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Metal-organic frameworks (MOFs) materials with highly ordered and porous crystalline structure, have
excellent performance in advanced oxidation progresses (AOPs) for organic contaminants degradation in
water treatment. This review intends to summarize the timely references and insights for the recent
advances in MOFs that are used in AOPs. Starting with the preparation methodologies, including con-
ventional hydrothermal method, electrochemical method, sol-gel method, and emerging microwave and
ultrasound assisted synthesis methods. Application and mechanism for MOFs using in various AOPs of
Fenton-like, photocatalysis, catalytic ozonation, persulfate catalysis and other emerging oxidation meth-
ods are emphatically discussed. We hope this review can comprehensively summarize the research and
application progress of MOFs in AOPs, deepen the understanding of the catalytic mechanisms.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Due to the continuous increase in industrial production and liv-
ing demands, some emerging contaminants of pharmaceuticals and
personal care products (PPCPs), endocrine disrupting compounds
(EDCs), polycyclic aromatic hydrocarbons (PAHs) and polychlori-
nated biphenyl (PCBs), are continuously accumulated in environ-
ment. Those emerging pollution caused potential threats and direct
harm to the ecological environment and human health [1-4], such
as affecting human reproduction, metabolism and neurodevelop-
ment, even causing cancer, deformity, mutation and death [5,6].
Hence, academics have begun to develop new methods to control
and reduce the contaminants in aqueous environment. The treat-
ment methods include anode degradation, biodegradation, inor-
ganic heterogeneous catalysis and activated carbon adsorption, etc.
[7-9]. However, these technologies have diverse limitations of pol-
lutants transfer, incomplete degradation and high energy require-
ments. For example, anode degradation needs high operating costs
and challenging problems with fouling. Adsorption techniques have
problems with the recovery and disposal of irreversible adsorbents.

Advanced oxidation progresses (AOPs) could degrade organic
pollutants by generating hydroxyl radicals (‘OH), superoxide rad-
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icals (0,°7), and sulfate radicals (SO4*~) that with strong oxidizing.
A variety of AOPs, such as electrochemical oxidation, Fenton, ozone
oxidation and photocatalysis, have been widely developed and ap-
plied [10,11]. The central issue of AOPs is developing new catalysts
that act as absolute domination for activity oxide species and their
catalytic performances.

In 1995, Omar M. Yaghi [12] synthesized a ligand compound
with a two-dimensional structure composed of rigid organic lig-
and 1,3,5-benzenetricarboxylate (BTC) and transition metal Co, and
named as metal-organic framework (MOF). However, MOFs did not
attract much attention due to the materials were not stable at that
time. By 1999, the Yaghi’'s research team [13] reported on a three-
dimensional metal organic framework material MOF-5 with a sim-
ple cubic structure made of rigid organic ligand terephthalic acid
and transition metal Zn. And the skeleton of MOF-5 remained in-
tact after removing the guest molecules in the pores. This phe-
nomenon attracted the attention to scholars and made MOFs de-
velop rapidly. As shown in Fig. 1, the number of papers about
MOFs is increasing during the past decade. The tunability of MOFs
originated from the fact that various metal sites and organic lig-
ands can constantly change and combine with each other to form
another structure [14]. Tens of thousands of MOFs have been pre-
pared and applied for catalytic synthesis [15,16], drug delivery [17],
separation and storage of gas [18,19], electrode material [20] and
fuel cells [21], etc.

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. The number of publications in the area of MOFs from 2011 to 2020 (research
Web of Science on Sep. 10, 2021, MOFs research volume growth trend).

Recently, MOFs are used to deal with various environmental is-
sues in adsorption of heavy irons, degradation of organic pollu-
tants in wastewater [22-24], or separation and adsorption of car-
bon dioxide and sulfur dioxide [25-27]. As compared to hetero-
geneous catalysts, MOFs have adjustable structure and designable
catalytic center, which is easy to recycle than homogeneous cat-
alysts [28,29]. Therefore, AOPs, which need new catalysts to im-
prove the effect of wastewater treatment, combined with a new
functional environmental remediation materials MOFs, have been
used by scholars to remove organic pollutants from water [24].
You et al. [30] used NiZn@doped graphite activated peroxymono-
sulfate to degrade bisphenol A in water. Hu et al. [31] carbonized
Co/NH,—MIL-88B(Fe) at high temperature in N, to obtain MOF de-
rived nitrogen doped porous carbon rod (Fe,Coq/NPC), which re-
moved 91% of 20 mg/L tetracycline within 60 min in electro-Fenton
progress.

This paper summarizes the latest advances in MOFs as cata-
lyst in AOPs and their catalytic degradation mechanisms for vari-
ous pollutants. This carefully prepared review is hoped to promote
the development of this kind of materials and their practical appli-
cations for water treatment.

2. Materials composition and function of MOFs

Both metal center and organic ligand are two important com-
ponents of MOF materials. The catalytic process of MOFs in AOPs
is originated from the adsorption of pollutants by the pores of the
material and then oxidation by active group or free radicals gener-
ated from active sites. Therefore, both the metal center and organic
structure will affect the catalytic performance of MOFs.

2.1. Catalytic core of metal center

Generally, metals serve as central role in MOFs can be di-
vided into two categories of single and multiple metal centers. The
change of the metal center will affect its surface morphology, and
further affect the catalytic activity of the catalyst [32]. For instance,
Ahmad et al. [33] synthesized CUCs-MIL-88B-Fe with a coordi-
nated unsaturated metal center (CUC) to degrade phenol and sul-
famethoxazole (SMX) in photo-Fenton process. From the scanning
electronic microscopy (SEM) results, MIL-88B-Fe showed length of
around 1 mm with long smooth surfaces. Surface of CUCs-MIL-
88B-Fe was a little bit rough and course with evenly distributed
pores. The former transform infrared spectroscopy and Barrett-
Joyner-Halenda results showed that water molecules and hydroxyl
groups were eliminated, and formated mix-valence Fell/Felll which
led CUCs-MIL-88B-Fe to presented micro and mesopores. These re-
sults manifested that the introduction to coordinated unsaturated
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Fig. 2. The PCN-250(Fe;) building unit composed of Fe;-u3-oxo clusters and
3,3/,5,5’-azobenzenetetracarboxylate (ABTC). Reproduced with permission [35].
Copyright 2020, American Chemical Society.

iron centers could create ‘OH by mesopores in CUCs-MIL-88B-Fe
along with inherent micropores. Taha et al. [34] respectively syn-
thesized NH,—MIL-101(Fe) and NH,—MIL-101(Al) with Fe and Al
as metal centers, which were applied for Fenton-like oxidation sys-
tem. The surface area of NH,—MIL-101(Fe) was 2572.5 m?/g, 1.24
times of NH,—MIL-101(Al). Within 5 min, the degradation rate of
Rhodamin B (RhB) could be exceeded to 99% by NH,—MIL-101(Fe),
while the degradation rate of RhB by Al-based NH,—MIL-101 was
only 76.51% [34]. This study indicated that catalytic activity in
NH, —-MIL-101 could be greatly affected by catalytic center in same
MOF.

Moreover, the degradation capacity for organic contaminants of
MOFs could be enhanced by using other transition metals to in-
stead. Kirchon et al. [35] synthesized PCN-250(Fe,Mn) with Mn in-
stead of Fe (Fig. 2). Compare with the 1460 m?/g BET area and
711.2 eV binding energy of PCN-250(Fe3), PCN-250(Fe,Mn) had
1472 m?/g of surface area and lower binding energy (710.9 eV) dis-
placement, which indicated that the isomorphic substitution of Mn
for Fe could bring faster electron transfer rate and higher oxidation
capacity for methylene blue (MB) degradation in photo-Fenton.

The identity of metal oxidation state and rations of MOFs
are also the key issue for their high degradation efficiency. Tang
et al. [36] reported Feg75Cugo5(BDC) could degrade SMX com-
pletely within 120 min in Fenton-like system. Different from oc-
tahedral Fe(BDC) and cubic layered Cu(BDC), Feq75Cuq25(BDC) was
formed in an irregular flake-like structure. The incorporation of
copper enhanced pore size and Fe(Il) of Feg75Cug,5(BDC). More-
over, [Fe,Cu]-BDC was utilized as precursor to obtain a three-
dimensional flower-like FeCu@C by pyrolysis [37]. FeCu@C had a
higher particle size (100-300 nm width and 1-2.5 pm length), less
agglomerated structure, more dispersed active center and better
permeability than Fe/C (its particle size was 100-200 nm). Under
oxidation progress of H,0, catalyzed by FeCu@C, sulfamethazine
(SMT) could be completely removed in 90 min. Xie et al. [38] syn-
thesized AgsPO4/MIL-53(Fe) by tightly anchoring Ag;PO4 nanopar-
ticles on the surface of MIL-53(Fe). Ag3P0O4/MIL-53(Fe) exhibited
more active sites and larger surface area of 15.525 m?/g, 1.82 times
than pure MIL-53(Fe). In addition to directly synthesizing MOFs
with bimetallic centers, catalytic efficiency of the MOF can also be
enhanced by introducing additional active sites. Liu et al [39] in-
troduced Co into Zn-MOF and prepared a bimetallic site catalyst
Zn/Co-MOF. Du et al. [40] doped Zn?** and Cu?* ions into Mn2+-
based MOF (STU-2) to obtain a robust hetero metallic MOF, of
that material had high heterogeneous catalytic performance for the
cyano-silylation of aromatic aldehydes and high stability.

Therefore, changes in metal sites, coordination unsaturated
metal sites or metal complexes will affect the shape and size of
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Fig. 3. Effect of organic linker on surface area and pollutant removal. Reproduced with permission [42,46]. Copyright 2008, American Chemical Society; Copyright 2018,

Elsevier.

the pores, even change the structure of the material and thereby
affecting its catalytic performance.

2.2. Organic ligands of MOFs

MOFs catalytically degrade pollutants in two steps of pollu-
tants adsorption and then reacting with the catalytic sites or ac-
tive groups of MOFs. Therefore, both pore diameter and pore vol-
ume of organic linkers play significant roles in the progress of con-
taminants removal. As an essential part of organic linker is mainly
used as a frame structure to connect various metal centers to form
channels with various pore diameters, which can promote highly
dispersed reactant molecules to enter the inner surface to inde-
pendently react with each metal site.

Generally, the chain length of the organic ligand is long to ob-
tain a larger size and specific surface area. Wang et al. [41] synthe-
sized NH,—MIL-88B(Fe) with 2-aminoterephthalic acid, and then
synthesized various MOFs (the corresponding MOFs were named
Bac-MIL88(Fe), Py-MIL88(Fe) and Pca-MIL88(Fe), respectively) by
doping with different organic ligands (benzoic acid, pyrrole and
pyrrole-2-carboxylic acid) used for photo-Fenton to degrade ac-
etamide. The adsorption efficiency of these materials was consis-
tent with the surface area and pore volume increased in the order
of MIL88(Fe) < Bac-MIL88(Fe) < PyMIL88(Fe) < Pca-MIL88(Fe).

Similarly, Fig. 3 clearly showed that the structure of Zr-MOF
(Ui0-66, Ui0-67 and UiO-68) changed with the length of the link-
ers [42]. The surface area of Ui0-66 with only one benzene ring
as the organic linker was 1187 m?/g. When linkers were expanded
to two and three benzene ring dicarboxylic acids, the surface area
of Ui0-67 and Ui0-68 could increase to 3000 and 4170 m?2/g, re-
spectively [42]. With the increase of the number of benzene rings,
their specific surface areas increased by 1.5 times and 2.5 times, re-
spectively. Meantime, according to the research of Duren et al. [43],
the van der Waals surface area per volume of chain structure is
about twice that of nonchain structure. Therefore, MOFs obtained
by changing the organic ligands with same metal site can adjust
the specific surface area, diameter and pore size. However, a major
disadvantage of MOFs with abnormally high surface area is weak
stability. When the organic frame of the material is too long, it is
easy to cause the collapse of the cavity. Therefore, the synthesis of
an economical and efficient MOF is the key research direction of
MOFs.

When the pore diameter of MOFs is not large enough, the re-
action rate will be limited by the diffusion of reagents and prod-
ucts, due to channels are too small to capture contaminants. Yu
et al. [44] used terephthalic acid and 1,3,5-benzenetricarboxylic
acid to synthesize MIL-53(Fe) and MIL-100(Fe) for catalytic ozona-
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tion. The pore size of MIL-100(Fe) was 4.25 nm, while MIL-53(Fe)
was only 2.96 nm. The adsorption experiment showed that MIL-
100(Fe) removed 74.3% of RhB within 10 min, 1.13 times that of
MIL-53(Fe). The high catalytic performance comes from its abun-
dant active sites and large specific surface area. Taha et al. [34] syn-
thesized MIL-101(Fe) and NH,—MIL-101(Fe) with BET surface areas
of 2122.6 m?/g and 2572.5 m?/g, respectively. In contrast to MIL-
101(Fe), NH,—MIL-101(Fe) had larger surface area and higher cat-
alytic performance groups (-NH,). Therefore, the degradation rate
of RhB by NH,—MIL-101(Fe) exceeded 99% in 5 min, which was
much higher than MIL-101(Fe) of 61.2% [34]. In addition, differ-
ent organic linkers can be mixed to prepare MOFs with large spe-
cific surface area and used to selectively remove pollutants [45].
As shown in Fig. 3, Ui0-66-n(COOH), (n = 0, 0.25, 0.5, 0.75 and
1) was prepared by mixing 1,4-benzendicarboxylic acid (BDC) and
1,2,4,5-benzentetracarboxylic acid (BTC) ligands in different pro-
portions for the selective removal and separation of RhB and MB
[46]. With the increase in BTC content, the pore diameter and sur-
face area decreased. This was attributed to the fact that the car-
boxylate group of BTC occupied the pores, reduce the surface area
and the crystallinity of catalyst. Therefore, UiO-66-0.25(COOH),
showed the highest adsorption capacity for those samples of the
RhB which is cationic dye with large size. To further examine the
selective removal ability of these multivariate MOFs of UiO-66-
0.25(COOH), and Ui0-66-0.75(COOH),, cationic dye MB and an-
ionic dye methyl orange were tested. In the mixed dye wastewater,
MB was quickly removed, which proved that Ui0-66-0.25(COOH),
and UiO-66-0.75(COOH), had the selective removal capacity of
MB. The mechanism of this phenomenon was that the unco-
ordinated carboxylate groups on the TBC linkers made a nega-
tively charged skeleton and negative surface potential of the MOF,
which contribute to remove the cationic dye. Meanwhile, UiO-66-
0.75(COOH), had small pores and only allowed MB with small
molecules to enter its skeleton.

The stability of the material is also closely related to the or-
ganic linking agent. PCN-134, which with two different topolog-
ical linkers (4,4’,4"'-benzene-1,3,5-triyl-tris(benzoic acid) (H3;BTB)
and tetrakis (4-carboxyphenyl) porphyrin (TCPP)), was synthetically
achieved by Gao et al. [47]. As a mixed-linker Zr-MOFs, PCN-134
exhibits much improved stability compared to the 2D Zr-BTB, be-
cause the mixed-linker 3D structure increases the rigidity of the
entire framework and further affects the stability of the material.
Therefore, by designing MOFs with suitable organic linkers, the
performance of catalysts can be further improved. And as shown
in Table 1 [33,34,48-55], the difference of organic linkers will lead
to great differences in the pore size, pore volume and specific sur-
face area of the catalyst.
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Table 1
Comparison of diameters, pore sizes and specific surface areas of MOFs with different organic ligands.
MOF Temperature and Metal material Organic ligand Pore size Pore volumes Specific surface Ref.
time (°C, h) (nm) (cm3/g) area (m?/g)
MIL-88B(Fe) 120, 12 FeCl3+6H,0 1,4-bezenedicarboxylic acid 1.78 0.191 994 [33]
MIL-101(Fe) 110, 24 FeCl3+6H,0 terephthalic acid 2.9 2.3 2122.6 [34]
NH,; —-MIL- 110, 24 FeCl;-6H,0 2-aminoterephthalic acid 1.2-34 1.7 25723
101(Fe)
MIL-53(Fe) 150, 15 FeCl3+6H,0 terephthalic acid 2-5 0.24 367.99 [48]
MIL-88A(Fe) 70, 4 FeCl;+6H,0 fumaric acid 23.7 0.033 255 [49]
MIL-100(Fe) 150, 12 FeCl;+6H,0 1,3,5-benzenetricarboxylic acid 250-500 0.656 1271.91 [50]
MIL-101(Cr) 200, 12 Cr(NOs3)3°9H,0 1,4-benzenedicarboxylic 15-40 0.532 2452 [51]
MIL-101(Cr)- 180, 144 Cr(NOs3)3°9H,0 monosodium 2-sulfoterephthalic 3.07 - 1545.4 [52]
SO3H acid
Ui0-66 120, 24 ZrCly terephthalic acid 1.4 0.83 1335 [53]
Ui0-67 120, 24 ZrCly biphenyl-4,40-dicarboxylic acid 100 - 1638 [54]
Zrg-BDC-NO, 80, 24 Zr0Cl,+8H,0 2-nitroterephthalic acid 0.6-1.2 - 960 [55]
Zrg-BPDC- 80, 24 2,2'-nitro-4,4'-biphenyl 1.2-2.2 - 1205
(NO; ), dicarboxylic acid
Zrs-fBDC 80, 24 2,3,5,6-tetrafluoro-1,4- 0.6-0.8 - 1021
benzenedicarboxylate
Zrg-fBPDC 80, 24 2,2',3,3',5,5,6,6'-octafluoro-4,4’ - 1.2-15 - 1148

biphenyldicarboxylate

“-"means it is not mentioned in reference.

3. Synthesis methods

To prepare MOFs with excellent physical and chemical char-
acteristics and improve the catalytic performance by changing
their composition, structure and size, various methods such as
hydrothermal method [45,52,56], sol-gel method [57-59], electro-
chemical method [60], microwave [61-63] and ultrasonic assisted
synthesis method [47,64,65] and other emerging synthesis method
have been developed and widely used.

3.1. Hydrothermal method

Hydrothermal method is the most popularly used for the syn-
thesis of MOFs which react with soluble pre-products under high
temperature and high pressure in a sealed space. The processed
material is put into a pressurized autoclave, heated to cause poly-
merization reaction and obtain a precipitated material. The advan-
tage of this method is easy operation and general applicability.

MIL-53(Fe) is usually obtained by heating at 150 °C for 15 h
[38,48]. In order to improve the performance of the material, usu-
ally the prepared MIL-53(Fe) is mixed with other materials and
then heated under high temperature and high pressure to obtain a
derivative of MIL-53(Fe) or a modified catalyst. For instance, MIL-
53(Fe) and Bi(NO3)3+5H,0 were heated at 160 °C for 24 h to pre-
pare MIL-53(Fe)/BiOCl composite [66]. However, MIL-53(Al) was
synthesized by heating at 150 °C for 24 h [67]. Usually, the prepa-
ration pressure in MIL-101(Fe) was about 110 °C, and the reac-
tion time was relatively short (20-24 h) [34,68,69]. However, for
other MOFs, this method even takes a few days. Li et al. [24] syn-
thesized NH,—MIL-53(Al) by mixing the dissolved AlCl3+6H,0 and
2-aminoterephthalic acid into a reaction kettle, holding it at 130
°C for 72 h. MIL-100(Fe) also was heated at 130 °C for 72 h to
be prepared [70]. Guo et al. [71] used 2-sulfo-terephthalic acid
monosodium salt as the organic ligand and chromium oxide as
the metal center, heated in a reactor at 180 °C for 6 days, and
repeatedly washed with water and methanol to remove impuri-
ties, finally dried to obtain MIL-101(Cr)-SO3H. Meanwhile, it can
be clearly seen from Table 2 that the hydrothermal reaction takes
a long time [72-76].

It is precisely because of the long preparation time (several days
to several weeks), high energy consumption, high equipment re-
quirements and poor safety performance of hydrothermal method
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that researchers have begun to develop some technologies of elec-
trochemical, microwave and ultrasonic-assisted methods to shorten
preparation time.

3.2. Electrochemical method

The advantages of electrochemical method include mild reac-
tion conditions, special physical and chemical properties and rel-
atively fast synthesis process. Electrochemical synthesis of MOFs
is to produce metal ions or hydroxide anions through oxidation
or reduction reaction by electrolysis [77]. These ions combine
with ligands to deposit MOFs on conductive substrates. There-
fore, electrolyte, organic ligands and electrochemical parameters
affect the structure and composition of MOFs, which further affects
the degradation of pollutants. Meantime, this method can improve
the yield of MOFs. Kumar et al. [78] synthesized Cu3(BTC);—MOF
under constant voltage electrolysis (with keeping current vary-
ing to make voltage constant) for more than 2.5 h, and the Cu
content of MOF (54%) was higher than the previously reported
value (22%). Ji et al [79] prepared Cu-MOF by electrochemi-
cal method, found and demonstrated that using different organic
ligands were expected to have varied morphology. Besides, Cu-
MOF synthesized by 1,3,5-benzenetricarboxylic acid owned better
electrochemistry than that using 1,4-benzenedicarboxylic acid or
1,2,4,5-benzenetetracarboxylic acid. Arul et al. [80] made improve-
ment on the basis of Ji's study [79], and obtained Cu-BTC MOF-
carbon nanotubes with high conductivity by BTC. The above mate-
rials were all prepared by electrochemical deposition method, and
materials were deposited on the surface of the electrolytic cell,
which is of low efficiency.

Microplasma could also be used to synthesize MOFs efficiently.
Wei et al. [60] prepared HKUST-1 using N,N-dimethyllformamide
to dissolve Cu(NOs3), and BTC as precursor solution, treated with
microplasma cathode for 15 min. MOFs were also synthesized by
dielectric barrier discharge plasma-assisted method. The high tem-
perature in the channel and the partial superheating of the so-
lution led to the rapid Ce-MOFs formation. This method needed
a voltage generator, which generated non-thermal plasma be-
tween electrodes [81]. Therefore, relatively expensive equipment
and complicated operation are shortcomings of this electrochem-
ical method.
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Table 2
Examples of MOFs synthesized by hydrothermal method.
MOF Materials Temperature and Topography Ref.
time (°C, h)
MIL-88B(Fe) FeCl3+6H,0, 1,4-benzenedicarboxylic 120, 12 spindle-shaped morphology [33]
NH, —MIL-88B(Fe) FeCl3+6H,0, 2-aminoterephthalic acid 100,12 uniform hexagonal-shaped [41]
crystals

MIL-88A(Fe) FeCl3+6H,0, fumaric acid 70, 4 rod-like structure [49]

MIL-100(Fe) Reduced iron powder, 150, 24 unusual particle-assembled [50]
1,3,5-benzenetricarboxylic acid cluster structure

MIL-53(Fe) FeCl3+6H,0, terephthalic acid 150, 12 rob-like structure [66]

MIL-101(Fe)/TiO, FeCl3+6H,0, terephthalic acid, TiO, 110, 20 the octahedral shape [68]

MIL-101(Cr)-SOsH Cr0s, 2-sulfoterephthalic acid monosodium 180, 144 regular octahedron [71]
salt morphology particle

Co-doped MIL-53-NH, FeCl3+6H,0, CoCl3+6H,0, 2-aminoterephthalic 150, 24 - [72]
acid

MOF-derived CoFe;04/Fe;03 Co-doped MIL-53-NH, 550, 4 yeast-shaped structure

g-C3N4@CoFe,04/Fe; 04 Melamine, MOF-derived CoFe,0,4/Fe;03 550, 4 irregular massive structure

MIL-101(Fe) FeCl3+6H,0, terephthalic acid 110, 20 collapsed concave octahedron [73]

morphology

GO@MIL-101(Fe) FeCl;+6H,0, terephthalic acid, GO 120, 24 1.0-2.0 pm polyhedron shape [74]

MIL-101(Fe) FeCl3+6H,0, acetic acid, 110, 24 hexahedron shape [75]
1,4-benzenedicarboxylic acid

C-NH,—-MIL-101(Fe) FeCl3+6H,0, acetic acid, 2-aminoterephthalic 110, 24 rod-like structure
acid

MIL-125(Ti) tetrabutyl titanate, 1,4-benzenedicarboxylic 150, 48 smooth regular disk [75]
acid

BUC-21(Fe) FeS04+7H,0, 160, 72 rough sheet morphology [76]

1,3-dibenzyl-2-imidazolidone-4,5-dicarboxylic

acid, 4,4'-bipyridine

3.3. Sol-gel method

The raw material in sol-gel method is first treated for a lig-
uid state, and highly active components that act as precursors are
fully mixed in the liquid phase; then, the solution mixed with a
metal salt solution and undergo chemical reactions such as hydrol-
ysis or condensation to form sol system; the sol particles of the
system polymerized slowly to form a gel with network structure;
the gels were dried and sintered to obtain gelatin porous materials
[57,58,82,83].

Mehta et al [61] dissolved Zn(NO3),-6H,0 and 2-
methylimidazole (C4HgN,) in ethanol, respectively. After the
two liquids were mixed, stirred at room temperature for 15 min,
and centrifugation, washing, drying, and grinding, NP@p,n0ZIF-8
was obtained. Cu/SiO,—MOF was synthesized by two steps. Cu-
MOF as precursor was heated to synthesize, then further fixed
in situ in the silica carrier by sol-gel method [83]. However, this
indirect synthesis method is complicated to operate and takes a
long time.

The advantages of sol-gel method are low cost and relatively
mild reaction conditions. However, sol and gel must be produced
in the composite solution during the synthesis process. Because
some solutions can not form sol-gel state (the size of dispersed
particles in solution should be between 1 nm and 1000 nm, and
the sol-gel solution also needs to aggregate to form solid state
gel with network structure), therefore, there are limitations in the
preparation of MOF materials by this method.

3.4. Emerging synthesis method

Emerging synthesis methods include microwave-assisted
method, ultrasound-assisted method and mechanochemistry
method, etc.

Both microwave-assisted method and ultrasound-assisted
method are utilized to save the experimental time, make the
crystals nucleate rapidly. For example, both MIL-140A and MIL-
140B were synthesized at temperature of 220 °C by solvothermal
method, which took 16 and 6 h, respectively. However, microwave
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heating only spent 17 min [84]. Also, using hydrothermal method
to prepare CPM-5 needed 5 days, and only 10 min was needed
by microwave-assisted heating [61]. In addition, due to the simul-
taneous nucleation of all crystals in the solution, the microwave
method also makes the formation of nano-products with more
uniform and smaller particle size [85]. In the C-NH,-MIL-101
sample which was synthesized by traditional solvothermal, the
number of particles with a size diversity of 200-600 nm was
observed. Compared with the samples prepared by the traditional
solvothermal method, the MW-NH,-MIL-101 sample obtained
by the microwave-assisted method had a smaller particle size of
150-250 nm [75]. Moreover, through manipulating reaction con-
dition, the size and shape of the crystals can be varied [86]. The
reaction time can be found from Table 3. The size and distribution
of crystals increased from the irradiation time, eventually allowing
particles with high surface area to be separated out. Meanwhile,
reaction times affect the particle size of MOFs. As can be seen
from Table 3, the microwave heating synthesis method has greatly
prospered the design and preparation of MOFs. Meanwhile, this
technology also has several outstanding advantages: It accelerates
the reaction speed and greatly shortens the reaction time; the
material with a high absorption rate has a significant purity
and phase selectivity in some cases; and from microcrystals to
nanoparticles, the real possibility of controlling crystal size is
achieved; a compact synthesis device with low energy consump-
tion can be used, while generating a small amount of chemical
waste [87-89].

Ultrasound assistance can shorten reactions time that has been
increasingly used in the last decades [90]. Besides, the high yields
and mild conditions are also its advantages [47]. The high fre-
quency of ultrasonic waves is used to make liquid molecules vi-
olently vibrate to generate holes, and then collide with synthetic
materials. In the continuous collision and extrusion, chemical re-
actions occur to the raw materials, thereby synthesizing various
MOFs [91]. However, this method is rarely used in the synthesis of
materials, and is usually used as a raw material processing method,
rather than a separate synthetic material. Therefore, the ultrasonic
method is usually used in combination with other methods. For
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Table 3
Microwave-assisted and other method preparation of MOFs.
MOF Methods and parameters Materials Time BET surface Micropore Ref.
(min) area (m?/g)  volume (cm3/g)

CPM-5 MW-hydrothermal, 150 °C, In(NO;3)3+xH,0, 1,3,5-benzenetricarboxylic 5 1736 - [61]
300 W acid 10 2187 -
MW-hydrothermal, 150 °C, 10 1365 -
100 W
Hydrothermal, 120 °C 7200 686 -

MW-MIL-101(Fe) MW-hydrothermal, 110 °C FeCl;-6H,0, 1,4-benzenedicarboxylic acid 45 383 2.9 [75]

C-MIL-101(Fe) Solvothermal, 110 °C 1440 309 23

MW-NH, —MIL-101(Fe) MW-hydrothermal, 110 °C FeCl;+6H,0, 2-aminoterephthalic acid 45 258 2.2

C-NH,—-MIL-101(Fe) Solvothermal, 110 °C 1440 239 1.7

MIL-140A-NH, -MW MW-hydrothermal, 220 °C ZrCly, 2-amino-1,4-benzenedicarboxylic acid 17 234 - [84]

MIL-140A-MW ZrCly, 1,4-benzenedicarboxylic acid 17 337 -

MIL-140A-CE Solvothermal, 220 °C 960 585 -

MIL-140B-MW MW-hydrothermal, 220 °C ZrCly, 2,6-naphthalenedicarboxylic acid 17 438 -

MIL-140B-CE Solvothermal, 220 °C 360 398 -

MOF-5 MW-hydrothermal, room Zn(NO3),+6H,0, terephthalic acid 2 1203 2.17 [87]
temperature, 90 W

MW-MIL-101(Cr) MW-hydrothermal, 210 °C, CrCl3+6H,0, terephthalic acid 15 3071 1.51 [88]
400 W 60 3196 1.55

MIL-101(Cr) Hydrothermal, 210 °C 360 2735 1.43

1440 3160 1.54

example, to ensure uniform solution, Wan et al. [64] sonicated the
mixed solution of FeSO4+7H,0 and H3BDC for 20 min, and synthe-
sized MIL-100(Fe)-MW after 90 min under microwave radiation.
Burgaz et al. [62] utilized consecutive combination of ultrasound
and MW method to synthesize MOF-5. The SEM images of MOF-
5 that was synthesized by using MW method with no ultrasound
treatment resulted in micron-sized MOF-5 crystals (3-10 pm) with
some unidentified impurities. Using ultrasound and MW method
had 20-80 nm of sizes and 95% of yields.

Mechanochemical synthesis is a method in which reagents pro-
duce chemical reactions through mechanical forces to synthesize
materials [92]. Compared with other methods, this method is a
greener synthesis process, due to synthesize MOFs with little or
no solvent. Ali-Moussa et al. [93] synthesized two Zr-based MOFs,
Ui0-67 and its dipyridyl analogue (UiO-67-bpy) by ball milling.
However, due to the low crystallinity of the material, its spe-
cific surface areas were 750 m2/L and 650 m2/L respectively, far
lower than the expected value of 3000 m?2/L. Moreover, Kong
et al. [58] prepared ZIF-8 by solvothermal, stirring and ball milling
methods, respectively. Through characterization, the BET surface
area of ZIF-8 synthesized by hydrothermal method (1390 m?2/g)
and stirring method (1220 m?/g) was similar, and that of ZIF-
8 prepared by ball milling method (916 m2/g) was significantly
lower than that of other methods. Therefore, the mechanochemi-
cal method produces less waste and environmental protection, but
the disadvantages of low crystallinity of the prepared materials
and the need for special synthesis equipment make the application
scope of this method lower than that of hydrothermal method.

4. Application of MOFs in AOPs and catalytic mechanism
4.1. Fenton-like oxidation

Fenton progress is that Fe2t catalyzes H,0, to produce ‘OH
to oxidize organic pollutants into small molecular substances. Al-
though this method has advantages of simple equipment, con-
venient operation and low cost, it has obvious shortcomings of
narrow pH range and secondary pollution to water which caused
by easily leached iron ions [94-97]. Therefore, Fenton-like process
is developed on the basis of Fenton progress. The mechanism of
Fenton-like method to expand the reaction pH range is that sub-
stances such as light, electricity and persulfate activate the regen-
eration of hydroxide complex (iron sludge) to form Fe*, and the

5018

generation of some acidic substances in the reaction process re-
duces the pH of the solution [98].

Among the various types of MOFs applied to Fenton-like, Fe-
based MOFs as heterogeneous Fenton-like catalysts have great po-
tential [99,100]. NH,—MIL-101(Fe) synthesized by Taha et al. [34],
which completely removed 0.25 mmol/L RhB in the pH range
of 3.1-11 within 10 min, and its performance was much better
than the Fenton progress removing pollutants in the pH range
of 4-6. Moreover, although MIL-100(Fe) is also successfully used
as a Fenton-like catalyst, pure MIL-100(Fe) has low catalytic ac-
tivity and lack of coordination, it still needs improvement. Due
to synergistic catalytic action of Fe(Il) and Fe(Ill) ions accelerated
the production of ‘OH, adding Fe(Il) to MIL-100(Fe) to synthesize
Fell@MIL-100(Fe) could improve the catalytic efficiency and min-
eralization ability [101]. However, in Fenton-like progress, a note-
worthy issue is that the leaching of metal ions. The leaching exper-
iments found that Fe(Il) ions supported on MIL-100(Fe) could be
dissolved into the solution, and the concentration of elemental iron
leached from Fe!'@MIL-100(Fe) could reach to 7.1 mg/L, which was
far higher than the environmental standard (2 mg/L, established
by the European Union) [101]. In addition, the leaching concentra-
tion of metal ions in MOF materials with bimetallic centers is also
serious. It was detected in the solution that the leaching concen-
tration of Fe in iron-copper bimetallic organic framework material
(FexCuy_x(BDC)) reached 7.23 mg/L, and the leaching concentration
of Cu was 0.11 mg/L [36]. The reason for the leaching of metal ions
may be that the metal active sites are loaded on the surface of
the catalyst, and the combination with the organic ligands is not
tight, which causes the metal ions to fall off easily into solution,
and bimetallic interweaving can easily cause the pores of MOF ma-
terial to be collapsed. Therefore, further researches have been con-
ducted about MOFs modification to improve their catalytic activity
and reduce the leaching rate of metal ions. Tang et al. [37] ob-
tained three-dimensional flower-shaped MOF FeCu@C as Fenton-
like catalyst based on the iron-copper bimetallic organic frame-
work material after calcination under high temperature, and the
copper leaching rate reached to 3.34 mg/L.

In contrast, the metal leaching rate of MOFs catalysts with sin-
gle metal centers is much low. For example, the maximum concen-
tration of iron ions leached in phenol degradation by MIL-88B(Fe)
was only 0.68 mg/L, which was much lower than that of other MOF
materials which with bimetallic centers [102]. Tang et al. [50] coor-
dinated unsaturated iron center metal organic framework material
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CUS-MIL-100(Fe) with mixed Fe'l/Fe' could degrade SMT almost
100% within 180 min. Though the activity of the catalyst decreased
slightly after repeated five times, the highest leaching concentra-
tion of iron ions in the solution was 0.41 mg/L, that was much
lower than using Fe!! loaded on MIL-100(Fe) (Fe!@MIL-100(Fe))
[101] and bimetal MOFs [36,37]. And the morphology, crystal struc-
ture, functional group and catalytic activity of activated CUS-MIL-
100(Fe) under vacuum conditions were similar as the fresh cata-
lyst. The degradation mechanism of such Fenton-like MOFs cata-
lyst is that the adsorbed H,0, on the surface of the catalyst was
rapidly decomposed by the change and conversion of iron valence,
and thereby enhancing the catalytic activity and degradation ef-
ficiency. Therefore, enhancing the tight bonding between organic
ligands and metals is an effective method to improve the stability
of materials and reduce the leaching rate of metal ions.

In addition to iron-based catalysts, other redox states of
chromium, cerium, copper, cobalt, manganese, and ruthenium can
also be selected as Fenton-like catalysts. And the Fenton-like sys-
tems which with Cu(ll) catalysts have attracted increasing atten-
tions. Comparing with the Fe(lIll)-based catalysts, the Cu(Il) in H,0,
system exhibited the advantages of high efficiency [103,104], wide
adaptability to temperature and pH [105,106]. Using Cu-MOF as
templates and precursors, Xiong et al. [107] prepared CuxO/C com-
posite materials with CuO and Cu,0 nanoparticles to degrade RhB
through two chemical reactions. After adding H,0,, the degrada-
tion rate of RhB reached above 98%. Wu and coworkers constructed
MIL-100(Fe)/CoS to degrade 99.2% 10 mg/L bisphenol A [36]. The
study found that the Fe-S bond formed at the interface of the
two components promote Fe3*/FeZ+ cycle by increasing the elec-
tron mobility (Co to Fe and S to Fe), this is the first time that
the Fe3*/Fe?* cycle in Fe-MOF has been explained by studying Fe-
MOF/MSx interface interaction in Fenton-like progress.

Photo-Fenton degrades pollutants by reducing Fe3+ and pho-
tolysing H,O, to generate OH. Tang et al. [108] synthesized a
series of iron-based metal organic frameworks (Fe-MOF) to de-
grade hydrochloride tetracycline. To increase the visible light ab-
sorption of the iron-based MOF, Nguyen et al. [109] introduced an-
other metal to prepare bimetallic organic framework of Al/Fe-MOF
and MIL-88B(Fe) as a photo-Fenton catalyst. In the characteriza-
tion test, it was found that the specific surface area of Al/Fe-MOF
and MIL-88B(Fe) were 285 m2/g and 47 m2/g, and the pore sizes
were 1.5 nm and 1.9 nm, respectively. Within 120 min, the degra-
dation rate of RhB which using MIL-88B(Fe) was 83%, while that
using Al/Fe-MOF could exceed 96%. This study demonstrated that
the larger specific surface area allows MOFs have more active sites,
coupled with the transition of the bimetallic charge, and therefore
the catalytic efficiency could be significantly enhanced.

In addition, electro-Fenton process also could generate a large
amount of *OH and other strong oxidants in bulk solution. Com-
pared with the decomposition of H,0, to generate "OH, the reduc-
tion of O, in the cathode reaction to generate "OH is safer, cheaper
and more environmentally friendly [110]. Ye et al. [111] obtained
nano-ZVI@CN by calcining NH, —MIL(Fe) under N,, and used nano-
ZVI@CN as a catalyst to treat the gemfibrozil in the electric-Fenton
process with a high removal rate of 100%. The H,0, produced at
the cathode undergoes a heterogeneous Fenton reaction to Fe(Il)
on the catalyst surface, producing “OH and iron ions. In addition,
the active chlorine and *OH generated by the anode reaction will
also degrade pollutants. And the nano-ZVI and Fe;04 nanoparticles
present in the rod ensure the supply of Fe(Il)/Fe(Ill), and nano-ZVI
was the main element responsible for the continuous regenera-
tion of Fe(Il). Meantime, the presence of N-doped porous carbon
promoted the electron transfer. The method to increase the active
oxide species in the solution is to increase the catalytic center of
MOFs. Zhou et al. [112] used Mn-doped MIL-53(Fe) as a precur-
sor to successfully synthesize Mn/Fe@PC catalyst after carboniza-
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tion of MOF, which was used as catalyst in electro-Fenton process
to degrade triclosan Mn/Fe@PC-CP showed high catalytic perfor-
mance and stability, triclosan could be completely degraded within
120 min, and TOC removal reached 56.9% + 2.0% within 240 min.
The reason was that dispersion of the active sites of Fe!l/=Mn!!/I
obviously promoted the formation of H,O, and ultimately promote
the degradation of triclosan, and the conversion between ions re-
duced the ion leaching rate [112].

4.2. Photocatalysis

As a low-cost and environmentally friendly technology, photo-
catalysis has shown significant potential for water pollution purifi-
cation. MIL-53(Fe) composed of Fe(Ill) and 1,4-benzenedicarboxylic
acid is also commonly used in photocatalyst due to its high re-
sponse to visible light response area. Nevertheless, owing to the
rapid recombination of electron-hole pairs, scholars have made
many attempts to overcome this drawback. In the research by
Chen et al. [113], the MIL-53(Fe) with mixed valence Fe metal cen-
ters formed under vacuum inert gas exhibited considerable pho-
tocatalytic performance. It could degrade 96.28% and 95.01% of
20 mg/L RhB and hydrochloride tetracycline, which was 1.13 and
1.33 times higher than that of MIL-air53(Fe) prepared in air, be-
cause the charge migration in the mixed valence Fe!l/Fe!l! chains
reduced h*-e~ pairs. Jiang et al. [114] prepared photocatalysts with
core-shell structure ZnO@ZIF-8. Its catalytic performance was 40%
higher than that of ZnO, because the core-shell structure increased
the active sites. Zhang et al. [115] synthesized a new type of ab-
sorptive photocatalysis TiO,/mag-MIL-101(Cr) with tetrabutyl ti-
tanate and magnetic MIL-101(Cr). 0.5 g/L TiO,/mag-MIL-101(Cr)
could completely remove 20 mg/L bisphenol F, and the removal
rate of acid red 1 was 90%. In addition, Miao et al. [66] used
BiOCl to anchor the surface of MOF-53(Fe) for synthesizing MIL-
53(Fe)/BiOCl, in that the photoelectrons were accumulated on the
BiOCl with lower conduction band (CB) while the holes stored on
the valence band (VB) of MIL-53(Fe). Therefore, the key of improv-
ing photocatalytic efficiency of MOFs is to reduce the rapid recom-
bination rate of electron-hole pairs.

Manufacturing heterojunction is also a method to realize the ef-
fective separation and transfer of light-excited electron and hole
charge. The composite of UiO-66-NH, and Cu,0 to obtain UiO-
66-NH,/Cu,0 with heterojunction was superior to pure Cu,0 and
UiO-66-NH, in the photocatalytic degradation of methyl orange
[116]. The composite material obtained by coupling carbonitride
carbon (g-C3N4) with unique crystal structure and visible light
responsiveness to MOFs will also form a heterojunction that fa-
cilitates the separation of electron-hole pairs to improve photo-
catalytic activity [117]. For example, Zhang et al. [53] used g-
C3N4/Ui0-66 nanohybrids CNUO as photocatalyst, and found that
the addition of g-C3N4 improved the pore size of CNUO, and
0,"~ was formed by photo-generated electron of Ui0-66 which
improved the degradation rate of RhB. Moreover, Huang et al
[118] fabricated the protonated g-C3N4 coated with MIL-100(Fe),
which denitrified and oxidized the pyridine of RhB by molecular
oxygen. He et al. [68] used MIL-101(Fe) and TiO, to synthesize
the magnetic MIL-101(Fe)/TiO, composite material, which removed
92.76% of tetracycline in 10 min under visible light, which was 2.3
times than that of pure MIL-101(Fe). Hejazi et al. [70] used TiO,
and MIL-100(Fe) to construct a heterojunction TiO,@MIL-100(Fe)
to degrade MB with a high degradation rate of 100%, in which
that the mineralization rate could reach 87%. The heterojunction
between semiconductors and MOFs in the composite has a syner-
gistic effect, and the effective interface charge transfer improved
the separation effect of photo-induced electron-hole pairs, and im-
prove the absorption of visible light by reducing band gap.
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The energy-saving advantages of photocatalytic reaction make
it widely concerned in the field of wastewater treatment. How-
ever, its shortcomings are also very obvious. Under normal circum-
stances, the photocatalytic reaction takes a long time of 1-3 h, and
large number of impurities in the water will greatly affect the cat-
alytic efficiency. Therefore, the practical application of photocata-
lyst needs further research.

4.3. Ozone catalysis oxidation

The disadvantages of ozone catalytic oxidation are low ozone
utilization and TOC removal rate. Therefore, using MOFs to over-
come those shortcomings are necessary. Yu et al. [44] studied and
compared four MOFs (MIL-53(Fe), MIL-88B(Fe), MIL-100(Fe) and
MIL-101(Fe)) to catalyze ozone for RhB degradation. MIL-53(Fe)
showed the highest removal efficiency in catalytic ozonation pro-
cess, that could shorten the degradation times from 10 min (only
ozone treatment) to 2.5 min to achieve complete degradation, and
a TOC removal rate was nearly 40% at 30 min. Capture experiments
and active site detection showed that the Lewis acid sites (LAS)
on the surface of MOFs were active sites for catalytic ozonation,
which could promote the decomposition of ozone into reactive ox-
ide species (ROS). Besides, the mechanism of photocatalytic ozone
oxidation technology was also proposed to degrade 4-nitrophenol
[119]. MIL-88A(Fe) produced conduction band e~ and h* in the
CB and VB under UV (254 nm) radiation. And the CB electrons
were transferred to ozone to reduce charge carrier recombination
and catalytically decompose O3 to generate more ROS on the LAS
of MIL-88A(Fe) for 4-nitrophenol degradation and mineralization.
Therefore, the TOC removal rate (75%) of 4-nitrophenol in this sys-
tem was much higher than that of photocatalysis (17.6%) and cat-
alytic ozonation (38.7%) [119].

Material modification is an effective way to enhance O; decom-
position to produce *OH. MOFs of ZIF-67-derived Co304-C@FeOOH
composite was used as an efficient catalyst for norfloxacin degra-
dation by ozonation [120]. ZIF-67 was used as precursor and
heated treatment to obtain Co304-carbon. Through modification
by FOOH, which was wrapped on Co304-carbon to prepare MOF-
derived Co304-carbon composite material. The specific surface area
of the formed composite was about 2.5 times that of Co304-C,
which provided active sites for catalytic O; decomposition, en-
hanced the generation of ‘OH and TOC removal rate. The coexis-
tence of Fe and Co in various valence states in catalyst improved
the conversion of Co!ll/Co" and Fe!ll/Fell, which would increase the
catalytic activity in catalytic ozonation process.

4.4. Persulfate catalysis

SO4°~ has a strong oxidation potential (2.6 V) with wider pH
range than ‘OH, meanwhile generate less disinfection by-products
in oxidation process [69]. Heating, UV irradiation, homogeneous
transition metal catalysis and heterogeneous photocatalysis are
common activating methods for sulfate radical AOPs [121].

Wan et al. [64] added the regulator CH3COOH to obtain MIL-
100, used to activate persulfate (PS) to degrade orange G. In ad-
dition, through the predicting the reaction site by frontier molec-
ular orbital theory and dual descriptor method, it was found that
the degradation pathway of orange G was attacking N,=N, of aro-
matic ring hydroxyl groups by SO4~ and O,'~ to form hydrolyzed
phenol substitutes and finally mineralize the pollutant [64]. Wu
et al. [122] encapsulated ZIF-67 with Fe30,4 as the core in ZIF-8.
The electron transfer between Fe3O4 and cobalt active center acti-
vated PS to produce SO4'~, which can completely remove 5 mg/L
carbamazepine within 30 min.
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Yi and colleagues prepared PDINH/MIL-88A(Fe) with perylene-
3,4,9,10-tetracarboxylic diimide as raw materials to remove 95.7%
of chloroquine phosphate by activating PS under low power LED
visible light [123]. Studies had shown that the efficient removal
rate was mainly attributed to the production of different active
species (S04°~, ‘OH, 0,°~, h* and '0,) through direct and indirect
activation of activating PS. Moreover, Wang et al. [124] fixed MIL-
88A(Fe) on cotton fiber to prepare MIL-88A(Fe)/cotton fibers acti-
vated PS to produce SO4~ and *OH under UV radiation. Through
quantitative structure-activity analysis, it was found that tetracy-
cline antibiotics were transformed into corresponding intermedi-
ates with low toxicity within 8 min. Liao et al [125] synthe-
sized surface-oriented MIL-88B-Fe with rod-like structure based
on benzoic acid functionalized g-C3N4 and MIL-88B-Fe, which re-
moved 95% RhB in 60 min, with PS as oxidant. Gong et al. re-
spectively designed MOFs based on nitrogen-doped carbon, us-
ing MIL-101(Fe) and ZIF-CN (ZIF-CN was obtained by carboniz-
ing ZIF-8) as template to obtain g-C3N4/MIL-101(Fe) and ZIF-CN/g-
C3Ny4 at high temperature [69]. The SEM image showed that the
shape of ZIF-NC was rhombic dodecahedron, about 200 nm of the
size. ZIF-CN/g-C3N,4 activated PMS under visible light (Vis) irradi-
ation, the degradation rate of BPA (20 mg/L) reached 97% within
60 min. The g-C3N4/MIL-101(Fe) had an octahedral structure with
a particle size range of 0.5-2 pm. In g-C3N4/MIL-101(Fe)/Vis/PS
system, BPA (10 mg/L) could be removed 98% within 60 min. In
both experiments, ethylenediaminetetraacetic acid disodium salt,
p-benzoquinone, n-butanol and methanol were used to quench ac-
tive radicals. It was found that two free radicals of O,"~ and h*
played major roles in BPA degradation by ZIF-NC/g-C3N4. In g-
C3N4/MIL-101(Fe)/Vis/PS system, SO4°~, h* and O,'~ were major
ROS. Moreover, Lv et al. [1] used MOF and COF to form a new
type of MOF@COFs hybrid material, as an effective photocatalyst,
combined with advanced sulfate-based oxidation process, which
removed BPA about 99%.

Hu et al. [126] prepared MIL-101(Fe) to degrade tris(2-
chloroethyl) phosphate (TCEP). The mechanism of photocatalysis
reaction on MIL-101(Fe) was transformation of Fe(IIl) to Fe(Il) un-
der visible light which further induced transformation of S,052~ to
S04~ and produced "OH to oxide TCEP. Zhang et al. [127] utilized
FeCl3+6H,0 and 2-aminoterephthalic acid to synthesize MIL-101-
NH, to activate oxone and degrade acid azo dye amaranth com-
pletely. In this process, amine groups absorbed visible light and
transferred electrons to the Fe-O clusters on MIL-101-NH, to gen-
erate ‘OH and SO4"~, and thereby greatly improving the degrada-
tion efficiency of azo dye amaranth. Moreover, Lu et al. [72] syn-
thesized a new type of composite material g-C3N4@CoFe,04/Fe;03
by hydrothermal method and calcination, and then used the re-
sulting hybrid photocatalyst as a high-efficiency mediator to acti-
vate PS under visible light. The heterojunction formed between the
MOF-derived CoFe;04/Fe;03 and g-C3N4 could effectively inhibit
the recombination of photo-induced electrons and holes. Mean-
while, doping a small amount of MOF-derived CoFe;04/Fe;05 sig-
nificantly increased visible light absorption capacity of g-C3N4 and
reduced the band gap of g-C3N4, effectively improving the cat-
alytic efficiency. Within 80 min, tetracycline of 99.7%, BPA of 98.1%,
SMX of 94.8%, diclofenac sodium of 97.0%, ibuprofen of 96.1% and
ofloxacin of 96.5% were removed [72].

In addition, it is also possible to synthesize a core-shell struc-
tured MOFs for increasing the reactive sites of the material to
improve the catalytic performance. Zhu et al. [128] utilized ZIF-
67@GN and thioacetamide to synthesize Co3S4@GN. After calcina-
tion, a reactive shell CoS@GN with a large number of exposed ac-
tive sites was obtained, which activated peroxymonosulfate to de-
grade 100% of BPA within 8 min.
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4.5. Application of MOFs in other methods

In addition to the oxidation techniques summarized above,
MOFs have also been applied in some new developed physical
field assisted AOPs. Sisi et al. [129] synthesized MOF-2 nanomate-
rials, which was used to compare the degradation rate of dye acid
blue 7 in six water treatment processes including sonolysis, ad-
sorption, peroxydisulfate (S,0g2~), sono-activated peroxydisulfate
(US/S,0427), sonocatalytic process using MOF-2 (US/MOF-2) and
sonocatalytic process using MOF-2 in the presence of peroxydisul-
fate (US/MOF-2/S,042~). After 60 min of each individual process,
the results showed that US/MOF-2/S,0g2~ had the highest degra-
dation efficiency, which can remove 76.44% of the dye acid blue 7.
The reason was that ultrasound promoted the activation of PS by
the catalyst and lead to accelerating the production of various free
radicals ("OH, SO4"~, 0y~ and '0,) [129].

Moreover, electrochemical AOPs under gamma ray radiation
also accelerate iron-based MOFs to produce ROS to decompose
antibiotics. In the study of ionizing radiation-induced catalytic
degradation of antibiotic wastewater, the TOC removal rate of
cephalosporin C and SMT were 20.2% and 4.5% by y-irradiation
alone (3.6 x 10™ Bq of radioactivity). After adding Fe/C nanoma-
terials (DMOFs) carbonized with MIL-100(Fe) as the precursor, the
TOC removal rate of cephalosporin C and SMT increased to around
42% and 51%, and degradation rate of them were raised by 1.3
times and 1.8 times [130].

5. Conclusions and outlook

In this review, the recent progresses of MOFs applied in AOPs
for emerging organic contaminants degradation were summarized.
The multifunctional sites introduced into MOFs through changing
the metal center and organic framework, could realize selective re-
moval of structurally diverse pollutants. Besides, another pathway
is to dope other materials from MOF precursor to offer more op-
portunities for catalysis reaction.

Though MOFs are competitive for degradation of emerging pol-
lutants, some challenges of reusability and stability should be
solved to achieve multicycle and large-scale application, due to
leaching of metal ions and recovery of brittleness powdered cata-
lysts are difficult to fully maintain their functions and critical struc-
ture. Fixing it on a stent or plating it on a biofilm is a potential
solution, despite that metal leaching is still unavoidable. Lack of
treating actual wastewater is another challenge, as of most stud-
ies are conducted under simulated wastewater. Therefore, it is ur-
gent to study the catalytic performance and stability in the ac-
tual wastewater which the situation will be more complicated. An-
other issue is selection of economically viable and environmental-
friendly organic ligands to decrease the cost of MOFs preparation.
With the continuous efforts on these worthy improvements, more
high-performance MOFs would be provided and generate a large
impact on the wastewater treatment.
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