MOFs have exhibited great promise in the application of water pu
rification [23,29–33]. However, there also exist several drawbacks when 
MOFs are used in the form of powders, such as easy decomposition, poor 
reusability, secondary pollution, etc. [34–38] Anchoring MOFs on the 
substrates could overcome these drawbacks. Among various substrates, 
fiber-based membranes are one of the most popular candidates due to 
the strengths of large surface area, easy operation, and good extensi
bility [39–45]. The development of MOFs-coupled-fiber membranes is 
mainly achieved through three approaches based on the formation of 
MOFs, namely conventional solvothermal synthesis, unconventional 
synthesis of MOFs on fiber surfaces, and coupling pre-synthesized MOFs 
with fibers.

2.1. Conventional solvothermal synthesis

Solvothermal synthesis is a preferred method for the synthesis of 
MOFs-coupled-fiber membranes. In the solvent environment, MOF 
precursors can nucleate, crystallize, and grow on fibers, forming MOF- 
coupled-fibers with uniform MOFs coverage [46]. Two different struc
tures of MOFs-coupled-fiber membranes could be generated through 
conventional solvothermal synthesis: MOF particles attached on the 
surface of fibers, and MOF particles partially-embedded into the fiber 
[47].

2.1.1. Direct solvothermal growth
Direct growth refers to submerging the substrate in a solution, where 

the processes of crystal nucleation and growth of MOFs on the substrate 
all occur in this stage as shown in Fig. 2a. During the process, MOFs 
crystallize on the surface of fibers. The direct solvothermal growth 
technique has been proven successful for several MOF types including 
ZIF, UiO, MIL, HKUST, etc. [48–56] There are several common sub
strates for solvothermal synthesis, such as carbon cloths, glass fibers, 
nonwoven electrospun fibers, etc. Carbon fiber cloth (CFC) is a substrate 
with satisfactory stability and mechanical strength [57,58]. However, it 
is not applicable for the direct use of CFC as the substrate during the 
solvothermal process due to the lack of bonding sites. To provide co
valent bonding between CFC substrate and MOFs, the carboxyl group 
(–COOH) could be introduced on CFC with the aid of acetic acid [57]. 
Benefiting from the bonding between metal ions and –COOH, UiO-66- 
NH2 particles grew firmly on the CFC surface with a relatively high MOF 
loading amount. Modifying surfaces with functional groups is also 
necessary for glass fibers to achieve a feasible combination between 
MOFs and glass fiber substrates. With the modification of polyaniline/ 
chitosan on glass fiber, bimetallic MOF could well cover the surface of 
glass fiber with chopstick-like particles as shown in Fig. 2b, c [59]. The 
resultant fiber membranes displayed a high specific surface area, which 

Fig. 1. General overview of preparation and application in water purification 
of MOFs-coupled-fiber membranes.
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Fig. 2. (a) Illustrated diagram of the preparation of UiO-66-NH2 fiber membranes[69]; (b, c) SEM images of bimetallic MOF fibers [59]; (d, e) SEM images of MIL-53 
(Al)-m1 and MIL-53(Al)-m3[61].

Fig. 3. SEM images of (a) HKUST-1-m1, (b) HKUST-1-m2, (c) HKUST-1-m3, (d) HKUST-1-m4 (the number following m refers to the repeating time of deposition 
procedure)[61]. (e) Illustration of the biomineralization-mimetic growth of GF@MOFs; (f) SEM image of GF-ZIF-8 fibers; (g) SEM image of GF-BSA@ZIF-8 fibers[72].
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ensured promising performance in the control of pollutants. Further
more, electrospun nanofibrous mats are ideal MOF-loading substrates 
due to their large specific surface area and easy-to-functionalize modi
fication [60]. For example, Liu et al. [61] fabricated HKUST-1 and MIL- 
53(Al)-based fiber membranes through the solvothermal method with 
electrospun nanofiber substrate. Due to the fine regulation of electro
spun fiber structures, the loading performance of MOFs can be well- 
adjusted accordingly. The SEM image (Fig. 2d, e) showed that both 
the particle size and quantity increased by repeating the solvothermal 
growth cycle.

The selection of solvents is crucial for electrospun fiber membranes 
during the formation process of MOFs-coupled-fiber membranes since 
some solvents could corrode polymer substrate materials [46]. For 
instance, N, N-dimethylformamide (DMF) is one of the typical solvents 
that could solubilize a series of polymer candidates such as poly
acrylonitrile (PAN), polyvinylidene fluoride (PVDF), polystyrene (PS), 
etc. [62–67]. Therefore, solvents that are insoluble in polymer substrates 
need to be used during the solvothermal process. For example, when the 
electrospun fiber substrate is made of PAN, an insoluble solvent of 
acetone could enable the growth of UiO-66-NH2 on an intact PAN 
nanofiber membrane [67]. In addition to acetone, deionized water is 
also a solvent choice for maintaining the integrity of the PAN fiber 
substrate [68]. Combined deionized water with trifluoroacetic acid 
(TFA), the growth velocity of MOF particles on fiber substrates could be 
modulated [69]. Ma et al. [70] applied a mixture of deionized water and 
TFA as the modulator during solvothermal synthesis to grow MOF-808/ 
polyester fibers. During which, TFA was introduced to slow down the 
crystallization of MOF particles, resulting in an evenly distributed MOF 
coating on the surface of substrates.

Unfortunately, the drawback of the introduced strategy is that most 
of the MOF nucleation occurs in the solvent rather than on the fiber 
surface during the solvothermal process, which leads to a waste of re
agents and a relatively low loading amount of MOFs [71]. To improve 
the loading amount, successive solvothermal reaction procedures could 
be adopted. A small portion of HKUST-1 particles were initially 
anchored on the surface of fibers. By repeating the reaction procedure, 
more crystals were observed on the nanofibers, and the space in the net 
structure was filled gradually with MOFs as shown in Fig. 3a-d [61]. In 
addition, a modified fiber surface with specific functional groups could 
facilitate the loading procedure. Biomineralization, a phenomenon 
derived from nature, could be applied to the growth of MOFs on glass 
fibers triggered by Bovine serum albumin (BSA), which is a type of 
biomolecule [72]. The available glass fibers were activated using the 
silylanization method to graft NH2 groups, then glutaraldehyde was 
used to link BSA with NH2 groups, introducing BSA to the fiber surface. 
Afterward, precursors of ZIF-8 were added, forming the ZIF-8@GF 
membrane (Fig. 3e). Compared with bare glass fibers, the coverage of 
MOFs on GF-BSA fibers was significantly high as shown in Fig. 3f, g. This 
could be attributed to the high density of BSA, which served as func
tional sites for the nucleation of MOFs. By adjusting the ratios of pre
cursors, different morphologies of MOFs on the surface of glass fiber 
could be achieved. Likewise, Li et al. [73] proposed a biomineralization- 
mimetic method to prepare electrospun-silk-nanofiber@MOF mem
branes. Without the use of a biomineralization medium, the electrospun 
silk fibers were immersed in the solution containing one kind of pre
cursor first, followed by the addition of the other kind of precursor to 
hybrid with MOFs, which could decrease the nucleation of MOFs in the 
solution. Due to the rich functional groups and complex biological en
tities, silk fibers had abundant active sites for the biomineralization 
growth of MOFs, resulting in fully covered hybrid fibers. Also, since the 
strong affinity between silk fibers and MI through hydrogen bonding and 
hydrophobic interactions, the connection between MOFs and fibers was 
stronger.

2.1.2. Seed-assisted secondary growth
Seed-assisted secondary growth refers to the growth of MOFs on a 

membrane in which the seed is previously attached [11]. In detail, MOF 
particles or precursors are embedded into substrates firstly, which is 
regarded as the seed. Afterward, the seeded substrate further reacts with 
the suspension containing the MOF precursors, during which crystalli
zation proceeds as shown in Fig. 4a. It is advantageous in anchoring the 
points where MOFs grow and enhancing the loading amount of MOFs. 
The seed-assisted secondary growth method is widely cooperated with 
electrospinning technology. For example, Zhang et al. [74] fabricated 
HKUST-1/PAN nanofiber membranes through electrospinning and seed- 
assisted secondary growth. HKUST-1 particles were impregnated into 
PAN fibers as seeds. Subsequently, the seeded fiber was placed in an 
autoclave with the precursor solution of HKUST-1 and heated at 80 ◦C 
overnight for secondary solvothermal growth. Likewise, Zn-MOF/PST 
fibers were synthesized [75]. It is notable that for MOFs that could be 
synthesized under room temperature (e.g., ZIFs), the heating and pres
sure during secondary growth are unnecessary.

Apart from seeding with MOF particles, the selection of metal ions as 
seeds inside the substrates is widely used for the development of MOFs- 
coupled-fiber membranes. For example, ZIF-8 is a kind of MOF that can 
be synthesized under ambient temperature between the reaction of Zn 
ions and the organic linker of 2-methylimidazole (2-MI). Through seed- 
assisted secondary growth, ZIF-8@PAN nanofiber membranes could be 
well-constructed [76]. The seeded substrate containing Zn2+ was ob
tained using the electrospinning technique. Then the resultant substrate 
was immersed in a 2-MI solution, where the seeded Zn2+ reacted with 
the organic linker and ZIF-8 crystallized on the surface of the fibers. By 
altering the ratio of metal ions in polymeric substrates, the morphology 
and diameter of the developed MOF fibers could be regulated accord
ingly. Moreover, the loading of MOF particles forms a layer covering the 
surface of nanofibers, of which thickness can be tuned by controlling the 
concentration of metal ions inside the fiber [77]. Similarly, morphology 
and diameters of ZIF-67-based fibers could be controlled by altering the 
molar ratio of Co(AC)2 to PAN in electrospun solutions from 80 wt% to 
200 wt% [78]. With the increase of the molar ratio, the MOF particles 
covered on the surface of the fiber became homogeneous gradually, and 
the roughness of the fiber increased as well as shown in Fig. 4b-d. As 
seen in Fig. 4e-g, MOFs were partially-inserted into the fiber, which was 
an enhancement to the mechanical properties.

Seeding with organic ligands is also available. During the develop
ment of UiO-66-NH2-based nanofiber, Lu et al. [67] selected the organic 
ligand of amino-terephthalic acid (ATA) as the nucleation point for MOF 
growth inside the fiber. Then the seeding fiber was submerged in the 
solution containing both Zr ions and ATA, which enabled the growth of 
UiO-66-NH2 to continuously cover the fiber surface even at a low pre
cursor concentration. Higher precursor concentrations could result in 
more homogeneous coverage and larger MOF clusters, and the MOF 
loading amount could achieve up to 50 % [67]. Seeding with organic 
ligands could also be advanced to form ZIF-8/PLA nanofiber mats [79]. 
The PLA nanofiber membrane with 2-MI seeds was first added into the 
Zn2+ solution to form a few ZIF-8 nanocrystals on the fiber surface, 
which served as the growth core. The core-nanofiber membranes were 
further added to a 2-MI aqueous solution, where the ZIF-8 particles grew 
larger. Also, more ZIF-8 particles can be anchored on the fiber surface 
with a prolonged nucleation time, enhancing the roughness and hy
drophilicity of the membranes.

2.2. Unconventional synthesis of MOFs on fiber surfaces

Apart from conventional solvothermal synthesis, a series of peculiar 
methods could be applied to the fabrication of MOFs-coupled-fiber 
membranes. The hot pressing method, layer-by-layer growth method, 
and ALD-assisted growth method are representatives. The unconven
tional synthesis of MOFs-coupled-fiber membranes involves specific 
synthesis conditions and growth methods of MOFs on the fiber surface 
compared to conventional methods, such as solvent-free synthesis en
vironments, multiple repetitions of dipping, the need for adequate 
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binding layers, etc.

2.2.1. Solvent-free hot pressing method
Recently, a solvent-free hot pressing (HoP) method has been re

ported to directly transfer MOF coatings on various substrates including 
plastic mesh, glass cloth, carbon cloth, metal mesh, nonwoven fabric, 
etc. [80,81] Generally, the MOF precursors are cast onto substrates and 
heated to produce MOFs-coupled-fiber membranes as shown in Fig. 5a. 
With increasing cycle times of casting and heating, the quantity of 
loaded MOFs increases accordingly [82]. Based on the traditional hot 
pressing method, a roll-to-roll method was presented for mass produc
tion of MOFs-coupled-fiber membranes, which is regarded as a large- 
scale fabrication strategy [80]. In the roll-to-roll process, the sub
strates covered by MOF precursors are rolled between two heated rollers 
as shown in Fig. 5b. After rolling back and forth several times, MOF 
nanocrystals are generated on the substrate fiber. The HoP method was 
applicable to a series of MOFs including Zn-MOF, Cu-MOF, Co-MOF, Cd- 

MOF, etc., and the obtained MOF membranes showed excellent 
robustness and brilliant performance in environmental application [83].

The heating temperature involved in the HoP process is essential for 
the dispersion of MOFs on the fiber substrate. Peng and co-workers [84]
investigated the effect of heating temperatures on the development of 
ZIF-8-based electrospun fiber membrane, during which the precursors 
were loaded on PAN nanofibers and heated under desired working 
temperatures (from 80 to 140 ◦C). The most uniform growth of ZIF-8 
nanoparticles on the surface of PAN fibers occurred when the working 
temperature was at 120 ◦C, while either weak crystallinity or slight 
agglomeration occurred. It is believed that relatively high temperature 
increases the possibility of molecular collision between ZIF-8 precursors, 
contributing to rapid crystallization. Excessively high temperatures may 
lead to large grains of ZIF-8 particles on PAN fibers, while the crystal
lization would be limited under low temperatures. Furthermore, 
changing the way of heating could optimize the development process of 
MOF fibers. Instead of using a traditional electric iron to heat one side of 

Fig. 4. (a) Schematic illustration of the ZIF-67-based nanofiber filter fabrication procedure. SEM images of ZIF-67@PAN composite electrospun fiber with the mass 
ratio of Co(Ac)2 to PAN of (b) 160%, (c) 80%, and (d) 200%. (e) bright-field and dark-field TEM images of the ZIF-67@PAN filter; (f) and (g) high-resolution TEM 
images of the ZIF-67@PAN filter[78].
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the membrane, a hair straightener was used to keep the upper surface 
and undersurface heated simultaneously during the fabrication of MOFs- 
coupled-fiber membranes by the HoP method [85]. The well-developed 
membranes could be achieved under a relatively low temperature 
(80 ◦C) and a short time (5 min). Also, the distribution of MOF crystals 
showed a clear trend from sparse to dense with the increase of HoP 
cycles.

Though the HoP method is efficient for the development of a series of 
MOFs-coupled-fiber membranes, it is non-applicable to high-valence- 
metal-based MOFs (e.g., Zr-MOFs). To realize the embedding of those 
MOFs on the substrate by the HoP method, deep eutectic solvent (DES), 
which is composed of hydrogen bond acceptor and hydrogen bond 
donor, can be applied to significantly promote the contact of MOF 
precursors and accelerate the formation of Zr-MOFs [81]. Following this 
strategy, choline chloride (ChCl) and urea were chosen as hydrogen 
bond acceptor and hydrogen bond donor respectively, and different 

types of Zr-MOFs (UiO-66, UiO-66-NH2, UiO-66-(OH)2, UiO-66-Br2 and 
MOF-801) were fabricated on nonwoven fabrics via HoP processes. The 
morphology of MOF crystals could be controlled by altering the dosage 
of DES and modulator (acetic acid), the reaction temperature, as well as 
the reaction time. Overall, the DES-assisted HoP method is considered a 
facile way to prepare Zr-MOFs-coupled-fiber membranes.

2.2.2. Layer-by-layer growth
Layer-by-layer (LbL) growth is an efficient approach for promoting 

MOF growth on fiber substrates, which is similar to the direct sol
vothermal growth strategy [28,86]. However, the LbL approach could 
be performed at ambient conditions without the need for high reaction 
temperature and pressure. Furthermore, the functionalized fibers could 
result in a uniform dispersion of MOF particles on the fiber substrate 
with multiple repetitions of alternate immersion into metal ion solution 
and ligand solution [87]. It is noteworthy that the hinge of the LbL 

Fig. 5. (a) Schematic presentation of HoP method for MOF coating[83]; (b) Schematic presentation of roll-to-roll method for MOF coating[209].
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strategy is the pretreatment of substrates, which binds between sub
strate fibers and metal ion precursors of MOFs. For example, treating 
electrospun carbon nanofibers with ozone could generate abundant 
negatively charged surface functional groups (e.g., carboxyl), serving as 
active sites for the nucleation of ZIF-8 [88]. The synthesis was accom
plished by dipping the carbon nanofiber membrane in Zn2+ solution and 
2-MI solution alternately. Due to the electrostatic force, Zn2+ was 
absorbed by negatively charged carbon nanofibers, and 2-MI reacted 
with the absorbed metal ions to form well-adhered ZIF-8 subsequently.

Natural fibers, which are rich in functional sites (e.g., carboxylates, 
amines, etc.), are ideal substrates for LbL synthesis[ 72]. Cotton fibers 
could be treated with NaOH for deprotonation of hydroxyl groups, then 
applied to LbL-fabricated zinc 1,4-benzenedicarboxylate (ZnBDC)-cot
ton fibers [87]. The MOFs loading amount, the thickness of the MOF 
layer, and the dispersion of MOFs could be altered by modulating the 
LbL cycles as shown in Fig. 6a-c. However, for stable immobilization of 
MOFs, chemical bindings are essential [89]. Therefore, more complex 
modifications and the introduction of functional groups could be 
involved. For instance, lignocellulosic fiber was carboxymethylated to 
bind Cu2+, further hybridizing with HKUST-1 as shown in Fig. 6d [90].

To promote the crystallization of MOFs on the fiber, ultrasound could 
be introduced during the LbL strategy. Morsali et al.[91,92] investigated 
an ultrasound treatment-assisted LbL method to grow HKUST-1 and 
MOF-5 on silk fiber membranes. After treating with the alkaline solution 
for deprotonation, the substrate was subsequently dipped into a solution 
composed of metal salts and organic ligands under ultrasonic irradiation 
for the crystallization of MOFs. Different from those without ultrasonic 

assistance, MOFs formed by this strategy presented cubic morphology as 
well as homogeneous distribution.

2.2.3. Atomic-layer-deposition-assisted growth
Atomic-layer-deposition (ALD)-assisted growth strategy is a facile 

route to assemble MOFs on fiber membranes. Nanofibers are precoated 
with metal oxides (e.g., Al2O3, TiO2, ZnO, etc.) via atomic layer depo
sition , then the development of MOF particles occurs on the surface of 
ALD layers. A cycle of ALD is composed of two half-reactions as shown in 
Fig. 7a. The first step is to add a metal-containing precursor of metal 
oxide layers, which reacts with hydroxyls on the surface of substrates. 
Another precursor containing oxygen (e.g., deionized water) is further 
dosed to form the metal oxide layer. The two steps can be repeated until 
the satisfactory metal oxide layer is obtained [71,93]. ALD coatings of 
metal oxide layers could increase the surface roughness and change the 
wettability of fibers, facilitating the permeation of solvothermal sol
vents, consequent in the improvement of reactivity and nucleation be
tween MOF precursors and fiber substrate, resulting in a higher loading 
amount and more homogeneous dispersion of MOFs on the fiber sub
strates[ 94]. ALD-assisted growth is especially a suitable approach for 
those fibers that are difficult to load MOF particles directly.

Zhao et al. [19] demonstrated the ALD-assisted route for growing 
MOFs on fiber membranes, which achieved high MOF loading, large 
specific surface areas, and applicability to a variety of substrates (e.g., 
Polypropylene (PP), polybutylene terephthalate (PBT), cotton, etc.) and 
MOFs (e.g., HKUST-1, MOF-74, UiO-66, etc.). Take HKUST-1/PP fiber 
membranes for example, Al2O3 layers were coated on the surface of PP 

Fig. 6. SEM images of (a) pristine cotton fabric, (b) ZnBDC-fiber of 3 LbL cycles, (c) ZnBDC-fiber of 8 LbL cycles[87]; (d) Schematic of the preparation of HKUST- 
1@CHFs[90].
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fibers first, and then HKUST-1 was grown on the surface of PP-Al2O3. As 
shown in Fig. 7b, c, the ALD-assisted PP fibers showed more uniform 
MOF coverage compared with untreated PP fibers, indicating hetero
geneous nucleation on the fiber surface. The specific surface area of 
ALD-assisted MOF-PP was 60 % higher than that of MOF-PP fibers as 
well. Furthermore, a systematical change in the thickness of ALD layers 
could also control the distribution of MOF crystal size. As shown in 
Fig. 7d, e, with the increase of ALD cycles, the average size of MOF 
crystals decreased and the size distribution scope narrowed. Different 
metal oxide coatings could also affect the nucleation of MOF crystals, 
consequently affecting the morphology of MOF-based fibers for the 
discrepancy of wettability, surface roughness, and isoelectric points of 
metal oxides (Fig. 7f).

2.3. Coupling pre-synthesized MOFs with fibers

Fabricating MOFs-coupled-fiber membranes from pre-synthesized 
MOFs is another feasible option, during which MOFs are produced 
precedingly. The valid connection between MOFs and fiber substrates is 
essential to avoid the aggregation and run-off of MOFs. Doping during 
electrospinning, and covalent immobilization coating are two main 

strategies which are discussed in this section.

2.3.1. Doping during electrospinning
Doping MOFs during the electrospinning process is an ideal route for 

the development of MOFs-coupled-fiber membranes. The direct elec
trospinning method mainly consists of three steps, 1) pre-synthesization 
of MOF particles, 2) preparation of MOF-polymer electrospun precursor 
solution, and 3) direct electrospinning of the precursor solution. For 
example, Wang et al. [95] reported the ZIF-67 nanoparticles immobi
lized on electrospun PAN nanofibers. Pre-synthesized ZIF-67 particles 
were dispersed in the DMF solution, and then PAN was added in and 
stirred to form a homogeneous electrospun precursor solution. After 
electrospinning, uniform ZIF-67/PAN nanofibers were obtained. 
Compared with pristine PAN fibers, the surface of ZIF-67/PAN nano
fibers was no longer smooth, and the cubic ZIF-67 nanoparticles could 
be observed in enlarged SEM and TEM images, which can be seen in 
Fig. 8.

Doping MOFs during electrospinning is a universal technique for a 
variety of MOFs and polymer substrates, during which the fiber 
morphology and loading amount of MOFs could be altered. However, 
one drawback of this strategy is that MOF particles are prone to 

Fig. 7. (a) Schematic illustration of the Al2O3 ALD process[93]; SEM image of (b) HKUST-1 MOF grown on untreated polypropylene fiber mats (MOF-PP), (c) SEM 
image of HKUST-1 MOF grown on ALD-Al2O3-coated polypropylene fiber mats (MOF-PP/ALD)[19]; MOF-fiber mats with different ALD coating thicknesses: (d) MOF 
crystal size distribution on the top surface, (e) MOF crystal size distribution on the cross-section[19]; (f) HKUST-1 MOF grown on different ALD coatings[19].
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Fig. 8. (a, b) SEM images, (c, d) TEM images of ZIF-67@PAN; (e) STEM image and the corresponding mapping of ZIF-67@PAN[95].

Fig. 9. Schematic illustration of (a) electrospinning solution preparation and (b) fiber preparation; (c) optimized geometries for the configuration of PVP and PAN 
with the ZIF-8/PAN nanofibers; (d) optical images of porous ZIF-8/PAN fibers; (e, f) SEM images of porous ZIF-8/PAN nanofibers; (g) structure of ZIF-8; (h) the levels 
of hierarchical scales[98].
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agglomeration during the blending process, resulting in uneven distri
bution of MOF on the fibers. To avert the agglomeration of MOF parti
cles, a small portion of the polymer was firstly added to the MOF 
suspension, and then the rest of the polymer could be added. For 
example, Zhang et al. [96] achieved the uniform distribution of different 
MOFs on the electrospun nanofiber. By adjusting the electrospinning 
parameters (e.g., applied electric voltage, flow rate of the solution, etc.) 
and the concentration of both PAN and MOFs, MOF nanoparticles were 
well dispersed even at the loading amount of up to 60 % and the di
ameters of the fibers could be altered from 200 nm to 1 μm [96]. In 
another interesting work, An et al. [97] introduced polymers into the 
precursor of ZIF-7, and then heated to crystalize ZIF-7. Accordingly, ZIF- 
7 nanoparticles were homogeneously distributed in the electrospun 
polymeric fiber.

In addition to the complicated fabrication process, there is another 
deficiency of this strategy. During the formation process of MOF-based 
fiber, MOF particles not only exist on the surface of the fiber, but also 
be buried inside the fiber, which could impede the contact between 
MOFs and the pollutants. To expose more available MOF particles, 
constructing interconnected mesopores in the MOFs-coupled-fibers is an 
advanced route for enhancing the utilization of MOFs [98]. For example, 
PVP could be introduced into the fabrication of PAN/ZIF-8 fibrous 
membrane, which is regarded as a sacrificial pore-forming agent. After 
immersion in an ethanol solution, PVP was dissolved, which obtained 
the mesoporous channels inside the fiber as shown in Fig. 9. The mac
ropores provided more adsorption space and reduced the mass transfer 
resistance, the interconnected mesoporous channels were beneficial to 
the diffusion of pollutant molecules to MOFs, and the micropores in ZIF- 
8 could improve the specific area and provide more connection sites of 
composite fiber membrane.

2.3.2. Covalent immobilization coating
The covalent combination of pre-synthesized MOF particles and pre- 

synthesized fiber substrates is efficient for large-scale applications [82]. 
The polymer substrates are usually treated beforehand to introduce 
desired functional groups, facilitating the covalent linking with MOFs. 
For example, a covalent synthesis method was developed to embed 
MOFs onto polyester/cotton (PETco) textile fibers [99]. The cotton 
fraction in PETco fibers was pretreated for carboxylation as shown in 
Fig. 10a. After reacting with NaOH, PETco-COOH fibers further cova
lently combined with MOF-199 and UiO-66-NH2 to compose the hybrid 
fiber (Fig. 10b).

Initiated by γ-ray irradiation, covalent immobilization of MOFs and 
the fiber substrate by co-graft polymerization can be achieved. For 
example, the pre-synthesized MIL-101 particles were added into 
monomer solutions containing HEA to prepare the suspension. The 
surface of the nylon fabric was coated with the suspension and irradiated 
by a Co60 γ-ray source at room temperature to initiate the covalent re
action. The generation of free radicals on MIL-101(Cr) under γ-ray 
irradiation was the key to the linking between MIL-101(Cr) and nylon 
fabric, initiating the graft of polymerization of HEA on MIL-101(Cr). The 
co-graft polymerization generated a three-dimensional network that 
firmly immobilized the MIL-101(Cr) particles (Fig. 10c) [100].

A covalent immobilization strategy could combine with ALD-assisted 
growth to improve the loading efficiency of MOFs. Lee et al. [101]
fabricated UiO-66-NH2/PP fibers using a self-assembly method com
bined with ALD synthesis. ALD method was used to create metal oxide 
layers (Al2O3, TiO2, and ZnO) on PP fibers, and the self-assembly agent 
replenished the hydroxyl groups on the surface of PP fibers, which was 
essential for covalent bonds between MOFs and substrates. Compared 
with PP/MOF fibers, PP-metal oxides/MOF fibers demonstrated a higher 
loading amount and more uniform dispersion of MOFs on fibers. The 
self-assembly agent promoted the adhesion of MOFs and made a dif
ference in minimizing MOF crystal aggregation in the mixed suspension, 
further resulting in even distribution over the entire membrane.

Fig. 10. (a) Synthetic pathway for the ATRP-ARGET carboxylation of the cotton fraction in PETco fibers; (b) Procedures of covalent immobilization of MOF-199 and 
UiO-66-NH2 on PETco[99]; (c) Preparation of nylon fabrics immobilized with MOFs by radiation-induced graft polymerization[100].
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2.4. Pros and cons of different preparation strategies

Conventional solvothermal synthesis enables uniform coatings of 
MOFs on the fiber surface. In detail, direct solvothermal growth is one of 
the commonly used methods, which achieves well-attached growth of 
MOFs to various fiber-based substrates. For the inert substrates, modi
fication with functional groups to facilitate the growth of MOFs is 
advisable. However, due to there being no anchor seeds inside substrate 
fibers, the nucleation of MOFs mainly occurs in the solvent, resulting in 
reduced amount of MOF growth on the fiber. Compared with direct 
solvothermal growth, seed-assisted secondary growth could develop 
MOFs-coupled-fiber membranes with a higher MOF loading amount. 
Despite this approach could only be achieved by electrospinning, the 
morphology and structure could be modulated by altering the ratio of 
seeds and polymers as well as the parameters during electrospinning. 
Besides, MOF particles are half-inserted in fibers, which ensures a tight 
combination between fibers and MOFs.

The operation process of HoP method is simplified to a certain extent 
since the solvents are not involved. The HoP method is suitable for a 
series of MOFs and substrates, and the roll-to-roll method based on this 
strategy could achieve mass production [80]. By adjusting the number of 
coating layers, different loading amounts of MOFs could be achieved. 
Noticeably, this strategy is not feasible for MOFs and substrates with 
poor thermal stability. The advantage of layer-by-layer growth is that it 
can occur under mild conditions. The alternate dipping of the substrates 
into metal ions and organic ligand precursors yields a homogeneous 
dispersion of MOFs. The nucleation of MOFs can be promoted by the 
functional groups on substrates, e.g., carboxyl, amino, etc. Additionally, 
the loading amount is improved and the particle size of MOFs is enlarged 
with the repetition of LbL cycles. Notwithstanding, the functionalization 
of fiber substrates with specific functional group modifications requires 
a relatively cumbersome synthesis process. The ALD-assisted method 
provides a pathway for the combination of MOFs and fiber substrates, 
especially for the fibers that were originally difficult to combine with 
MOFs.

Due to the independence of MOF synthesis and fiber formation 
processes, fabricating MOFs-coupled-fiber membranes from pre- 
synthesized MOFs is relatively easy to operate. Therefore, doping dur
ing electrospinning can be applied to a wide range of MOFs, during 
which the MOF loading amount, the morphology and structure of fibers 
could be alterable by adjusting the electrospinning parameters. Also, the 
nucleation of performed MOF particles could lead to high-quality crys
tals. While the drawback is that part of MOF particles is encapsulated 
inside the fiber, decreasing the utilization efficiency of MOFs. The co
valent immobilization method is applicable to commercial substrates. 
Compared with doping during the electrospinning method, MOF parti
cles scatter evenly on the fiber surface, preserving the intrinsic proper
ties of MOFs to a large extent. Nevertheless, the required additives of 
covalent bonding make the developing process relatively intricate.

3. Applications of MOFs-coupled-fiber membranes in removing 
contaminants from water

In recent years, MOFs have been considered as a kind of ideal ma
terial for water purification because of their crystalline nature, high 
specific surface area, tunable functionalities, and plentiful species 
[102,103]. The crystalline nature and high specific area facilitate the 
adsorption of pollutants [104]. The tunable functionalities and plentiful 
species of MOFs bring them adequate selectivity for numerous con
taminants as well as coping strategies for complex contaminants 
[105,106]. However, MOF particles may detach from the fiber and enter 
into the water environment when they are not firmly bonded to the 
substrate [107]. Encrusting MOFs into flexible fibers could improve 
mechanical stability, reusability, and durability in aqueous conditions 
[103]. Moreover, with a proper combination of high surface-to-volume 
ratio fibers, the increased active surface of MOFs in contact with the 

environment could further enhance the probability of trapping the 
pollutants [46]. Due to the large specific surface area of the flexible 
fiber, there will be an enhanced MOF loading. The increased active 
surface of MOFs in contact with the environment could further enhance 
the probability of controlling the pollutant. Here, we discuss the puri
fication performance of MOFs-coupled-fiber membranes for several 
contaminants, such as heavy metal ions, organic dyes, and emerging 
pollutants. The structure, development methodologies, of MOFs- 
coupled-fiber membranes, and related effects on purification perfor
mance for each typical pollutant are systematically analyzed.

3.1. Heavy metal ions

Heavy metal pollution has been regarded as a global environmental 
threat and extensively studied by researchers, including cadmium (Cd), 
arsenic (As), lead (Pb), chromium (Cr), mercury (Hg), silver (Ag), etc., 
which are nonbiodegradable and tend to bioaccumulate as the food 
chain prolongs [108,109]. Though trace amounts of heavy metal ele
ments are essential for human health, excess amounts could result in 
serious health problems [110–116]. Therefore, finding efficient and 
scalable approaches is crucial for removing heavy metals from aqueous 
solutions. Traditional ways of heavy metal removal face several chal
lenges that to be overcome, e.g., lack of selectivity, secondary pollution, 
low efficiency, low reusability, etc. [117]. MOFs-coupled-fiber mem
branes have attracted incredible attention to satisfy these challenges. 
Heavy metal removal based on membrane purification can be catego
rized into three mechanisms, such as membrane filtration, adsorption, 
and catalytic reduction [118–120]. Membrane filtration is the pre
dominant mechanism for membranes with pores smaller than heavy 
metal ions, while for membranes with pores larger than heavy metal 
ions, the purification process could be controlled by adsorption [71]. 
Catalytic reduction is used to detoxicate multivalent heavy metals, 
during which MOFs-coupled-fiber membranes act as heterogeneous 
catalysts.

Among heavy metals, As is found to pose the most adverse effects on 
human health, which can cause abnormalities in RNA (ribonucleic acid) 
and DNA (deoxyribonucleic acid) by replacing phosphate, eventually 
leading to the developing cancers in the lungs, kidneys, bladder, and 
skin [121–127]. As exists in aqueous solutions in both inorganic and 
organic forms. The inorganic type of arsenic is highly toxic and usually 
in the states of arsenite (As (III)) and arsenate (As (V)), while its organic 
type is less hazardous. For efficient removal of As (III) and As (V), the 
UiO-66/PAN composite was prepared by doping during the electro
spinning method [128]. The prepared UiO-66/PAN nanofibers 
(Fig. 11a) possessed As (III) and As (V) adsorption capacities of 32.90 
mg/g and 42.17 mg/g respectively. Compared with the adsorption ca
pacities of pure UiO-66 samples, however, the maximum adsorption 
capacity decreased a lot (from 127 and 212 mg/g to 32.90 and 42.17 
mg/g, corresponding to As (III) and As (V) respectively). The difference 
in adsorption performance could be ascribed that most of the UiO-66 
particles were enclosed by PAN in fibers. To expose more MOF parti
cles to the environment, Kong et al. [129] introduced graphene oxide 
(GO) to the electrospun precursor for As (V) adsorption. As shown in 
Fig. 11b, the as-prepared MOF-808/PVDF/GO fiber membranes pro
vided adequate pores for connection and mass transfer between MOF 
particles and arsenate ions. The introduction of GO particles into PVDF 
nanofibers had a significant impact on the formation of porous fibrous 
structures. The strong repulsive force between GO particles under high 
voltage during electrospinning causes the stretching and cracking of the 
surrounding polymers, leading to the generation of numerous nano
pores. The maximum adsorption capacity was over 180 mg/g (Fig. 11c, 
d), and over 80 % of the initial adsorption efficiency remained after four 
cumulative recycle tests. The superior adsorption performance was 
mainly attributed to the coordination and π-π reaction between MOF- 
808 and As ions. Pang and co-workers [130] prepared MIL-88A (Fe) 
on the surface of cotton fibers using covalent immobilization coating 
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and direct solvothermal growth method, respectively, which enabled 
more MOF particles attached to the fiber surface for further improving 
adsorption capacity. The proposed MIL-88A (Fe) fiber membranes 
exhibited superior adsorption performance for arsenic pollutants, even 
almost the same as the original MIL-88A (Fe) particles. Moreover, the 
leakage of iron of the composite membrane is much lower than that of 
the original MIL-88A (Fe), which also reflects the superiority of the 
membrane.

Cr exists in both trivalent Cr (III) and hexavalent Cr (VI) within the 
aqueous solutions. Cr (VI) with higher biological toxicity could cause 
cancer diseases in the digestive system and lungs as well as other severe 
health hazards (e.g., skin dermatitis, bronchitis, diarrhea, etc.) 
[131–137]. To control Cr (VI) in drinking water, direct adsorption or 
reducing Cr (VI) to harmless Cr (III) ions have been regarded as the main 
effective techniques. The Fe-MOF/PAN electrospun fiber membranes 
synthesized through doping during the electrospinning technique were 
proposed for the removal of Cr (VI) from water [138]. Although Fe- 
MOF/PAN fibers exhibited the porous structure, the encapsulated 
MOF particles inside the fiber hindered the adsorption capacity. The 
adsorption capacity of Fe-MOF/PAN fibers was 127.70 mg/g, while that 
of the pristine Fe-MOFs was 229.42 mg/g. The mechanisms of adsorp
tion of Cr (VI) included electrostatic interaction, redox reaction, 
coprecipitation, coordination effect, etc. (Fig. 12a). Moreover, part of Cr 
(VI) was captured by Fe-MOF and reduced to Cr (III) with the reduc
ibility of –OH groups and Fe (II) ions from Fe-MOFs. However, the 
adsorption of Fe-MOF/PAN fibers was dominated by physical adsorp
tion, in which the removal efficiency was limited. To accomplish the 
highly efficient selective adsorption and catalytic reduction 

performance of Cr (VI), a nylon-6@UiO-66-NH2 electrospun fiber 
membrane was synthesized through seed-assisted secondary growth, 
with the surface area reaching 287 m2/g [139]. The partially-embedded 
nature of UiO-66-NH2 nanoparticles surrounding the fibers could pro
vide more adsorptive sites (Fig. 12b, c). Apart from physical electro
static interaction, the nitrogen-containing functional groups from UiO- 
66-NH2 played an important role in chelation reactions with Cr (VI), 
improving the adsorption capacity to 202.79 mg/g as shown in Fig. 12d. 
Furthermore, due to the support of nylon-6 fibers which avoided ag
gregation of MOFs and therefore enhanced the light absorption, the 
photocatalytic capacity of nylon-6@UiO-66-NH2 fiber membrane for Cr 
(VI) was 27.1 mg/g, almost twice that of pure UiO-66-NH2 powder 
(15.5 mg/g). After recycling 5 times, over 80 % of the reduction effi
ciency still existed, showing high recovery and regeneration properties 
in water purification.

Pb is classified as a persistent environment toxic substance which 
may cause mental disturbance, retardation, and semi-permanent brain 
damage[140–147]. Currently, MOF-based adsorbent materials, partic
ularly nanofiber composites, have become one of the popular candidates 
for removing Pb ions from water. Shooto et al. [148] fabricated a series 
of MOF-based fiber composites (Sr-TBC/PVA, La-TBC/PVA, and Sb- 
TBC/PVA, where TBC referred to benzene 1,2,4,5-tetracarboxylate ad
sorbents) to remove Pb (II) ions from aqueous solutions by doping 
during electrospinning method. Accordingly, the maximum adsorption 
capacities of 91, 124, and 194 mg/g were measured for Sb-TBC/PVA, Sr- 
TBC/PVA, and La-TBC/PVA nanofiber composites, since the mechanism 
of La-TBC/PVA and Sr-TBC/PVA were predominated by chemical 
adsorption while the adsorption by Sb-TBC/PVA was mainly physical 

Fig. 11. (a) SEM and elemental mapping of the as-prepared 10 wt% UiO-66/PAN nanofiber[128]; (b) SEM images of electrospun PG/MOF nanofibers[129]; arsenate 
adsorption (c) isotherms and (d) kinetics for MOF-808, PG/MOF, PVDF/MOF, PG and PVDF[129].
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Fig. 12. (a) Adsorption mechanism diagram of PAN/MOF ENFMs for Cr(VI) in water[138]. (b) SEM and (c) TEM images of nylon-6@UiO-66-NH2[137]. (d) 
Schematic diagram of preparation of nylon-66-NH2 fiber membrane[137].

Fig. 13. (a) Maximum adsorption capacity of nanofibers against some activated carbons[148]; (b) Time dependence studies on the sorption of Pb (II) ions onto PVA 
nanofibers (filled square), PVA/Sb-TBC nanofibers (filled diamond), PVA/Sr-TBC nanofibers (filled triangle) and PVA/La-TBC nanofibers (X mark)[148]; Selective 
adsorption of UiO-66-NH2-PAM-PET toward five single (c)and mixed (d) ions[149]; (e) Proposed Pb(II) adsorption mechanism on UiO-66-NH2-PAM-PET[149].
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adsorption. It was also observed that the adsorption capacity improved 
with the increasing surface coverage of MOFs on the fiber (Fig. 13a), 
which could be attributed to the more adsorptive sites and a larger 
surface area of the composite membrane. Moreover, the adsorption 
process of Pb (II) was rapid (reached adsorption equilibrium at about 5 
min as shown in Fig. 13b). The increased Pd adsorption capacity of 
MOFs-coupled-fiber membranes could also be achieved using a direct 
solvothermal growth strategy [149]. The polyethylene terephthalate 
(PET) nonwoven fabric was modified by polyacrylamide (PAM) to 
facilitate the nucleation of UiO-66-NH2 to achieve the UiO-66-NH2- 
PAM-PET composite. Benefiting from the intrinsic merit of UiO-66-NH2 
and the support of PAM-PET fibers, the developed composite exhibited 
an outstanding adsorption capacity of 711.99 mg/g toward Pb (II), 
which was even higher than pure UiO-66-NH2. Furthermore, the com
posite membrane exhibited a higher adsorption selectivity of Pb (II) than 
that of other heavy metals (e.g., Cu (II), Cd (II), Zn (II), etc.) (Fig. 13c, 
d). The mechanism for excellent adsorption capacity to Pb (II) could be 
concluded as a combination of physical and chemical adsorption, in 
which chemical adsorption was the main mechanism as shown in 
Fig. 13e. The specific area, pore structure of the composite membrane, 
and the electrostatic attraction between the membrane and Pb (II) 
enabled favorable physical adsorption.

Cu is an essential trace mineral for human health. However, its 
excessive intake can cause toxicological issues, even death [150–156]. 
Removing copper ions from wastewater before being discharged into the 
water steam is crucial. Recently, a growing interest in removing copper 
ions from water with MOF nanofibers has been attracted by researchers. 
For instance, ZIF-67-based “pearl-necklace-like” composite membranes 
prepared by direct solvothermal method on the surface of 1-methylimi
dazole/cellulose acetate (MIM/CA) electrospun nanofibers were used 
for the removal of Cu (II) [157]. The surface area of ZIF-67/CA fibers 
reached 463.1 m2/g due to the pearl-necklace structure as shown in 
Fig. 14a, b, which performed a high Cu (II) adsorption capacity of 18.9 
mg/g. The adsorption mechanisms could be identified as the combined 
action of both physical and chemical adsorption, including physical 
adsorption driven by the concentration gradient and electrostatic 
attraction, the coordination between Cu2+ and the pyridine nitrogen 
from CA substrates, and the ion exchange between Cu2+ and the hy
droxyl which bonded with uncoordinated Co2+ sites on the surface of 
ZIF-67/CA fibers. ZIF-8 is also regarded as an option for the removal of 

Cu2+. With the combination of ZIF-8 by a HoP method, the surface of 
PAN fiber became rough, and the specific surface area of ZIF-8/PAN 
reached 154 m2/g [84]. The ZIF-8/PAN nanofibers exhibited excellent 
performance with fast flux (12000 L/(m2h)) and high filtration effi
ciency (97.65 % at maximum) for Cu2+ in dynamic adsorption. The 
capture effect of copper ions was not affected by the coexistence of 
multiple metal ions like Ni2+, Mg2+, Cr3+, Co2+, etc. (Fig. 14c-f) The 
dominant action for adsorption was the coordination between Cu2+ and 
pyridine nitrogen from PAN and the ion exchange among Cu2+ and Zn2+

from ZIF-8, explaining both the selectivity and the high-efficient 
adsorption.

For the removal of heavy metal ions from water, adsorption is the 
main role played by MOFs-coupled-fiber membranes, accompanied by 
catalysis attenuation for multivalent metal ions. Therefore, the exposure 
of MOFs to contaminants is crucial. Doping during the electrospinning 
method is a fundamental method for building MOFs-coupled-fiber 
membranes. The removal efficiency of heavy metal ions is relatively 
low due to the lack of adsorption sites; however, porosity optimization 
of fibers is significant to disclose more MOFs and improve adsorption 
efficiency. Other in situ synthesis strategies, including direct sol
vothermal growth, seed-assisted secondary growth, layer-by-layer 
growth, HoP, and covalent immobilization coating all provide favor
able contact sites, which are promising approaches to prepare MOFs- 
coupled-fiber membranes given the removal of heavy metal ions.

3.2. Organic dyes

Due to the carcinogenic and mutagenic characteristics, organic dyes 
can cause toxic effects on humans, fauna, and flora, which has been 
considered a serious environmental issue [158–162]. Organic dyes in 
water can reduce light penetration and influence the photosynthetic 
activities in aquatic ecosystems, which are bio-accumulative as well 
[163–166]. There are more than 10,000 types of synthetic organic dyes, 
including acridine orange, indigo carmine, rhodamine B (RhB), mala
chite green, methylene blue, etc. [167]. The removal of organic dyes 
from water is extremely difficult because of the complex molecular 
structure, high molar mass, and low biodegradation. Adsorption with 
membranes has been found as one of the most attractive techniques to 
remove organic dyes for its easy-operating, high efficiency, and eco
nomic approach . However, the relatively fixed morphological feathers 

Fig. 14. SEM images of prepared CA/ZIF composite membranes: (a) ZIF/CA-1; (b) ZIF/CA-12[157]; Performance of dynamic filtering heavy metal ion system: (c) 
water flux and Cu2+ removal rate under different membrane thickness; (d) relationship between filtration times and Cu2+ removal rate; (e) effect of initial solubility 
of Cu2+ on removal rate; (f) removal efficiency of different heavy metal ions[84].
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and insufficient surface area of traditional membrane materials limit 
their adsorption capacity [91]. Recently, MOFs-coupled-fiber mem
branes have attracted great interest in removing organic dyes from 
aqueous systems, which is ascribed to the high porosity, tunable struc
ture, rich functionality, and open metal sites of MOFs.

Adsorption is one of the dominant mechanisms for the removal of 
organic dyes with MOFs-coupled-fiber membranes. Types of organic 
dyes that could be adsorbed depend on the electric properties of MOFs- 
coupled-fiber membranes and organic dyes. For example, bio-MOF-1/ 
PAN fiber membranes were fabricated by doping during the electro
spinning method [168]. Owing to the nucleophilic group C≡N of PAN, 
the proposed MOFs-coupled-fiber membrane could achieve high 
adsorption of cationic dyes, while negligible removal of anionic dyes. 
ZIF-8/CFC membranes were synthesized through the HoP method for 
removing various organic dyes, such as Reactive blue 19, RhB, toluidine 
blue, methylene blue, methyl orange, and crystal violet [169]. Overall, 
the electrostatic effect allowed the proposed ZIF-8-based membrane to 
exhibit different adsorption effects on dyes with different charges, e.g., 
the developed CFC-ZIF-8 membrane achieved relatively higher adsorp
tion efficiency on cationic dyes. However, by modulating the functional 
groups and the structure of MOFs-coupled-fiber membranes, the 
adsorption scope of dyes could be expanded. Due to the electrostatic 
repulsive force between silk and aramid nanofibrils, spider-web-like ZIF- 
8 fiber membranes were built up through a solvothermal method to 
optimize the surface structure, and further improve the adsorption ef
ficiency of organic dyes (e.g., methyl violet, Congo red, malachite green, 
and methylene blue) from water [170]. The hybrid substrate enabled the 
rejection ratio of more than 99 % of both positively and negatively 
charged dyes, ascribing to the abundant intermolecular interactions 
including electrostatic interactions, hydrogen bonding, hydrophobic 

interactions, etc.
Through the catalytic degradation process, organic dyes with high 

mole mass can be degraded into smaller molecules, further degraded 
into water and carbon dioxide, which could be a fundamental solution 
for organic dye pollution. ZIF-8 is an ideal assistant for the formation of 
•OH radicals under light irradiation, which are crucial for the photo
catalytic process [171]. Mahmoodi et al. [172] synthesized α-Fe2O3 
nanofiber membranes and encrusted ZIF-8 on the fiber via direct sol
vothermal growth. The optimal percentage of photodegradation for 
degrading Reactive red 198 was 94 % with the aid of H2O2 as shown in 
Fig. 15a. The ZIF-8/Fe2O3 composite was stable after recycled utiliza
tion at different pH, indicating probability for practical environmental 
application. MIL-101-NH2(Fe), which is also one of the effective pho
tocatalytic MOFs working under visible light, was fabricated by ALD- 
assisted growth on nylon fibers for the degradation of RhB [173]. As 
shown in Fig. 15b, c, the hybrid fiber presented a rugged surface. The 
concentration of RhB solution decreased by 98.9 % after 2 h of light 
irradiation. Further experiments confirmed that the principle of RhB 
removal was the synergy of both adsorption and photocatalysis, in 
which Fe3+ from MIL-101-NH2(Fe) reacted with H2O2, forming HOO•

radicals, further degrading RhB into CO2 and H2O as shown in Fig. 15d. 
Although the catalytic efficiency of Nylon@Al2O3@MOF fiber mem
branes (98.9 %) was slightly lower compared with that of MIL-101- 
NH2(Fe) powder (99.7 %), the recyclability of MOFs-coupled-fiber 
membranes endowed them with a more practical choice for photo
catalytic applications.

Organic dyes are a series of organic contaminants, whose molecular 
weight and diameter are larger than heavy metal ions. Adsorption and 
catalytic degradation are common ways for the control of organic dyes. 
Better adsorption performance can commonly be achieved by enhancing 

Fig. 15. (a) The percentage of degradation of RR198 using 0.003 g of catalysts at pH = 3, 50 mg/L dye solution[172]; (b, c) Nylon@Al2O3@MOF with the magnified 
image of the surface[173]; (d) Proposed decomposition mechanism of RhB and Cr (VI) on Nylon@ Al2O3@MOF[173].
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the dispersibility of MOFs. It is also remarkable that the electrostatic 
interaction between organic dyes and MOFs-coupled-fiber membranes 
affects the adsorption efficiency since the electronic charges of various 
organic dyes vary greatly [167]. Furthermore, the MOFs-coupled-fiber 
membrane with uniform MOF dispersibility also presents proper 
behavior in catalytic degradation, as adsorption is the prerequisite for 
catalytic degradation.

3.3. Emerging pollutants

Emerging pollutants (EPs) are characterized as novel substances 
lacking regulatory status[174–181]. EPs encompass a wide range of 
man-made chemicals (e.g., antibiotics, persistent organic pollutants 
(POPs), endocrine disruptors, pharmaceuticals, etc.), which are essential 
in common life [181]. However, the presence of those contaminants in 
the aqueous environment has become a global issue. EPs have harmful 
effects on both human health and aquatic ecosystems even with low 
concentrations. For example, some pharmaceuticals and endocrine dis
ruptors could imitate natural hormones, therefore impacting the meta
bolic processes of living [182,183]. In addition, there is a lack of 
understanding of the medium- and long-term effects of EPs on human 
health, the environment, and aquatic habitats [174]. Among various 
kinds of materials for water remediation, MOFs-coupled-fiber mem
branes performed excellent ability in the removal of EPs. The large 
specific area of MOFs-coupled-fiber membranes provides abundant 
contact sites for controlling emerging pollutants, which usually present 
at a relatively low concentration in water [184]. For the removal of EPs 
from water, adsorption and catalytic degradation are two main 
mechanisms.

Antibiotics are extensively used in the agriculture, livestock, and 
pharmaceutical industries, and are widely detected in water with an 
active state [185–191]. However, even at low concentrations, antibi
otics can also induce antibiotic-resistance genes [191]. Consequently, 
removing antibiotics from aqueous systems is urgent to protect human 
health and environmental safety. Adsorption has been proven as one of 
the most cost-effective methods for the removal of antibiotics [192]. 
Four types of MOFs (MIL-53(Al), ZIF-8, UiO-66-NH2, and NH2-MIL-125 
(Ti)) were deposited on PDA-modified electrospun PVA/SiO2 hybrid 

nanofiber mats to adsorb chloramphenicol in water [5]. The synthesiz
ing pathways for MIL-53(Al), UiO-66-NH2, and NH2-MIL-125(Ti) com
posites were direct solvothermal growth, and a LbL method was applied 
for the synthesis of the ZIF-8 composite. The equilibrium adsorption 
capacities of the MOF composites for chloramphenicol were ZIF-8 (13.9 
mg/g) < UiO-66-NH2 (25.1 mg/g) < NH2-MIL-125(Ti) (49.5 mg/g) <
MIL-53(Al) (79.5 mg/g), corresponding to the BET surface area (17.059, 
58.623, 253.209, and 437.973 m2/g respectively). However, the 
adsorption efficiency is still inadequate for environmental applications. 
Mass transmission is crucial since most antibiotics are macromolecules, 
and the pores of MOFs are nanoscale. Mesoporous ZIF-8/PAN-fiber 
membranes were constructed for the effective removal of antibiotics 
with the sacrifice of PVP in substrate fibers in doping during the elec
trospinning method to accelerate mass transmission [98]. The meso
pores could enhance the diffusion of contaminant molecules, improving 
both the adsorption rate and adsorption capacity. The maximum 
adsorption capacity of porous ZIF-8/PAN fibers for tetracycline was 
885.24 mg/g, which was close to that of pure ZIF-8 (900.90 mg/g) with 
a loading amount of 71.4 %. The pores could provide abundant MOF- 
polymer interfaces, which are responsible for the exceptional adsorp
tion capacity as shown in Fig. 16a. Electrostatic interaction, π-π inter
action, and hydrogen bonds all took part in the tetracycline adsorption 
(Fig. 16b). After 10 adsorption–desorption cycles, the removal efficiency 
was still above 97 %. Synthesizing MOFs with semiconductor properties 
onto fiber substrates can efficiently remove antibiotics from water 
through the synergy effect of photocatalysis and adsorption. For 
example, Yu et al. [57] synthesized CFC/UiO-66-NH2/BiOBr fibers to 
remove levofloxacin and ciprofloxacin in water. As shown in Fig. 16c, d, 
after introducing BiOBr to CFC/UiO-66-NH2 fibers, the degraded effi
ciency of levofloxacin and ciprofloxacin enhanced to 92.2 % and 86.4 %, 
respectively. The superior degradation performance could be attributed 
to the construction of heterojunctions between UiO-66-NH2 and BiOBr, 
facilitating the redox reaction to occur under lower potential as shown in 
Fig. 16e [193].

POPs in water have raised concerns about their toxic and unbiode
gradable nature [194,195]. Lots of POPs are mutagenic and carcino
genic, harming the nerve and endocrine systems of all the living 
[196–202]. As a kind of water-stable MOF, UiO-66 was loaded on 

Fig. 16. (a) Proposed effects of constructed mesopores in the fibers for tetracycline adsorption[98]; (b) FTIR spectra of tetracycline and porous ZIF-8/PAN fibers after 
tetracycline adsorption[98]; (c) Removal efficiency of levofloxacin; (d) Removal efficiency of ciprofloxacin[193]; (e) Proposed mechanism of CFC/UiO-66-NH2/ 
BiOBr[193].
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carboxymethylated cotton fibers through direct solvothermal growth for 
the adsorption of methylchlorophenoxypropionic acid (a commonly 
used herbicide) from water [202]. Due to the uniform and dense coating 
of MOFs on the surface of cotton fiber, the adsorption capacity reached 
12.8 mg/g. To eliminate the crisis of POPs ultimately, catalytic degra
dation should be considered. For example, Hou et al. [203] fabricated a 
lignin/PVA/Co/Fe-MOF fiber membrane with the assistance of electro
spinning and direct solvothermal methods for the degradation of per
fluorooctanoic acid (PFOA). Under solar light irradiation, SO4

•− and 
other radicals were rapidly produced by transition metals and photo
generated electrons to activate PMS and S2O8

2− , degrading PFOA 
consequently. Due to the synergy effect of PMS-AOP and photocatalysis, 
89.6 % of PFOA was degraded after 3 h, and the degradation efficiency 
retained 77 % after 4 cycles.

Because of the structural similarities to natural hormones, endocrine 

disruptors may interfere with the functioning of endocrine systems in 
humans[204–207]. TMU-16-NH2 was loaded on the surface of silk fiber 
using a LbL strategy for the adsorption of morphine from water[207]. 
Due to the strong hydrogen bonding interactions between morphine and 
MOFs, the adsorption capacity was high, and the adsorption process 
finished within 120 min. Incorporated with catalytic degradation, the 
high-efficiency removal performance could be accomplished. PMS- 
based AOP degradation is simple and efficient, which can also be used 
in the degradation of endocrine disruptors. A Ni/ZIF-8/ZnO-CFC mem
brane was fabricated for bisphenol A degradation[208]. Aligned ZnO 
nanorods were grown on the CFC substrate, which served as the zinc 
source to grow ZIF-8, forming a Ni/ZIF-8/ZnO system ultimately. Under 
the synergistic adsorption and catalytic degradation, the removal per
centage of bisphenol A reached 98.8 % within 30 min, with Ni/ZIF-8/ 
ZnO being a catalyst for PMS activation. The introduction of Ni 

Table 1 
Summary of the preparation and purification performance of MOFs-coupled-fiber membranes.

MOFs-coupled-fiber 
Membrane

Preparation Contaminants removal Refs.

Adsorption Catalytic degradation

MOF Substrate 
fiber

Preparation 
method

Contaminants Capacity 
(mg/g)

Contaminants Removal 
efficiency 
(%)

UiO-66-NH2-PAM-PET UiO-66- 
NH2

PET Direct 
solvothermal 
growth

Pb(II) 711.99 − − [149]

ZIF-67/CA ZIF-67 CA Direct 
solvothermal 
growth

Cu(II) 18.9 − − [157]

ZIF-8/Fe2O3 ZIF-8 PVA- Fe3O4 

fiber
Direct 
solvothermal 
growth

− − Reactive red 198 94 [172]

MIL-53(Al)/PVA/SiO2 MIL-53 
(Al)

PVA/SiO2 Direct 
solvothermal 
growth

chloramphenicol 79.5 − − [5]

UiO-66-NH2/PVA/ 
SiO2

UiO-66- 
NH2

PVA/SiO2 Direct 
solvothermal 
growth

chloramphenicol 25.1 − − [5]

NH2-MIL-125(Ti)/ 
PVA/SiO2

NH2-MIL- 
125(Ti)

PVA/SiO2 Direct 
solvothermal 
growth

chloramphenicol 49.5 − − [5]

CFC/UiO-66-NH2/ 
BiOBr

UiO-66- 
NH2

CFC Direct 
solvothermal 
growth

− − Levofloxacin, 
ciprofloxacin

92.2, 86.4 [57]

UiO-66/Cotton UiO-66 Cotton Direct 
solvothermal 
growth

methylchlorophenoxypropionic 
acid

12.8 − − [202]

Lignin/PVA/Co/Fe- 
MOF

Co/Fe 
MOFs

Lignin/PVA Direct 
solvothermal 
growth

− − Perfluorooctanoic 
acid (PFOA)

89.6 [203]

Ni/ZIF-8/ZnO-CFC ZIF-8 CFC Direct 
solvothermal 
growth

− − Bisphenol A 98.8 [208]

Nylon-6@UiO-66-NH2 UiO-66- 
NH2

Nylon Seed-assisted 
secondary growth

Cr(VI) 202.79 Cr(VI) 100 [139]

ZIF-8/PVA/SiO2 ZIF-8 PVA/SiO2 Layer-by-layer 
method

chloramphenicol 13.9 − − [5]

Nylon@Al2O3@MIL- 
101-NH2(Fe)

MIL-101- 
NH2(Fe)

Nylon@Al2O3 ALD-assisted 
growth

− − Cr(VI), RhB 99.6, 98.9 [173]

UiO-66/PAN UiO-66 PAN Doping during 
electrospinning

As(III), As(V) 32.90, 
42.17

− − [128]

MOF-808/PVDF/GO MOF-808 PVDF/GO Doping during 
electrospinning

As(V) 180 − − [129]

Fe-MOF/PAN Fe-MOF PAN Doping during 
electrospinning

Cr(VI) 127.70 Cr(VI) − [138]

Sb-TBC/PVA Sb-TBC PVA Doping during 
electrospinning

Pb(II) 194 − − [148]

Mesoporous ZIF-8/ 
PAN

ZIF-8 PAN Doping during 
electrospinning

tetracycline 885.24 − − [98]

MIL-88A(Fe)/Cotton MIL-88A 
(Fe)

Cotton Covalent 
immobilization 
coating

As(III), As(V), ROX, ASA 126.5, 
164.0, 
261.4, 
427.5

− − [130]
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improved both the adsorption capacity and the activation efficiency of 
PMS. Based on the composite membrane, a continuous-flow catalytic 
unit was constructed. After testing for 900 min, the removal capability of 
bisphenol remains at 98.8 %, which is feasible in environmental 
applications.

In an aqueous environment, the relatively low concentration of EPs 
makes it difficult to the removal with the use of membranes. Therefore, 
MOFs-coupled-fiber membranes with abundant specific surface area 
could be highly efficient in the control of EPs. Furthermore, most EPs are 
macromolecules, which could be filtered by the nanostructure in MOFs- 
coupled-fiber membranes[158,160]. However, EPs with large molecular 
weight and diameter may block the pores, hindering the mass trans
mission in adsorption and catalytic degradation. Therefore, the design of 
the proper pore diameters of different types of MOFs is essential. For the 
selection of fabricating strategy for MOFs-coupled-fiber membranes, 
those methods exposing more MOFs to the pollutants are more favor
able, including direct solvothermal growth, LbL growth, HoP strategy, 
and covalent immobilization coating.

In this section, MOFs-coupled-fiber membranes participate in water 
purification is discussed comprehensively. The summary of the prepa
ration and purification performance of MOFs-coupled-fiber membranes 
is shown in Table 1. The structure of MOFs-coupled-fiber membranes 
could be tuned to further enhance the purification capacity by regu
lating the preparation strategy.

4. Current challenges and future chances

MOFs-coupled-fiber membranes exhibit excellent performance in 
water purification. Embedding MOFs on fiber-based membranes can 
avoid agglomeration of MOF particles, expand the contact area between 
MOFs and pollutants, enhance reaction sites, and thus achieve better 
water purification performance. To prepare MOFs-coupled-fiber mem
branes, three main categories of strategies can be adopted based on the 
formation of MOFs, such as conventional solvothermal synthesis, un
conventional synthesis, and preparation of composite materials using 
pre-synthesized MOFs. The combination of MOF particles and fibers, as 
well as the comprehensive characteristics exhibited, can be effectively 
applied to the removal of heavy metal ions, organic dyes, and emerging 
pollutants in water environmental systems. However, there are still 
several shortcomings in the development of composite membrane and 
their applications.

First, although fibrous membranes provide support for loading 
MOFs, excessive MOF incorporation to fibers can result in the agglom
eration phenomenon, which influences mechanical properties. How to 
balance the high load of MOFs and mechanical properties of MOFs- 
coupled-fiber membranes has become a difficulty. Therefore, desired 
fabrication methods can be chosen to grow MOF layers on the fiber 
surface to increase the loading of MOFs and endow the composite 
membrane with efficient pollutant control performance.

Second, the improvement of water treatment performance by MOFs- 
coupled-fiber membranes is relatively easy to achieve, but the existing 
discussions on the relationship between MOFs-coupled-fiber membranes 
and the performance of the pollutant treatment are mostly empirical. 
How to select and precisely regulate the components and structure of 
MOFs-coupled-fiber membranes to achieve optimal performance has 
become a challenge. With the rapid development of electronic, com
puter, and information science, it should be considered to combine these 
new technologies with the analysis mechanism of MOFs-coupled-fiber 
membranes. For instance, computational chemistry has emerged as an 
integral component of modern chemistry, which can determine struc
tures at the molecular level and predict structural optimizations that 
exhibit enhanced performance in desired applications.

There still exists a major challenge for the practical application of 
MOFs-coupled-fiber membranes, as it is limited by several issues such as 
stability, cost, and membrane fouling. First, the prerequisite for using 
MOF fiber membranes in the practical application is their stability. 

However, several types of MOFs could decompose in aqueous solutions, 
limiting their persistence in water purification applications. Further 
research is needed on how to maintain the long-term stability of MOFs- 
coupled-fiber membranes in harsh environments such as acidic/alkaline 
environments, high temperatures, and complex organic solvent systems. 
Second, membrane fouling of MOFs-coupled-fiber membranes is a fatal 
problem in practical applications, which has been rarely studied. The 
cost of MOFs-coupled-fiber membranes also restricts their practical 
applicability. The synthesis of industrial MOFs-coupled-fiber mem
branes not only consumes a large amount of high-purity chemical re
agents, but also involves complex fabrication processes during the 
functionalization process that are difficult to implement in industrial 
production. Therefore, the cost reduction and simplification of the 
manufacturing process are both necessary to be considered.

Besides, the development of MOFs-coupled-fiber membranes typi
cally requires organic solvents, which may pose a great threat to the 
environment. Therefore, it is necessary to consider green chemistry to 
achieve more environmentally friendly MOFs-coupled-fiber systems. 
Also, the final disposal of MOFs-coupled-fiber membranes should be 
considered, such as using biodegradable fiber substrates to reduce 
environmental risks.
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applications, Chem. Soc. Rev. 40 (2) (2011) 1081–1106.

[21] H. Zhang, W. Zhao, M. Zou, Y. Wang, Y. Chen, L. Xu, H. Wu, A. Cao, 3D, mutually 
embedded MOF@carbon nanotube hybrid networks for high-performance 
lithium-sulfur batteries, Adv. Energy Mater. 8 (19) (2018) 1800013.

[22] Y. Chen, X. Huang, S. Zhang, S. Li, S. Cao, X. Pei, J. Zhou, X. Feng, B. Wang, 
Shaping of metal-organic frameworks: from fluid to shaped bodies and robust 
foams, J. Am. Chem.Soc. 138 (34) (2016) 10810–10813.

[23] F. Zhang, N. Li, J.F. Shi, Y.Y. Wang, D.X. Yan, Z.M. Li, Cation bimetallic MOF 
anchored carbon fiber for highly efficient microwave absorption, Small 20 (32) 
(2024) 2312135.

[24] J. Gong, W. Luo, Y. Zhao, J. Wang, S. Wang, C. Hu, J. Yang, Y. Dai, Surface 
engineering of Ni wires and rapid growth strategy of Ni-MOF synergistically 
contribute to high-performance fiber-shaped aqueous battery, Small 18 (42) 
(2022) 2204346.

[25] L. Du, B. Zhang, W. Deng, Y. Cheng, L. Xu, L. Mai, Hierarchically self-assembled 
MOF network enables continuous ion transport and high mechanical strength, 
Adv. Energy Mater. 12 (24) (2022) 2200501.

[26] A. Li, J. Xiong, Y. Liu, L. Wang, X. Qin, J. Yu, Fiber-intercepting-particle 
structured MOF fabrics for simultaneous solar vapor generation and organic 
pollutant adsorption, Chem. Eng. J. 428 (2022) 131365.

[27] D.T. Lee, Z. Dai, G.W. Peterson, M.G. Hall, N.L. Pomerantz, N. Hoffman, G. 
N. Parsons, Highly breathable chemically protective MOF-fiber catalysts, Adv. 
Funct. Mater. 32 (6) (2022) 2108004.

[28] K. Ma, K.B. Idrees, F.A. Son, R. Maldonado, M.C. Wasson, X. Zhang, X. Wang, 
E. Shehayeb, A. Merhi, B.R. Kaafarani, T. Islamoglu, J.H. Xin, O.K. Farha, Fiber 
composites of metal-organic frameworks, Chem. Mater. 32 (17) (2020) 
7120–7140.

[29] J. Xiong, A. Li, Y. Liu, L. Wang, X. Qin, J. Yu, Scalable and hierarchically designed 
MOF fabrics by netting MOFs into nanofiber networks for high-performance 
solar-driven water purification, J. Mater. Chem. A 9 (37) (2021) 21005–21012.

[30] B. Mohan, K. Singh, R.K. Gupta, A. Kumar, A.J.L. Pombeiro, P. Ren, Water 
purification advances with metal-organic framework-based materials for micro/ 
nanoplastic removal, Sep. Purif. Technol. 343 (2024) 126987.

[31] W. Zhu, M. Han, D. Kim, Y. Zhang, G. Kwon, J. You, C. Jia, J. Kim, Facile 
preparation of nanocellulose/Zn-MOF-based catalytic filter for water purification 
by oxidation process, Environ. Res. 205 (2022) 112417.

[32] M. Fu, X. Deng, S.-Q. Wang, F. Yang, L.-C. Lin, M.J. Zaworotko, Y. Dong, Scalable 
robust nano-porous zr-based MOF adsorbent with high-capacity for sustainable 
water purification, Sep. Purif. Technol. 288 (2022) 120620.

[33] C. Wang, P. Cheng, Y. Yao, Y. Yamauchi, X. Yan, J. Li, J. Na, In-situ fabrication of 
nanoarchitectured MOF filter for water purification, J. Hazard. Mater. 392 (2020) 
122164.

[34] L. Fei, C. Chen, L. Shen, Y. Zhang, B. Wang, J. Xu, B. Li, S. Raza, H. Lin, Graphene 
oxide assisted assembly of superhydrophilic MOF-based membrane with 2D/3D 
hybrid nanochannels for enhanced water purification, Chem. Eng. J. 460 (2023) 
141694.

[35] M.S. Attia, A.O. Youssef, M.N. Abou-Omar, E.H. Mohamed, R. Boukherroub, 
A. Khan, T. Altalhi, M.A. Amin, Emerging advances and current applications of 
nanoMOF-based membranes for water treatment, Chemosphere 292 (2022) 
133369.

[36] X. Zhao, Y. Jiang, T. Wang, Q. Lu, K. Zhao, J. Pan, Photothermal-photocatalytic 
route of MOF-based membrane with nanosheet array structures for solar-driven 
water purification, Chem. Eng. J. 475 (2023) 146268.

[37] H. Xu, S. Chen, Y.F. Zhao, F. Wang, F. Guo, MOF-based membranes for 
remediated application of water pollution, ChemPlusChem 89 (8) (2024) 
e202400027.

[38] J. Ma, X. Guo, Y. Ying, D. Liu, C. Zhong, Composite ultrafiltration membrane 
tailored by MOF@GO with highly improved water purification performance, 
Chem. Eng. J. 313 (2017) 890–898.

[39] F. Liu, W. Li, Y. Liang, X. Zhang, D. Ji, H. Liang, M. Yuan, Y. Zhao, H. Tang, X. Li, 
J. He, W. Shao, Solution blow spinning ultrafine fiber sponge-loaded MOF-808 for 
effective adsorption and degradation of mustard gas, ACS Appl. Mater. Interfaces 
16 (12) (2024) 15298–15307.

[40] Q. Li, Y. Sun, G. Li, X. Yang, X. Zuo, Enhancing interfacial and electromagnetic 
interference shielding properties of carbon fiber composites via the hierarchical 
assembly of the MWNT/MOF interphase, Langmuir 38 (46) (2022) 14277–14289.

[41] S. Dong, H. Niu, L. Sun, S. Zhang, D. Wu, Z. Yang, M. Xiang, Highly dense Ni-MOF 
nanoflake arrays supported on conductive graphene/carbon fiber substrate as 
flexible microelectrode for electrochemical sensing of glucose, J. Electroanal. 
Chem. 911 (2022) 116219.

[42] H.H. Do, C.C. Nguyen, D.L.T. Nguyen, S.H. Ahn, S.Y. Kim, L.Q. Van, MOF-derived 
NiSe2 nanoparticles grown on carbon fiber as a binder-free and efficient catalyst 
for hydrogen evolution reaction, Int. J. Hydrogen Energy 47 (98) (2022) 
41587–41595.

[43] X. Cai, L. Gao, J. Wang, D. Li, MOF-integrated hierarchical composite fiber for 
efficient daytime radiative cooling and antibacterial protective textiles, ACS Appl. 
Mater. Interfaces 15 (6) (2023) 8537–8545.

[44] Z. Zhou, M. Shang, Z. Yao, J. Zhang, Eu-MOF fluorescent fiber detector based on 
polyacrylonitrile: a highly selective and sensitive luminescence sensor for trace 
amounts of Fe3+, Dyes Pigm. 198 (2022) 110016.

[45] J. Chen, J. Zheng, F. Wang, Q. Huang, G. Ji, Carbon fibers embedded with FeIII- 
MOF-5-derived composites for enhanced microwave absorption, Carbon 174 
(2021) 509–517.

[46] Y. Dou, W. Zhang, A. Kaiser, Electrospinning of metal-organic frameworks for 
energy and environmental applications, Adv. Sci. 7 (3) (2020) 1902590.

[47] B.N. Bhadra, P.W. Seo, N.A. Khan, S.H. Jhung, Hydrophobic cobalt- 
ethylimidazolate frameworks: phase-pure syntheses and possible application in 
cleaning of contaminated water, Inorg. Chem. 55 (21) (2016) 11362–11371.

[48] L.S. Lai, Y.F. Yeong, K.K. Lau, A.M. Shariff, Effect of synthesis parameters on the 
formation of ZIF-8 under microwave-assisted solvothermal, Procedia Eng. 148 
(2016) 35–42.

[49] Y. Ban, Y. Li, X. Liu, Y. Peng, W. Yang, Solvothermal synthesis of mixed-ligand 
metal-organic framework ZIF-78 with controllable size and morphology, 
Microporous Mesoporous Mater. 173 (2013) 29–36.

[50] D. Hu, X. Song, S. Wu, X. Yang, H. Zhang, X. Chang, M. Jia, Solvothermal 
synthesis of co-substituted phosphomolybdate acid encapsulated in the UiO-66 
framework for catalytic application in olefin epoxidation, Chin. J. Catal. 42 (2) 
(2021) 356–366.

[51] M. Fiaz, M. Athar, S. Rani, M. Najam-ul-Haq, M.A. Farid, One pot solvothermal 
synthesis of Co3O4@UiO-66 and CuO@UiO-66 for improved current density 
towards hydrogen evolution reaction, Mater. Chem. Phys. 239 (2020) 122320.

[52] S. Bae, N. Zaini, K.S.N. Kamarudin, K.S. Yoo, J. Kim, M.R. Othman, Rapid 
solvothermal synthesis of microporous UiO-66 particles for carbon dioxide 
capture, Korean J. Chem. Eng. 35 (3) (2018) 764–769.

[53] S. Hu, M. Liu, K. Li, Y. Zuo, A. Zhang, C. Song, G. Zhang, X. Guo, Solvothermal 
synthesis of NH2-MIL-125(Ti) from circular plate to octahedron, CrstEngComm 
16 (41) (2014) 9645–9650.

[54] B. Tan, Y. Luo, X. Liang, S. Wang, X. Gao, Z. Zhang, Y. Fang, Mixed-solvothermal 
synthesis of MIL-101(Cr) and its water adsorption/desorption performance, Ind. 
Eng. Chem. Res. 58 (8) (2019) 2983–2990.

[55] C. Zhang, L. Ai, J. Jiang, Solvothermal synthesis of MIL–53(Fe) hybrid magnetic 
composites for photoelectrochemical water oxidation and organic pollutant 
photodegradation under visible light, J. Mater. Chem. A 3 (6) (2015) 3074–3081.
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