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Abstract: The ineffective control of the release of pollutants into water has led to serious water
pollution. Compared with conditions in the past, the polluting components in aquatic environments
have become increasingly complex. Some emerging substances have led to a new threat to the safety
of water. Therefore, developing cost-effective technologies for the remediation of water pollution
is urgently needed. Adsorption has been considered the most effective operational unit in water
treatment processes and thus adsorption materials have gained wide attention. Among them, metal
organic frameworks (denoted as MOFs) have been rapidly developed in recent years due to their
unique physicochemical performance. They are characterized by larger porosity and larger specific
surface area, easier pore structure designing, and comfortable structural modification. In many fields
such as adsorption, separation, storage, and transportation, MOFs show a better performance than
conventional adsorption materials such as active carbon. Their performance is often dependent
on their structural distribution. To optimize the use of MOFs, their fabrication should be given
more attention, without being limited to conventional preparation methods. Alternative preparation
methods are given in this review, such as diffusion, solvent thermal, microwave, and ion thermal
synthesis. Furthermore, developing functionalized MOFs is an available option to improve the
removal efficiencies of a specific contaminant through pre-synthetic modification and post-synthesis
modification. Post-synthesis modification has become a recent research hotspot. The coupling of
MOFs with other techniques would be another option to ameliorate the remediation of water pollution.
On one hand, their intrinsic drawbacks may be reduced. On the other hand, their performance may be
enhanced due to their interaction behaviors. Overall, such coupling technologies are able to enhance
the performance of an individual material. Because the excellent performance of MOF materials
has been widely recognized and their developments have received wide attention, especially in
environmental fields, in the present work we provide a review of fabrication of MOFs so as to
motivate readers to deepen their understanding of the use of MOFs.
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1. Introduction

Water pollution has become a serious problem, especially in those developing countries
experiencing rapid economic development. The demands for clear water have increased, but the
water treatment loadings have also increased. Thus, cost-effective water remediation technologies
are currently in demand. Many methods for water treatment have been extensively used, such as
adsorption [1], oxidation-reduction [2], membrane filtration [3,4], and coagulation-flocculation [5,6].
Among them, adsorption has long been used in water treatment processes, and further developments
are expected to yield highly efficient adsorbents. Metal organic frameworks (MOFs) have been
considered as the most effective porous materials for water purification. They have been defined as
a type of network-structural porous materials, which can be generated through organic ligands and
metal ions to form a complex metal-ligand by self-assembly. MOFs have a better effect on the removal
of pollutants through various adsorption mechanisms such as open metal sites, electrostatic adsorption,
-1t bonding, hydrogen bonding, and acid-base adsorption [7]. They are considered to have advantages
over traditional porous materials, indicating great potential for environmental applications [8].

Developing MOFs materials is not a simple process. Those factors, such as the coordination
environment, coordination connection, central metal ions, and organic ligand, significantly affect
the structure of MOFs during preparation [9]. Among them, the reaction conditions affecting MOFs’
synthesis include temperature, the molar ratio of metal ion to organic ligand, solvents, reaction system
pH, ingredient concentration, and reaction time [10]. These factors will determine the structure and
performance of the fabricated MOEF. Therefore, finding a solution to prepare MOFs for better water
purification is needed.

Fortunately, compared with conventional porous materials, MOFs are easier to design and
control. Their preparations can be carried out under mild and controllable conditions, thus resulting
in a larger surface area, higher porosity, higher thermal stability, and higher electro-chemical
stability [11,12]. When removing a specific pollutant, the functionalization of MOFs is also easier to
achieve through the adjustment of central metal ions, organic ligands, and external chemical groups
or ingredients. In addition, coupling them with other technologies can exhibit a better performance.
Although they have been used in many fields as drug carriers [13,14], sensors [15,16], catalysts [17],
and hydrogen storage materials [18,19], research that has been devoted to MOFs used for the treatment
of contaminants in water is scarce. How to design the MOFs to satisfy the demands for better water
treatment is a big challenge, particular in understanding of the structures of MOFs. It is for this reason
that we proposed this review.

Overall, MOFs have a wide development prospect in the remediation of water pollution due to
their unique properties such as a large porous structure, low density, high adsorption capacity, and
high specific surface area [20]. Besides their applications in storage, gas separation, and so on [21],
they have the potential for application in liquid-solid separation. As such, the present work provides a
review of the fabrication of MOFs, including their typical preparations, modifications and applications.

2. Typical Preparation

MOFs have various types and subtypes of products. Those MOFs with particular structures
obtained in previous researches are presented in Table 1.
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Table 1. The shapes of metal organic frameworks found in previous research studies.

No. Types of MOFs Subtypes Structures Reference

Ui0-66 [22]
1 UiOs (University of Oslo) UiO-67 [22]
UiO-68 [22]
MIL-101 (Cr) [23]
MIL-100 (Al) — [24]
2 MILs (Materialsof Institut Lavoisier)
MIL-53 (Fe) [25]
IRMOF-10 [26]
3 IRMOFs (Isoreticular Metal-Organic IRMOF-3 [27]
Frameworks)
IRMOF-1 [27]
ZIF-8 [28]
ZIF-67
4 ZIFs (Zeolitic Imidazolate Frameworks) ZIF-67 }‘[_I){ ; [29]
Co(mIM), Y
ZIF-L [30]

5 MbioFs (Metal-Biomolecule Frameworks) Zeolitic MBioF e [31]
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Table 1. Cont.
No. Types of MOFs Subtypes Structures Reference
HKUST-1 [32]
6 HKUSTs (Hong Kong University of
Science and Technology)
Co-HKUST [33]
JUC-199 [34]
JUC-165 [35]
7 JUCs (Jilin University China)
JUC-166 [35]
JucC-167 [35]
MOF-5 [36]
MOF-74 [36]
8 MOF-N (Metal-Organic Frameworks) ) E
Fomor
MOF-177 '?““ ‘E [36]
MOF-199 [36]

For the fabrication of the above MOFs, there are many applicable synthetic methods.
The conventional solution method is conducted by mixing metal elements, organic ligands, and

other raw materials at a certain proportion in a special solvent, with stirring for a certain time.
The temperature is also fixed. A simple flow diagram showing the process of preparing MOFs is
shown in Figure 1. Through filtration, the reaction product is collected for further solvent evaporation
in order to obtain purified MOF crystals [37,38]. With this method, Ye et al. [39] synthesized a
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new type of ceramic base MOF: the crystal size and the symmetry of the product as well as the
calcination temperature need to be strictly controlled in this preparation, and there are few inorganic
non-metallic materials that can form optical ceramics. However, using the conventional solution
method, the nanocrystals denoted as MAF-4 (sodalite-type zinc dimethyl imidazole known as ZIF-8)
was able to produce a dense ceramic-like block. In addition, the optical ceramics had millimeter
dimensions and were able to transmit up to 84% visible light.
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Organic ligand Mixtures of organic ligands and metal salts MOFs crystals
Metal salt Distilled water or other solvents

Figure 1. Schematic diagram for the synthesis of metal organic frameworks (MOFs) by the conventional
solution method.

The diffusion method mainly consists of gel diffusion [40], liquid phase diffusion [41,42], and gas
phase diffusion [43]. Gel diffusion is the method by which certain materials (such as organic ligand
dispersed in a gel substance) and other materials (such as center metal ions solution) are mixed
together for a period of time to produce MOF crystals through two branches of groups in gel [40].
Liquid phase diffusion is the method by which the center metal ions and organic ligands are dissolved
in an incompatible solvent. They can form an MOF crystal product by being mixed together and
reacting on their contact surface [42]. Gas phase diffusion is carried out using an organic volatile
ligand solution as a solvent. The MOFs are generated during a sufficient reaction by mixing an organic
ligands solution and a center metal ion solution [43]. The synthesis of MOFs by the diffusion method is
often conducted under a mild reaction condition, but it is time-consuming [44]. Shearer et al. [45] used
the diffusion method to synthesize UiO-66 by adding ZrCly, HyBDC, H,O, and acetic acid to a conical
flask containing N,N’-dimethyllformamide. The mixtures were stirred until a transparent solution
was obtained. In this study [45], the drawback was that it consumed too much reaction time—up to
14 days at 100 °C. A simple schematic diagram for the synthesis of MOFs by gas phase diffusion is
shown in Figure 2.

Bottle sealing

+ /
Vapor diffusion

Organic ligand Metal salt Solvent A Solvent B MOFs crystals

Figure 2. Schematic diagram for MOF synthesis by the gas phase diffusion method.

The hydrothermal method or solvent thermal method is carried out by mixing metal ions,
organic ligands, regulators, reaction solvents, and other materials at a certain proportion in a
polytetrafluoroethylene liner, which is then placed in a high temperature reactor to incite the reaction
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under a certain temperature. After the complete reaction, the reactor is cooled to room temperature

and the product is washed repeatedly several times with deionized solutions (such as water) in

order to remove impurities. Subsequently, the product is cleaned with anhydrous ethanol or other

solutions at a setting temperature again. After vacuum-drying, the pure MOFs can be obtained [46—48].

The hydrothermal method uses water as a solvent [49]. A simple schematic diagram for MOF synthesis
Transferred to Teflon liner

by the hydrothermal method or the solvent heating method is shown in Figure 3.
well mixed Temperature
Time

Organicligand ~ Metalsalt  Solvent mixture Teflonlmmg i Reactor MOFs crystals

Figure 3. Schematic diagram for MOF synthesis by the hydrothermal method or the solvent
heating method.

Wang et al. [50] synthesized Cu-based MOFs (denoted as Cu-MOFs) using the solvent thermal
method. A brief process was developed as follows: 3.0 g of Cu (NO3),; 3H,O in 30 mL of deionized
water and 1.5 g of H3BTC in 30 mL of ethanol were mixed and sealed in a polytetrafluoroethylene-lined
autoclave for a reaction time of 12 h at 120 °C. When cooled to room temperature, the blue solid
products were collected and washed alternately with ethanol and ultrapure water. Finally, the products
were dried overnight at 60 °C and fine blue Cu-MOFs powders were obtained. The solvent thermal
method can obtain the products with a high crystallinity and a regular morphology structure, but it is
time-consuming and its yields are relatively low [51].

The microwave method has the characteristics of rapid heating. With this method, there is no
hysteresis effect and no temperature gradient. It can be used to synthesize those MOFs that have a
high purity and crystallinity with less reaction time [52,53]. For instance, the crystal size (<100 nm) of
UiO-66 that was synthesized by the microwave method was four times smaller than those prepared
by the conventional heating method (about 400 nm) [54]. The main reason for the good size obtained
using the microwave method is that microwave heating can speed up nucleation, thus reducing the
size of the crystals while increasing the number of nuclei in the crystals [54,55]. Yang et al. [56] used
the microwave method to synthesize UiO-66, achieving products with a smaller aperture distribution.
Compared with the traditional solvent heating method, the microwave method can greatly accelerate
the reaction speed. As reported by Yang et al. [56], the synthetic time can be greatly reduced from 24 h
to 30 min. The above findings showed that the microwave method is a better option for the synthesis of
MOFs. However, it is possible to cause partial cavity collapse or local carbonization of the carrier [57,58].
Therefore, ways to overcome these drawbacks during synthesis require careful consideration.

Ion thermal synthesis is used to design and synthesize MOFs in the hope of obtaining an ideal
structure and properties [59]. In this method, an ionic liquid is used as reaction medium, structural
template, or charge balance group; thus, it is considered a green synthesis method. The use of an
ionic liquid as a solvent not only provides a pure ionic environment, but also acts as a structural
template [60]. With this method, the physicochemical properties of MOFs can be controlled by
changing the composition of the ionic liquid [60]. Further improving the yields and controllability
of MOFs can be achieved by adjusting the structure, size, and polarity/hydrophilicity of the ionic
liquid [61]. Ionic solutions are characterized by a liquid phase at or near room temperature. It is a
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kind of salt consisting of anions and cations [62,63]. Ionic liquids have many advantages, such as a
lower melting point (generally less than 100 °C), wider liquid range, and good thermal stability [62].
The ionic liquid can be used as both a solvent and template [64,65]. An ionic liquid such as [Bmim]
[BF4] has been used as a solvent, structure-directing agent, fluoride source, and catalyst promoter,
indicating a wide range of applications [66]. Cd3F-based MOFs were created during in situ ion thermal
oxidation and hydrolysis, in which BF4-anions were filled in holes and /or channels [66].

The mechanochemical method, also known as the grinding method, can synthesize MOFs through
mechanical agitation or collision between substances [67]. It is known for its low energy consumption
and has become a recent research hotspot as a green synthesis method [68]. No heating process
is required and no solvent or a small amount of solvent is consumed, and the reactant could be a
metal oxide [69]. The reaction mainly occurs in the oxidation process, which produces only water
as waste, consuming less energy and enabling green production [70]. In addition, this method’s
operation is simple and its production is highly efficient and easy [71]. Cheng et al. [72] synthesized a
manganese-based MOF (denoted as Mn-MOFs) using the mechanochemical method. The reaction time
to synthesize Mn-MOFs was about 24 h by liquid phase diffusion, but it took only 10 min to complete
the reaction using the mechanochemical method, showing that the mechanochemical method was less
time-consuming than the liquid phase diffusion method. Furthermore, using the mechanochemical
method, the Mn,O3 had a better effect on the catalytic decomposition of ammonium perchlorate,
which could lower the pyrolysis temperature by 158 °C, thus reducing the energy consumption.

3. Modification of MOFs

MOFs can be easily modified through chemical groups or other components. Specific modification
is very conducive to the removal of targeted pollutants, and through the optimization of the skeleton
surface it can be used for further improving the MOFs’" performance. Because MOFs have a
high porosity, solvent molecules can easily enter the interior channel and modify their inner and
outer surfaces [73]. In addition, functional groups can also be easily introduced into MOFs [73].
Conventional modification is mainly carried out by pre-synthetic modification, in which the organic
ligands are pre-functionalized so as to introduce a certain number of specific chemical groups into
the ligands. At present, introducing multiple organic components or multiple groups into organic
ligands to produce efficiently functionalized MOFs still requires the solvent thermal method. However,
if under the solvent heating conditions those functional groups in ligands do not have good thermal
stability, it will lead to group decomposition or ionic ligand [74]. Therefore, another modification called
post-synthetic modification (PSM) [75] is used, which is conducted after the preparation of MOFs.
Because the stability of most of MOFs in a water environment is fragile, post-synthetic modifications
to water-sensitive MOFs are particularly needed [76]. Wen et al. [76] modified MOF crystals using a
simple chemical coating with polydimethylsiloxane. The MOFs after modification could effectively
remove crystalline violet from an aqueous solution and the maximum adsorption capacity was up to
129.87 mg/g.

3.1. Pre-Synthetic Modification

The types of center metal ions and organic ligands in MOFs are important factors that affect
their chemical structure and adsorption performance. Pre-synthetic modification often changes the
structure of organic ligands by introducing target groups into MOFs, which has been widely used in
extending the range of MOF applications [77]. During pre-synthetic modification, some groups (such as
-OH [78] and -COOH [79]) are often studied, as they are grafted on organic ligands [80]. The commonly
used chemical groups are listed in Table 2. All of the typical MOFs, such as MOF-5 [77], ZIFs [81],
and MIL-53(Fe) [82], can be functionalized by pre-synthetic modification using the solvent heating
method. In the preparation of MOFs, the ligand can be used alone. Besides, different functional ligands
can also be mixed to produce MOFs [83]. For example, Bo et al. [84] mixed center metal ions solution
and cellulose solution to obtain cellulose-modified MOFs (ZIE-8@CA) through a cross-linking agent
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using a conventional solvent method. A simple diagram showing the major steps for the pre-synthetic
modification of MOFs is shown in Figure 4.

Table 2. Kinds of modifiers of different types of MOFs.

MOFs Modifiers Kinds of Contaminants Absorbed Reference
BUC-17 Graphene Anionic dyes [85]
MIL-88 (Fe) Graphene oxide Methylene blue; rhodamine B [86]
UiO-66 -NH; Doxycycline [87]
MIL-101 (Cr) -SO3Ag Todide [88]
ZJU-24 -COOH Methylene blue [89]
UiO-66- -2COOH Cu (I) [90]
UiO-66 -OH Thorium ions [78]
MIL-101 -SOsH Rosphin [91]
MIL-101 (Cr) -Br - [92]
MIL-101 (Cr) -F - [92]
MIL-101 (Cr) -CHj - [92]
MIL-101 (Fe) -Cl - [93]
—

{x? Modified substance ==— Metal salt . MOFs with modified substance

Time

Temperature

Organic ligand t&r Modified substance with metal salt
Figure 4. The route employed for the growth of MOFs with pre-synthetic modification.

3.2. Post-Synthetic Modification

Pre-synthetic modification is the process that modifies the composition of MOFs before the
synthesis of MOFs, while post-synthetic modification is carried out after the synthesis of MOFs.
The same results are obtained in that specific functional groups are grafted on ligands or metal
vacancies in MOFs, thus realizing the functionalization of MOFs. It is a heterogeneous reaction process
which forms those crystal materials with some chemical functional groups introduced into MOFs [94].
A diagram showing a simple post-synthetic modification process is shown in Figure 5. PSM is a useful
method for preparing those MOFs with special functions. They can be obtained by adjusting the
structure of MOFs through a coupling agent, metal joints, pore characteristics, and surface environment,
thus improving their structural stability and performance [95]. However, the modification process can
be time-consuming (usually 1-5 days). The production rate of MOFs is also largely dependent on the
pore diameter of the raw materials under standard conditions.

Many improvements have been made on PSM, such as the coupling of PSM with liquid-phase
impregnation (LP-PSM) [96] and the coupling of vapor phase with PSM (VP-PSM) [97]. LP-PSM is the
method of immersing pre-synthesized MOFs in a solvent containing a modifier. With a long reaction
time and repeated soakings, chemical groups can be grafted on MOFs. VP-PSM is one of pathways
to overcome the drawbacks of PSM [97]. It can achieve a high yield within a short time and produce
MOFs that exhibit a uniform distribution. It provides more flexibility in designing the applications of
MOFs [97].
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Postsynthetic Methods @1 @ @

@ MOFs crystals S lf Modifying groups Post-Modification MOFs
Figure 5. Schematic diagram of the post-synthetic modification of MOFs.

According to the breaking and formation of chemical bonds, PSM is often divided into covalent
post-modification [98], coordinate covalent post-modification [99], and post-synthesis deportation [100].
These methods dominate PSM [75]. The groups introduced on MOFs in the covalent post-modification
process contain -NHjz, -OH, and -NH; [101]. A simple diagram showing the major steps of covalent
post-modification of MOFs is shown in Figure 6. In addition, Yoo et al. [102] synthesized an MOF
denoted as IRMOEF-3 and soaked it in a reaction solution for covalent modification. Cyanuric chloride
was successfully grafted on the IRMOF-3-CC through the covalent bond formed between the amino
group and the carbon group. The IRMOEF-3-CC had a micro/medium pore structure and macroscopic
morphology. An organic chain formed or broken after covalent post-modification is also shown in
Figure 6.

of=o?
. |
L=
S
Temperature
Time
ote? . . o ®
" Pre-synthesis of MOFs with easy modification group Easy modification group
e¥ ¢
..".‘ e . e .
Al Covalent post-modification MOFs ? maodification group
0‘1 4

Figure 6. Schematic diagram for the covalent post-synthetic modification of MOFs.

Coordinate covalent post-modification usually modifies an unsaturated site of the metal ligand in
MOFs. After coordination covalent modification, the coordination bonds of the metal-organic chain
are formed. Some metal ions are possibly introduced to the MOF skeleton through an organic chain,
thus forming coordination bonds [99]. A simple process of coordinate covalent post-modification is
shown in Figure 7.
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Figure 7. Schematic diagram for the coordinate covalent post-synthetic modification of MOFs.

In the post-synthesis deportation process, some groups and sites are easy to coordinate with metal
ions, thus leading to the disappearance or loss of the catalytic activity of MOFs. Therefore, those active
groups or catalytic active sites need to be protected before the synthesis of MOFs. After synthesis,
the active groups or catalytic active sites will be removed [100,103]. A simple synthesis principle is
shown in Figure 8.

+r:(>°
? —

Protection group o Organic ligand with protecting group ? Reactive group or catalytically active site

_ ) oee? . :
& Metalsalt « ' MOFs with protecting group o Post synthesis deportation MOFs
*%¢*® od o0

Figure 8. Schematic diagram for the post-synthesis deportation of MOFs.

Ko et al. [96] used PSM to prepare UMCM-1-NH,, 1-Me, 1-Pr, 1-Ph, and 1-PhCF3. They were
soaked in acetic anhydride (Me), butyl anhydride (Pr), benzoic anhydride (Ph), and 4-(three
fluorinated methyl) benzoic acid anhydride (PhCF;) for 3 days, 6 days, 9 days, and 6 days,
respectively. After soaking for 6 days, UMCM-1-NH,, 1-Me, 1-Pr, 1-Ph, and 1-PhCF3 could be obtained.
Their Brunauer-Emmet-Teller (BET) values were 4170 m?/ g, 3550 m2/ g, 2900 m2/ g, 3680 m2/ g,
and 3520 m? /g, respectively. At 298 K and 253 K, the carbon dioxide adsorption capacity for 1-Ph
was more than 23% and 50% higher than that for UMCM-1-NH,;. Alqadami et al. [104] adopted PSM
to obtain a mesoporous amide citric anhydride MOF (denoted as AMCA-MIL-53(Al)) by covalent
bond modification among citric acid anhydride (CA), amino (-NH,), and NH;-MIL-53(A1). At 318 K,
the maximum adsorption capacity of the divalent-led ion in a single layer was up to 390 mg/g.
Because of the motion instability of the coordination bonds of the metal-ligand in MOFs, those metal
ions and organic ligands in some highly stable MOFs can be exchanged [95]. Based on the above
findings, many new types of PSM have been developed, including post-synthetic metal exchange
(PSME) [105,106], post-synthetic ligand exchange (PSLE) [107,108], and post-synthetic elimination and
installation (PSE&I) [109]. Sun et al. [110] used PSME to prepare NH;-UiO-66(ZR/Ti). The introduced
Ti substituent promoted electron transfer, thus improving the performance of MOFs. Under visible
light irradiation, they had a good photocatalytic effect on CO; reduction and hydrogen evolution.
Hong et al. [111] utilized PSLE to synthesize a series of porous metal-organic skeletons characterized
by flexible carboxylic acid chains. A series of adipic acid were substituted for terephthalates in UiO-66
ligands. The selectivity of adsorption for CO, and CHy on MOFs after ligand exchange was found
to be significantly enhanced. Tu et al. [112] used post-synthetic elimination and installation (PSE&I)
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to remove a quarter of the metal ions and half of the linking bonds in a cubic metal-organic skeleton,
forming the ordered metal vacancies and linker vacancies in the cubic metal organic skeleton, and
thus leading to an increase in the size of the pores. These vacancies would be filled with new metal
ions and linking bonds. This method has the potential to enhance the functions of MOFs through the
exchange of ingredients, without destroying their structural integrities.

4. Effect of MOFs on the Remediation of Water Pollution

MOFs have a large specific surface area and high porosity, which are beneficial to their applications
in gas storage, separation, catalysis, and drug release, as well as in the reduction of heavy metals [113].
Hazardous metals have long been a serious threat to human health. Using common absorbents,
the treatment efficiency would be not adequate to ensure safe water. The structure characteristics of
pores are often the determining factor significantly affecting the performance of absorbents. It has
been found that MOFs are feasible for the adsorption and diffusion of pollutants due to their good
structure [114], especially with their larger specific surface area and porosity [115]. Those heavy
metal ions that can be effectively removed by MOFs include cadmium, arsenic, chromium, lead, and
mercury [116]. Through specific modifications, the adsorption performance for heavy metal ions of
MOFs can be greatly enhanced. The heavy metal ions and their removal mechanisms by different
MOFs are shown in Table 3. Saleem et al. [117] introduced thiourea, isothiocyanate, and isocyanate
functional groups by PSM to UiO-66-NH,, which did not change their structure and thermal stability.
The removal efficiency of heavy metal ions by MOFs could reach 99%; the maximum adsorption
capacities of Cd?*, Cr®*, Pb?*, and Hg?* were 49 mg/g, 117 mg/g, 232 mg/g, and 769 mg/g,
respectively. Tokalioglu et al. [118] prepared a zirconium-based MOF denoted as MOF-545 for the
solid-phase extraction of Pb (II) from grains, beverages, and water samples. MOF-545 has a large
adsorption capacity and pre-enrichment coefficient, of which the specific surface area was up to
2192 m?/g, resulting in an adsorption capacity of 73 mg/g. In addition, MOFs can be made into
fluorescent probes for the selective detection of metal ions [119]. For example, El-Sewify et al. [120]
prepared a fluorescent sensor using zirconium-based MOFs for the detection of heavy metal ions
in water.

Besides their use in the removal of heavy metals, MOFs are also effective in the adsorption and
photo-catalytic degradation of organic pollutants [121,122]. In fact, the adsorption effect of MOFs
tested in a previous study was found to be better than that of commercial activated carbon [123].
Ramezanalizadeh et al. [124] treated methylene blue and 4-nitrophenol via photo-catalytic degradation
with MOFs/CuWOy, and found that the photo-catalytic efficiency of MOFs/CuWOQO, was significantly
enhanced in the presence of MOFs. Zhou et al. [125] prepared zirconium-based MOFs, which had a
strong adsorption for tibiotic tetracycline. Chen et al. [126] prepared a magnetic porous carbon-based
adsorbent using a Fe (IlI)-based modified MOEF-5, which had a good effect on the adsorption of five
organic contaminants including 4-nitrophenol, Noroxin, bisphenol a, carbamazepine, and atrazine.
Among them, it the adsorption of Noroxin via primary m-electron donor—acceptor interactions was
the most effective. Azhar et al. [123] prepared HKUST-1 and UiO-66 by the solvothermal method
and compared their removal performance to the removal of methylene blue (Mb) in wastewater.
Their preparations of MOFs can be employed over a wide pH range. The adsorption capacity with
HKUST-1 was higher than that with UiO-66.
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Table 3. The effects of various types of MOFs on the removal of heavy metal ions.
MOFs Preparation Modification Methods Modifiers Contaminants Ad?qrptlon pH Removal Mechanisms Ref.
Methods Capacities (mg/g)
. Solvothermal . The coordination interaction between the
UiO-66 method Oven-promoted method Melamine Pb (1) 205 6 amino groups (-NHy) and Pb (II). [127]
Solvothermal Weak interactions between the MOF
MOF-74-Zn _ _ Hg (I) 63 6 skeleton (carboxylate and hydroxy group) [128]
method o4 .
and Hg** ions.
N-pyridine densely populated on the inner
ZIF-8@CA Solution Pre-synthetic modification Flexible and porous Cr (V) 418 - su.rface f’f porous cellu?o.se aerogels (CA) [84]
method cellulose aerogels with unique large specific surface areas and
a high density of adsorption sites.
Lo . . Cd (I) was expected to bind to individual S
Microwave Liquid phase impregnation- atoms rather than polymers, with dense
MIL-68 (W) . post-synthetic modification NayS Cd (I1) 0.139 _ . T . [129]
synthesis hydration spheres inhibiting sorption on
(LP-PSM) . or ;
adjacent binding sites.
Solvothermal The adsorption was chemical adsorption,
Cu-MOFs method Load modification Fe30y4 Pb (II) 219.00 _ which is dominated by the coordination of [130]
Pb%* with amino from Cu-MOFs.
. . A physical adsorption onto the crystal
HKUST-1 Solvothermal LP-PSM Potassium nickel Cs(I) 153 _ lattice followed by strong electrostatic forces [131]
method hexacyanoferrate . .
could lead to chemical adsorption.
. . The carboxyl oxygen and Schiff base
Ui0-66 Solvothermal LP-PSM Schiff base-derived Co (1) 256 8.4 nitrogen in the ligand had a stronger [132]
method material

bonding ability towards Co (II) ions.
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5. Toward Better Development in the Remediation of Water Pollution

To enhance environmental applications, MOFs can be coupled with many other materials
such as high-molecular-weight organic polymers [133], nanoparticles [134], and inorganic carbon
materials [135]. Three kinds of MOFs that can be better developed for water purification were selected
as the examples in this review.

5.1. The Coupling of MOFs with Membrane Systems

To improve water treatment efficiency, MOFs materials can be coupled with other water treatment
units such as membrane filtration [136]. Liu et al. [137] prepared a pure phase Zr-MOF polycrystalline
film on alumina hollow fiber using an in situ solvothermal method. A simple flow diagram showing
the major synthetic steps is depicted in Figure 9. Its performance was assessed by measuring gas
permeation and ion exclusion. It showed good permeability and excellent polyvalent ion exclusion
(e.g., 86.3% for Ca®*, 98% for Mg?*, 99.3% for AI**). Also, Ingole et al. [138] improved the water vapor
transport performance of mixed gas by combining MOFs and thin-film nanocomposite films, denoted
as MOF@TFN4. The results showed that the maximum selectivity of the prepared MOF@TFN4
membrane was up to 542 and the maximum water vapor transmission rate was up to 2244 GPU.
The coupling of the MOFs and membrane systems could be further developed under good operational
conditions or coupling conditions. For example, Yin et al. [139] integrated amino-functionalized
MOFs (denoted as UiO-66-NH,) and ceramic membrane ultrafiltration to treat Pb (II) wastewater.
Using transmembrane pressure, cross-velocity, reaction temperature, and average pore diameter at
0.15 MPa, 4.0 m/s, 35 °C and 50 nm, respectively, the ceramic membrane could completely retain
the performance of the MOFs, and the removal rate of Pb (II) could reach 61.4%. In the presence
of MOFs, the properties of membranes were changed and some new functions were introduced,
thus improving their performance. For example, Gholami et al. [140] synthesized a new hydrophilic
TPU-5 polyethersulfone ultrafiltration membrane using the inversion method. Through the chemical
modification of TPU-5 with the MOFs, denoted as TMU-5, the pore size and the porosity of the
membrane were significantly increased, as were the hydrophilicity, pure water flux, and antifouling
ability. As a result, the pure water flux could be increased to 182 (kg/m?h) and 0.1 wt% recovery
values of flux reached up to 98.74%. The lowest resistance to irreversible fouling reached 1.25%.

= g
N )
oy |
B 0 In-situ growth Wash
Heating D
_____ y = n "
Membrane "‘h\\
S N 4

—
Organicligand =~ Metalsalt  solvent | | Teflonlining iReactor Membrane modified with MOFs

Figure 9. Schematic diagram for the solvothermal synthesis of an MOF-based membrane.

5.2. The Coupling of MOFs with Magnetic Nanoparticles

MOFs and magnetic nanoparticles are hybridized to form nanocomposites, which is conducive
to the separation of those fine MOFs particles from water when placed in an external magnetic
field. It has been reported that the coupling of superparamagnetic Nano-Fe3;O4 and MOFs is able
to increase the range of MOF applications [141]. Through the coupling, the magnetic separation
of MOFs from water was easily realized [142,143]. Xu et al. [144] prepared a magnetic porous
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Ni@MOFs-74 (Ni) through a solvothermal reaction. The composite had better adsorption effects
for the removal of rhodamine b and ibuprofen—the adsorption capacities reached up to 177.8 mg/g
and 4.1 mg/g, respectively. Shi et al. [130] prepared a magnetic MOF (denoted as Cu-MOFs/Fe3Oy)
using a solvothermal reaction. Adsorption experiments for Pb (II) and malachite green were carried out.
The adsorption capacities of the two contaminants were 113.67 mg/g and 219.00 mg/g, respectively.
Huo et al. [145] prepared a core-shell based MOF (denoted as Fe;O4@ZIF-8), of which the surface
area was up to 1133 m?-g~!. Its maximum capacity of adsorption for As (III) reached up to 100 mg/g,
showing a higher adsorption effect than that of many traditional adsorbents. The possibly strong
adsorption could be attributed to surface complexation interactions. Huang et al. [146] prepared a dual
magnetic and amino group-modified zirconium-based MOF, which showed good removal efficiency
for heavy metal ions and organic dyes. The highest capacities of adsorption for Pb>* and methylene
blue on MFC-N (UiO-66-NH,) were 102 mg/g and 128 mg/g, respectively, while that for methyl
orange on magnetic UiO-66 (MFC-O) was 219 mg/g. The above findings showed that the coupling of
MOFs with magnetic nanoparticles is a feasible option for the enhancement of MOFs’ performance.

5.3. The Coupling of MOFs with Graphene

The coupling of MOFs with graphene oxide (GO) has potential to enhance the functions
of MOFs. GO is defined as a soft two-dimensional carbon nanomaterial, consisting of a large
number of oxygen-containing functional groups such as epoxy groups and carboxyl groups. It is
characterized by a large specific surface area, high mechanical strength, and good electrical conductivity.
GO could significantly increase the specific surface area of MOFs [147] and show a good adsorption
effect. Liang et al. [148] found that with the increase of GO introduced in GO@MIL-101, both the
integrity of the crystal composite and particle size were reduced, while with an appropriate dose the
maximum capacity of adsorption for Cr (VI) could reach 125 mg-g~! with GO@MIL-101, which was
20% higher than that achieved with MIL-101. Wu et al. [149] synthesized a composite (MA/RG)
using aluminum-based MOFs (MIL-68 (Al)) and reduced graphene oxide (RG) through a one-step
solvothermal method. An adsorption experiment for liquid p-nitrophenol (PNP) was conducted,
showing that introducing reduced graphene oxide (RG) could significantly alter the morphology of
MIL-68 (Al), thus increasing the size of its surface area. The removal efficiencies of PNP by MA/ RG
at the mass ratio of 15% of RG to MA were 64% and 123% higher than that achieved by MIL-68 (Al)
and RG alone, respectively. The major removal mechanisms were the hydrogen bonding and 7-nt
dispersion interactions.

6. Summary

With the increase of industry and agriculture, especially in developing countries, water pollution
has become a serious environmental problem. Cost-effective technologies that address this issue are
urgently needed. From this review, it can be seen that MOFs have great potential for the separation of
pollutants from water. In this review, we detail various methods for the preparation of MOFs. In these
methods, the selection and design of MOFs are closely correlated with their structural distributions,
energy consumption, purity, yields, and the removal efficiencies of pollutants. How to obtain
cost-effective MOFs should be the focus of fabrication research efforts. Fortunately, there are many
types of MOFs having various structures that can be adjusted according to pre-determined settings.
Although MOFs have poor water stability and even they are not easily separated from water due to
their small size, it is feasible to couple them with other technologies. For example, coupling MOFs with
magnetic materials can enhance their separation performance. Water purification by filtration through a
membrane is the most promising technique for future development. MOFs can be subjected to changes
in their physicochemical properties, thus improving their purification performance. Other materials
such as nanoparticles, graphene, carbon nanotubes, and organic polymer are all potential materials
to be coupled with MOFs. Overall, MOF-based hybrid materials are expected to play an important
role in achieving further performance improvements in individual materials. Whatever the successes
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achieved so far, additional efforts on the fabrication of MOFs toward the achievement of better water
purification are still needed.
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