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Water pollutions have caused serious threats to the aquatic environment and human health, it is of great
significance to monitor and control their contents in water. Compared with the traditional single
treatment method, multiple treatment can simultaneously realize detection and removal of water
pollutions on one material, which brings convenience and promotes comprehensive treatment for water
remediation. Metal-organic frameworks (MOFs) are versatile porous materials that hold huge potential in
wastewater treatments. This feature article reviews the recent advances in MOFs for multifunctional
water treatment. First, strategies to design the sensing, removal and degradation functions onto MOFs are
introduced. Then, the sensing, removal and degradation effects on various inorganic and organic water
pollutions based on multifunctional MOF materials are summarized, and the interaction mechanisms are
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discussed in detail. Finally, the current challenges and the future research trends on MOF materials for
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1. Introduction

In the past decades, the humanity knowledge and transformation
ability of nature further strengthen along with the swift and
violent development of science and technology. However, rapid
industrialization, accelerated urbanization, surging exploitation
of resources, direct discard of wastes and so forth caused by
human activities have placed an enormous burden on the
environment, especially on water resources.” As a result, a variety
of contaminants have lowered the water quality extensively and
brought about water pollution. Generally, Water pollution consist
of miscellaneous inorganic and organic substances such as halide
ion, heavy metals, radionuclides, oxysalt, synthetic dyes, herbi-
cides, pesticides, persistent organic pollutants (POPs), endocrine
disrupting chemicals (EDCs), pharmaceuticals and personal care
products (PPCPs) and emerging organic contaminants (EOCs),
etc.”® These hazardous contaminants are relatively stable in
water and can possess carcinogenic, teratogenic and mutagenic
effects, leading to adverse impact to both environment and
human health."®"" 1t is of great significance to detect and
remove water pollutions effectively for the sake of preventing
their repercussions.
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wastewater treatment are discussed as well.

Up to now, A variety of wastewater treatments have been
carried out for the remediation of aqueous environment, most
of which can be summarized as the following strategies:
sensing, removal and degradation. Sensing refers to methods
for the determination of water pollutions with high sensitivity
and selectivity, among which electrochemical, optical and
electronic signals are common outputs.’> Numerous materials,
for instance, small molecules, polymeric materials, nanomaterials
and porous materials are exploited for various water contami-
nants detecting with low limit of detection and high
selectivity.’*'® Removal is the basic function in water treat-
ment to eliminate pollutions from aqueous environment via
multifarious functional materials. It contains a number of
techniques viz. coagulation, membrane filtration, chemical
precipitation, ion exchange, electrodialysis, flocculation and
adsorption.'®™® Adsorption is one of the most widely used
approaches among them, due to the ease of operation, high
efficiency, relatively low cost and reusability. Adsorbents play a
crucial role in this method and various adsorbents, namely
activated carbons, zeolites, graphene-based materials, clay
minerals, resins and porous materials have been developed
for eliminating all kinds of water pollutions with large adsorp-
tion capacity and high removal efficiency.?*>* Degradation
is an option for water treatment by decomposing organic
pollutions or oxidizing/reducing metal ions to a low toxicity
state. Diversified methods, e.g., photocatalysis, electrocatalysis,
Fenton reaction, ozonation and chlorination are widely
explored for water pollution detoxication.?®*° Semiconductor
materials like TiO,, WO3;, CuS, CdS, ZnO and Fe,03, etc., are
typical catalytically active substances. In the last decades,
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organic materials, for instance, graphene, carbon nanotube
and g-C3N, and inorganic-organic hybrid materials such as
metal-organic frameworks are burgeoning materials that reveal
great potential for wastewater degradation.®*3*

Impressing progress has been made for water pollution
control. However, most research focus on realizing one function
of sensing, removal or degradation. As the research and practice
is continually comprehensive and in-depth, single-function
treatment of wastewater has its limitation. For example, sensing
probes commonly lack sufficient adsorption capacity, and
additional adsorption material is needed to remove the pollutions
after their detection; the concentrated adsorbed pollutions on
adsorbent need to be carefully treated in order to avoid secondary
pollution to the environment;*® Traditional catalyst, e.g., TiO,
often suffers from low surface area and shows low abundance
catalytic sites toward analytes, thus displaying reduced catalytic
efficiency.®® Integration of different functions to a single system,
viz. construction of multifunctional materials can combine their
respective advantages and implement multi-purpose applications,
gradually developed in energy, biomedicine, materials science,
etc.’’° For water pollution treatment, exploiting materials with
more than one function of sensing, removal or degradation to
the specific target can help simultaneously detect and control
pollutions in water, which is a promising way for comprehensive
treatment of water pollutions. Nevertheless, this kind of strategy
requires higher designability and versatility of materials, for
which advanced materials are desired.

Metal-organic frameworks (MOFs) represent a class of
porous inorganic-organic hybrid materials coming forth in
the last decades that are synthesized through the assembly of
secondary building units (SBUs), viz., organic linkers and metal
cations/clusters via coordination bond.* The crystalline structure,
high porosity, high surface area, atomic-level precision design and
multiplicate chemical properties enable MOFs to be utilized in
copious applications involving energy storage, separation, bioima-
ging, catalysis, sensing, and so on.*’™** MOFs also demonstrate
huge potential in water treatment field and a number of articles

Scheme 1 Schematic representation for the multiple treatment of water
pollutants on MOFs.
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and reviews are reported.*>*” However, most studies mainly focus
on one function, namely, sensing, removal or degradation for
water pollution disposal. Synthesizing functional MOFs with
multiple processing to a certain pollutant is of great significance
to detect and eliminate water pollutions on one platform. Such
integrated water treatment platform puts forward elegant design
request for MOF-based materials.

In this feature article, we investigate the design strategy to
accomplish the sensing, removal and degradation functions in
MOFs and summarize the near-term advances in multifunctional
MOFs for water pollution treatment. Furthermore, the current
challenges for the multiple treatment of water pollution are
discussed, and the outlook on strategies for further developments
are recommended (Scheme 1).

2. MOFs design for water pollution
treatment

MOFs have been explored for water pollution treatment in the
past 15 years, while the first MOF for sensing was reported
(Cu®" ion) in aqueous solution in 2010,*® the first MOF for the
removal of methyl orange (dye) from water in 2010*° and the
first MOF for degradation of phenol (industrial product) in
2007.°° Since then, MOFs are vastly developed as wastewater
treatment materials duo to the following features: (I) high
surface area, facilitating adsorption process;”" (II) accurate
design at atomic level, where sensing/catalytic sites towards
the analytes can be precisely embedded into the structure;’*
(II) accessible and functionalized pores, where host-guest inter-
actions with selectivity may occur;’® (IV) crystalline feature,
which is convenient to explore the mechanism;** (V) stability,
with which a number of water stable MOFs can be achieved
for water treatment;>® (VI) processibility, where MOFs can be
manufactured to various devices.>® In recent years, MOFs with
multifunction for water pollution treatment have been reported.
MOFs are ideal materials for water pollution treatment and by
virtue of their atom level accurate design and intrinsic porosity,
specific interaction towards analytes can be realized. On the
basis of adsorption of targets on MOFs, sensing and degradation
functions can be conducted on the same material by rational
and elegant design of the monomers. Design strategy of MOFs
for sensing, removal and degradation of water pollutions are
discussed below.

2.1 MOFs for sensing

Sensing is a sensitive way to detect water pollutions with
selectivity. MOFs are good candidates for water pollution sensing,
since the constitutional units (ligand, metal ions or clusters) of
MOFs have greatly variability and tunability that may generate
electro/optical signals change after the interactions with analytes.””
Besides, the intrinsic porosity of MOFs plays an important role in
sensing the targets. On one hand, the pores allow the analytes to
enter into the framework and confine their motion to some extent,
facilitating the interactions between MOFs and analytes.>® On the
other hand, the pores can be elegantly tuned both in size and
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chemical environment via the regulation of MOFs construction
through bottom-up or post-modification strategy.”° As a result, a
variety of MOFs are synthesized by rationally designing metal ions/
clusters and organic ligands for sensing water pollution.®*

2.2 MOFs for removal

Removal of pollutions from aqueous solution is a particularly
important mode in water treatment. MOFs exhibit unique
characteristics in water pollution removal as such materials
combine porosity, crystallinity and functionality. Porosity can help
accommodate more analytes and increase removal efficiency. It is
worth noting that pore size and surface area of MOFs can be
tuned by changing the connectivity and structure of the organic
ligand.®* MOFs with suitable pores can be synthesized to meet the
removal requirements of pollutions with different size. Crystal-
linity enables MOFs to be determined at atomic precision, and
the interactions with the targets can be revealed. A better
understanding of the removal mechanism is hence given.®®
Functionality is a fascinating feature in MOFs, where the diversity
of organic linkers can be applied to the MOFs structure and
brings about binding sites to the analytes. As a result, various
interactions, for example, electrostatic interaction, hydrogen
bonding, n-r interaction, acid-base interaction and hydrophobic
interaction can be induced to the framework through organic
ligands design to enhance the adsorption ability of the analytes in
water. >* Besides organic linkers, inorganic metals can also
contact with the analytes via the interactions between their
uncoordinated orbitals and the heteroatoms (O, N, S, etc.) of the
adsorbates.**

2.3 MOFs for degradation

Degradation of water pollutions is a considerable approach as
such process can transform pollutions to less toxic or nontoxic
form. MOFs exhibit satisfactory performance in the degradation
of water pollutions as their porosity can offer a suitable space for
the chemical reactions to take place. Besides, MOFs consist of
metal/metal clusters and organic ligands, both of which can be
used as catalytic sites via meticulous design.®>®® Through the
functional adjustment of organic ligands, e.g., introducing -NH,,
-OH, -SH, halogen or heteroatom, the bandgap of MOFs can be
tuned and a better catalytic performance can be acquired.®”*®
In addition, doping is another efficient strategy to obtain effec-
tive catalyst for water pollution treatment based on MOFs. Noble
metals like Au, Pd and Pt,°®”° metal semiconductors such as
TiO,”* and ZnO’* and carbon materials, for example, graphene
oxide”™ and g-C3N,”* are integrated with MOFs to enhance the
catalytic performance towards water pollution.

Adsorption plays a critical role in water pollution treatment
as such process enables analytes to separate from aqueous
environment and attach to the adsorbent, after which the
sensing or catalysis procedure can occur efficiently. The high
surface area and porosity of MOFs make it good candidates to
perform adsorption process towards analytes and promising
platform to carry out removal, sensing and degradation functions.
Removal process caused by adsorption is a fundamental function
in water pollution treatment, however, analytes absorbed on
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MOFs may not necessarily lead to sensing or degradation
response. By judicious choice of metal type, connectivity, ligand
size, structure and function, multi-functional water pollution
treatment materials based on MOFs can be accessed. In addition,
removal, sensing and degradation of the same target help to
monitor and control the specific pollution in water simulta-
neously, and is mainly discussed in this feature article.

3. Multifunctional MOFs for water
pollution treatment

Scientists have synthesized a number of MOFs for wastewater
treatment and achieved decent progress, however, pursuing
MOFs with multiple-modality in water pollution treatment is
far from over. Considering the diversity of water pollutions, the
realization of sensing, removal and degradation of a specific
contaminant on MOFs/MOF composites, and the exploitation
of various functional MOFs for multiple treatment of different
analytes, is expected (Fig. 1).

3.1. MOFs for multiple treatments of inorganic pollutions in
water

Water pollutions have a diversity of sources and are numerous in
variety.”>””” According to the constitution, water pollutions can
be divided to organic and inorganic contaminants. Inorganic
pollutions mainly include heavy metals, halide ion, oxyanions
and radioactive elements.”®”® Adsorptive removal and sensing
are frequently-used methods to detect and control inorganic
water pollutions. As most inorganic pollutions are hard to
degrade, some catalytic redox reactions can make the valence
of metal transform to a low-toxic state, providing another way for
inorganic pollution treatment.?%%!

3.1.1. Mercury treatment. Mercury is a considerable toxic
heavy metal and is harmful for human body by influencing their
nervous system and endocrine system, resulting in several dis-
eases like Minamata disease.**®® Removal and sensing of mer-
cury ion simultaneously is of great significance and is one of the
most studied cations on MOFs. Due to the strong affinity of
mercury to the soft center, S, introduction of sulfur into MOFs is
an effective and efficient means. Li and co-workers successfully
designed and synthesized an isoreticular series of luminescent
MOFs (LMOF-261, -262, -263) by incorporating a strongly emis-
sive molecular fluorophore and colinkers into Zn-based struc-
tures (Fig. 2).>* Thereinto, LMOF-263 displayed impressive water

. 7°
oo

Degradation

Water pollutions

Removal & Sensing

Fig. 1 lllustration for the sensing, removal and degradation functions
realized on multifunctional MOFs for water pollutions treatment.
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Fig. 2 Schematic illustration of the structure of LMOF-261 for adsorption
and sensing of Hg ion. Reproduced from ref. 84 with permission from
American Chemical Society, copyright 2016.

stability, high porosity and strong luminescence. Such MOF can
response to mercury ion by monitoring the photoluminescence
change at a parts per billion level (3.3 ppb) and showed high
selectivity towards light metals. In addition, LMOF-263 demon-
strated a maximum Hg>" adsorption capacity of 380 mg g ' and
showed a fast adsorption process with 99.1% Hg”* ion removing
within 30 min. Interaction mechanism revealed that sulfur atom
within sulfone group in LMOF-263 formed weak n-bonds with
the surrounding oxygen, increasing the soft base character of the
sulfone. Soft acids such as mercury can have a higher affinity to
soft base forming within LMOF-263 according to the HSAB
Pearson acid-base concept.

Ligand exchange is also an elegant approach to acquire
functional MOFs.** In a study by Wang and co-workers, the
solvent-assisted ligand exchange approach was conducted to
construct a mixed-ligand NH,-UiO66-SH (NSU66) via introducing
the thiol containing ligands to NH,-Ui0-66.%° The obtained
NSU66 displayed a large adsorption capacity of 265.29 mg g~
and a removal rate within 60 min together with qualified
selectivity. NSU66 showed a fluorescence quenching effect
towards Hg>* with a low detection limit of 3.50 x 10~% pM and
a wide linear range of 1.00-99.7 uM. NSU66 also demonstrated
high specificity and strong anti-interference capability during
the sensing process. Compared with the NH,-UiO-66, NSU66
showed a significant enhancement in both sensing and adsorp-
tion ability, which benefits from the interactions between the
incorporated thiol groups and Hg>". The photo-induced electron
transfer (PET) mechanism was proposed to explain the sensing
process. Considering the good stability in water and recyclability,
such MOFs can serve as multifunctional platform for sensing
and removal of Hg>" ion. In another work by the same group, a
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series of classic luminescence MOFs were synthesized based on
the same organic ligand, NH,-H,BDC, and different central
metals (Ti**, Fe**, Cr’*, Zr"" and AP**).*” Among these MOFs,
NH,-MIL-53(Al) displayed good sensing ability towards Hg>* with
the response range of 1-17.3 uM, low detection limit of 0.15 pM,
good selectivity and wide pH adaptation of 4.0-10.0. Meanwhile, the
NH,-MIL-53(Al) showed an adsorption capacity of 153.85 mg g™
and an uptake kinetic within 60 min. NH,-MIL-53(Al) demonstrated
excellent stability due to the formation of strong coordination
bonds between high oxidation state aluminium (AI**) and
organic carboxylate ligands. The satisfactory reusability
endowed the NH,-MIL-53(Al) a promising application prospect
for sensing and removal of Hg®>" simultaneously in aqueous
solution.

Apart from the interaction between the sulphur and mercury,
other heteroatoms such as nitrogen and oxygen can also have
interactions with Hg”"."> Morsali and co-workers introduced
S linker which has a malonamide functional group into the
Cu-based MOFs to form TMU-46S, -47S and -48S, respectively,
via a solvent-assisted ligand exchange (SALE) method.*® The
exchanged MOFs showed a large adsorption capacity of
714 mg g~ ' towards Hg>* and a limit of detection of 0.1 ppm
with the quenching constants (Ky,) of 186087 M~ ', and the
performance is superior to the original MOFs. The synergistic
effects of both hydrophilic chelating malonamide and acylamide
functional groups contributed a lot in recognizing mercury ion
through theoretical calculations. The research represented an
effective way to develop multi-functional MOFs in mercury ion
treatment.

Visual monitoring is a direct and convenient method to
detect mercury ions.®® In a research work by Roy’s group, a
Ni-based MOF was synthesized using an organic ligand that
had the uncoordinated sulphur atom.’® The constructed MOFs
had uncoordinated sulphur sites and can form strong bond
with mercury due to the soft center of S. The Ni-MOF had a
large Hg adsorption capacity of 713 mg g ' in aqueous environ-
ment. The colour of the MOF changed from green to grey, thus
giving a visual detection of Hg. A number of experiment data
and theoretical studies revealed that Hg formed coordinate
bonds with S atoms of the SCN™ group. However, one drawback
of this system is that the colour change of this MOFs is
irreversible and limits its practical use in aqueous solution.

In another research by El-Sewify’s group, a novel AI-MOF was
synthesized with high surface area to support it as a micro-
porous substrate for further embedding a thioketone derivative
chromophore.’® The thioketone AI-MOF monitors (TAM) were
employed through immobilization of chromophore on Al-
MOFs’ surface. The TAM system had a colour change from
yellow to green when contacted with Hg>" ion in water, and the
phenomenon can be seen clearly by the naked eye within a few
seconds. The sensitivity of TAM to Hg** can reach 0.8 ppb,
which is lower than the WHO permissible drinking water
limits. In addition, a very large adsorption capacity of
1110 mg g ' was obtained by TAM in aqueous environment.
What is more important is that TAM could be reused several times
without losing the sensing and removal ability. The fabricated
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TAM was used to sense and remove Hg”" in well water samples
and achieve good effects, exhibiting great potential for multi-
treatment for Hg®" ion in water.

Electrochemical detection is a sensitive sensing method
apart from optical approach.®> Wang et al. reported a mercaptan
functionalized MOFs (Zr-DMBD MOFs) by coordination between
Zr(v) and 2,5-dimercaptoterephthalic acid.”® The MOFs was then
combined with kenaf stem-derived carbon (3D-KSC) to form a
nanocomposite for electrochemical sensing and removal of
Hg(u) simultaneously. The Zr-DMBD MOFs showed the adsorp-
tion capacity of 171.5 mg g~ ', whereas the Zr-DMBD MOFs/3D-
KSC displayed decreased adsorption capacity of 19.3 mg g,
mainly due to the poor adsorption ability of 3D-KSC towards Hg
ion. Zr-DMBD MOFs/3D-KSC demonstrated that the sensitivity of
Hg®" was 324.58 pA uM ' ecm™?, the linear range was 0.25-
3.5 uM and the limit of detection was 0.05 uM. The porous
Zr-DMBD MOFs can disperse uniformly on microporous 3D-KSC
and offered a great deal of mercaptan groups to enrich Hg** on
the electrode. The Zr-DMBD MOFs/3D-KSC materials showed
excellent anti-interference performance, good stability and satis-
factory reusability. The S atoms of mercaptan groups on MOFs
facilitate the binding process towards Hg ion. The 3D-KSC
displayed macroporous structure and high porosity, and
Zr-DMBD MOFs were able to grew uniformly on its surface.
The mass transfer was thus enhanced and the preconcentration
process of Hg ion was accelerated. Furthermore, the Zr-DMBD
MOFs/3D-KSC could work efficiently in real water sample, and
the treated Hg ion in water was lower than national discharge
standard of industrial wastewater.

3.1.2. Cadmium treatment. Besides mercury, there are
other metal cations that are harmful for aqueous environment
and are necessary to be monitored and controlled.”® Compared
with traditional materials for adsorption, degradation and
sensing severally, MOFs can offer a platform to integrate each
function in one system and realize multi treatment towards metal
ions. Cadmium is deemed to have bad effect to skeletal and
nervous systems, and can lead to cancers.”® In a research work by
Hong and co-workers, A novel MOFs, FJI-H9 was fabricated by the

(d)

Fig. 3 A regenerative MOF for reversible uptake of Cd(): (a) self assembly
3D framework from organic ligand and hard metal ion; (b) effective
absorption with high capacity; (c) absorption and desorption; (d) recon-
struction of the used sample into a fresh sample. Reproduced from ref. 96
with permission from Royal Society of Chemistry, copyright 2016.
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combination of CaCl, and 2,5-thiophenedicarboxylate (Fig. 3).°°
FJI-H9 demonstrated a large adsorption capacity of 225 mg g™ %,
together with good selectivity when coexisted with Ca®*, Mg?",
Co*", Ni**, Mn**, Zn**, Fe* and Pb**,and only two examples of
MOFs for Cd®>" removal were reported before with moderate
adsorption capacity.””*® Besides the removal ability, FJI-H9 also
showed effective fluorescence quenching ability of Cd** and low
concentrations down to 10 ppm could be detected within 10 min,
and also displayed excellent selectivity toward other competing
metal ions such as Hg>", Mg>*, Co*", Ni*, Mn**, Zn**, Fe*" and
Pb**. Further investigations revealed that an unusual synergy
stems from the electronegative framework and the suitable sized
square cavity of FJI-H9 played an important role for the inter-
action with Cd*". And the reusability gave FJI-H9 potential for
practical application in removal and sensing of Cd** in water.
Composite materials can integrate each function of their
component and acquire multi functions, thus leading to syner-
gistic effects.”® He’s group developed a Fe;O,/MOF/cysteine
composite by synthesizing Cu-based MOFs outside nano
Fe;0,, following by modifications of r-cysteine.'®® The Fe;O,4
part in the material help realize fast separation from water with
the help of a magnet. The maximum adsorption capacity was
248.2 mg g~ ', and the Fe;0,/MOF/cysteine can also be regarded
as a fluorescent quenching sensor for detection of Cd** with the
detection of limits of 0.94 ng mL . In this composite, the high
surface area and pore volume of MOFs offered a space to
accommodate the target and r-cysteine, which had three func-
tional groups (-SH, -NH,, -COOH) that may offer binding site
toward Cd>". Besides, 1-cysteine help increase the fluorescent
intensity of the MOF, which facilitate the Fe;0,/MOF/cysteine
to be used as a turn off probe for Cd detection. The materials
maintained above 90% efficiency after 5 times of reuse.
Furthermore, a magnetic solid-phase extraction method was
established using the MOF composites to detect trace Cd>" ion
in water. The limit of detection of 10.6 ng mL ™" was achieved.
Fe;0,/MOF/cysteine was used to extract Cd>" in tap water and
lake water and showed potential for practical applications.
3.1.3. Lead and copper treatment. Pb>" and Cu** are also
common cation metal ion pollutions. In a research work by
Wang’s group, the amino-functionalized MIL-101 (Fe) was
constructed through a one-step reaction of FeCl; 6H,O and
2-aminoterephthalic acid.'®" The obtained MIL-101-NH, dis-
played good adsorption ability in removing Cu®** and Pb®" in
water and the adsorption capacity reached 0.9 and 1.1 mM g~ ",
respectively. Fluorescence quenching performance was also
observed with a low limit of detection of 0.0016 and 0.0052 mM
for Cu®" and Pb*", respectively. The experimental results revealed
that the chelation between amine groups in organic ligands and
the target metal ions may induce interactions and host-guest
electron transfer, causing the adsorption behavior and fluores-
cence quenching. The MIL-101-NH, maintained adsorption
capacity with a slight decrease after six reuse cycles. Other MOFs
synthesized from the same linker but different metal/metal
clusters including MIL-101-NH,(Cr), MIL-53-NH,(Al), UiO-66-
NH,(Zr) and MOF-5-NH,(Zn) demonstrated similar removal and
sensing performance of Cu** and Pb*". The research showed such

This journal is © The Royal Society of Chemistry 2022
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serious of MOFs had potential for sensing and removal of Cu®*
and Pb** ions simultaneously in aqueous solution.

3.1.4. Radionuclide treatment. Spent nuclear fuel reproces-
sing, nuclear reactor operation, nuclear accidents, and nuclear
weapon testing discharged bountiful radioactive nuclides, for
example, "°Se, *°Te, *°sr, *’Cs, 2*°U, ®Kr, '*’Xe and 'L
These radioactive substances can cause gene mutation and
destruction of biological system, and pose severe threats to
both environment and public health.'®® Therefore, detection
and removal of radionuclide is of great significance.'®® MOFs
display excellent porosity, chemical stability and designability,
and show great potential for radionuclide treatment.>'%*'
The simultaneous detection and removal of radioactive sub-
stances can be achieved on MOFs via elegant design. To this
end, Wang and co-workers synthesized a water-stable meso-
porous terbium-based MOF to sense and remove uranyl ions in
water."®® To be specific, Th(NO;);-6H,0 and H,TATAB (4,4',4"-
(1,3,5-triazine-2,4,6-triyltriimino)tris-benzoic acid) were used to
construct Tb-MOF, whose channels were 27 A x 23 A and were
equipped with abundant exposed Lewis basic sites (Fig. 4). Such
Tb-MOF showed efficient quenching towards uranyl ions with
good selectivity and the limit of detection reached 0.9 ug L™, far
below the maximum contamination standard of 30 pug L™ " in
drinking water defined by the United States Environmental
Protection Agency. Tb-MOF also demonstrated efficient removal
of uranyl ions with the adsorption capacity of 179.08 mg g~ .
Experiment results and DFT calculations revealed that the
removal and sensing ability originated from the selective
binding of uranyl ions onto the Lewis basic sites of the Tb-MOF.
The great capability in uranyl ions detection in real water samples
endows such Tb-MOF great potential in uranyl ions treatment.

Ratiometric detection hold advantage in sensing. The same
group of Wang and co-workers reported a ratiometric monitor-
ing of Thorium contamination in natural water using a dual
luminescent Eu-MOF.'”” The obtained MOF ThP-1 showed
highly sensitive and selective self-calibrated sensing of Th*",
with the emission intensity increased at 617 nm and decreased
at 365 nm. ThP-1 showed a wide detection range (0-300 mg L™ )

100 °C for 48 hours
[ e
H,0:DMF
2mL:3 mL

N
H
? TATAB Tb**

‘0" Yo
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°
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N N . e x" | ’y‘ \,
R
\.¢ B. 5 '

.
Coordination mode of Th* w o N s
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Fig. 4 Schematic for the formation of Tb-MOF for the adsorption and
detection of uranium from aqueous solution. Reproduced from ref. 106
with permission from American Chemical Society, copyright 2017.
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and low detection limit (24.2 pg L™"), much lower than the
thorium contamination standard of 246 pg L' in drinking
water defined by the World Health Organization. ThP-1 also
displayed selectivity of Th** towards Na*, K*, Cs*, Mg*", Ba*",
Sr** and Ca®*. ThP-1 demonstrated Langmuir adsorption of
Th** with the adsorption capacity of 25.82 mg g~ ' and the
adsorption also showed good selectivity towards the metal ions
above. Experiment results combined with DFT calculations
revealed that the selective uptake of Th** by the host ThP-1
through inner-sphere coordination were responsible for the
sensing and removal process. Furthermore, ThP-1 could be
used in real water samples, offering an option for simultaneous
detection and removal of Th*" in aqueous solution.
Single-crystal to single-crystal (SC-SC) transformation of
MOFs has caused great interest, as it allows creation of new
materials and postsynthetic functionalization of MOFs in a
stepwise and visualizable manner.'%® Lin and co-workers synthe-
sized a cationic thorium MOFs showing triple SC-SC transforma-
tion in organic solvents, water and NalO; solution.'® Thereinto,
the SC-SC transformation in NalOj; solution can cause turn-off
sensing of 105~ ion. The Th-MOF showed the detection limit of
0.107 ug kg~ of iodate and demonstrated good anti-interference
towards a serious of cation and anion ions (BO;*~, SO,>~, CO;>7,
F, Cl", HCO; , NO;~, Na*, K', Ba**, sr**, Ca**, Zn**, Mg>" and
AI*). Besides sensing, Th-MOF also displayed efficient removal
of I0;~ with the adsorption capacity of 152.6 mg g~ " and the fast
adsorption equilibrium within 30 min. The sensing mechanism
can be explained as the SC-SC transition induced by I0; ™ caused
the large modifications of the ligand conformation and turned
the ligand-based emission off. Besides, the host-guest inter-
action between the luminescent framework and 105~ leads to
heavy atom induced intersystem crossing, resulting in a selective
and static quenching by a distinct mechanism. The SC-SC
transition on such Th-MOF offered an alternative way to simul-
taneous detect and remove 105~ in aqueous solution.
MOF-based composites materials can also assist in radio-
nuclide treatment. Wang’s group designed a composite material
made of a magnetic core and a zeolite imidazolate framework
(Z1F-8) shell surrounded by carbon dots (CDs) to simultaneous
sensing and removal of uranium ion in water.''® Fe;O,
CMC@ZIF-8@CDs had a large adsorption capacity of
606.06 mg g~ '. Moreover, the fluorescence intensity decreased
close to detection limit as the U(vi) concentration increased to
100 mg L™'. Experimental data showed that ZIF-8@CDs part
offered large surface area and abundant nitrogen/oxygen sites on
the surface, and the main interaction mechanisms are diffusion
and coordination. Na,CO; containing H,O, solution can serve as
desorption agents, and the Fe;0,-CMC@ZIF-8@CDs can be
reused for at least 5 cycles with high adsorption efficiency, giving
such material great potential in uranyl ion multiple treatment.
3.1.5. Oxyanions treatment. Cr®" oxyanions, viz., dichro-
mate ions are most common oxyanions pollutions in water
environment. Cr(vi) compounds are classified as “Group A” of
human carcinogens by World Health Organization (WHO),
which are proved to have carcinogenic effect to human. Therefore,
detection and control the content of Cr®" oxyanions in water is
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extremely necessary and important."'>"'* Zr-based MOFs are
famous for their water stability and accessibility on a wide pH
range, and are frequently used in Cr®" oxyanions pollution
treatment. Li’s group developed a stable luminescent MOFs for
simultaneous removal and detection of dichromate ions in water.
In this work, a new Zr-based MOFs, BUT-39 was synthesized via
the reaction of a T-shaped organic ligand, H;BTBA, with zirco-
nium salt and a rarely (3,9)-connected Zr-MOF was obtained."**
BUT-39 showed good water stability in boiling water, pH 12 NaOH
solution and 2M HCI solution. BUT-39 displayed excellent fluores-
cence quenching performance to Cr,0,”~, with a low detection
limit of 1.5 uM and a short response time of less than 1 min. This
MOF demonstrated high selectivity towards Cr,0,”~ compared
with other anions like F~, CI™, Br—, I, NO*~, NO,;~, ClO,, 10; ",
AcO™, CO5>7, SO,*~, Mo0O,>~, WO,*~ and PO,*". The lumines-
cence quenching might be a synergetic effect from both the
competitive absorption on excitation light and the energy transfer
between BUT-39 and Cr,0,>~. Meanwhile, BUT-39 also showed
good removal ability to capture Cr,0,>" rapidly within 1 min,
together with a high adsorption capacity of 215 mg g *. Besides,
BUT-39 showed a good anti-interference ability in Cr,0,>~ adsorp-
tion with the other anions appeared above. The coordination
between Zrg cluster and Cr,0,%>, and the basic imidazole N atoms
in benzimidazole moieties can form a protonated salt in acid
solution, being favorable to enrich negative Cr,0,2~. BUT-39 can
be an ideal candidate for fast and selectively removal and sensing
Cr,0,>" in water.

Ratiometric detection induced by dual emissions can
eliminate interferences from the surrounding environment
and is widely used in ions sensing.''* In another research of
Zr-based MOFs synthesized by Choi and co-workers, two types
of dyes, 7-amino-4-methylcoumarin and resorufin with two
different emissions were introduced into a MOF consist of
fumarate and Zr cluster, viz., MOF-801 (Fig. 5).""> The dyes
offered a dual fluorescence emission for the ratiometric
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Fig. 5 Schematic of the ratiometric detection and simultaneous removal
of Cr,0,%~ using multi-dye (resorufin and 7-amino-4-methylcoumarin)
containing MOF-801. Reproduced from ref. 115 with permission from
Elsevier Inc, copyright 2019.
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detection and the porous MOF-801 was conducive to effect
removal of the target. The obtained Dyes « MOF-801 material
showed a Cr,0,%> adsorption capacity of 83 mg g ' and the
process can be finished within 3 min, even in the presence of
excess metal ions and anions (Cl~, NO;~, CO5>", SO,>, PO,
and citrate) with 10-fold excess concentrations. Besides,
fluorescence intensity ratio of coumarin over resorufin in
Dyes « MOF-801 was used as ratiometric detection for Cr,0,>7,
as the two dye molecules within MOF-801 can both detect
Cr,0,°" at different emissions. A detection limit of 0.03 mM
was achieved and a high selectivity was attained even in the
presence of a 260-fold excess of interfering ions on Dyes « MOF-
801, exhibiting strong anti-interference capability.

Membranes play an important role in wastewater separation.
MOFs based membranes can combine the high surface area,
porosity and functionality of MOF and the easy maintenance,
strong adaptability, small footprint and high separation
efficiency of membrane, offering attractive prospect in water
pollution treatment.'*® Cui’s group developed MOF-based
mixed-matrix membranes (MMMs) for simultaneously removal
and sensing of Cr,0,°~ in aqueous system.""” To be specific, a
water stable cationic Eu-based MOF (Eu-mtb) was mixed with
poly (vinylidene fluoride) to form MOF-based MMM. The
obtained Eu-mtb MMM showed efficient removal ability towards
Cr,0,°~ with the adsorption capacity of 33.34 mg g . In
addition, fluorescence sensing behavior of Eu-mtb MMM to
Cr,0,%~ was also achieved, with the detection limit of 5.73 nM.
The MMMs helped Eu-mtb to distribute uniformly without
aggregation and make it possible for the sufficient interactions
between Cr,O,”~ and Eu-mtb MOF. As a result, the adsorption
capacity and sensing sensitivity were both enhanced compared
with bare Eu-mtb. The competitive adsorption and resonance
energy transfer may response for the sensing behavior. Eu-mtb
MMM also manifested good selectivity when anions like CI,
NO;™ and I" caused small interference in both adsorption and
sensing towards Cr,0,>.

As non-degradable properties of metal ions, catalytic redox
reactions that transform the metal valence to a low-toxic state
offers an effective way for inorganic pollution treatment. For
example, dichromate ions are highly toxic, but their reduction
products, Cr** ions are much less toxic.''® Functional MOFs
can serve as a catalytic media for the reduction of Cr®"
oxyanions."”® Gu and co-workers constructed a serious of
UiO-66 type MOFs with different hydroxyl groups (UiO-66-OH,
Ui066-(0OH),)."*° The hydroxyl groups on organic ligands
played a vital role in Cr(vi) treatment, as UiO66-(OH), showed
an adsorption capacity of 53.8 mg g ', larger than that in
Ui0-66-OH of 16.1 mg g '. Meanwhile, a reduction process
can occur in situ on the Cr(vi) adsorbed MOFs and Cr(u) was
detected as a less toxic product. The abundant hydroxyl groups
can serve as not only reductive sites for the conversion of Cr(vi)
to Cr(m), but also intrinsic anchors for the enhanced adsorp-
tion of Cr(vi). When simulated industrial wastewater containing
5 mg L™' Cr(vi) was treated with UiO66-(OH),, less than
50 pug L™ Cr(vi) could be detected, making this material
promising candidate for removal and reduction of Cr(vi) in
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water. Afterwards, the same group developed a universal
strategy of introducing thiol groups into MOFs for Cr(vi) removal
and reduction in water."*" For details, thiol-containing Zr-MOFs
was fabricated using mercaptosuccinic acid (MSA) and meso-
dimercaptosuccinic acid (DMSA) as organic ligands. The thiol
groups played an important role in simultaneous removal and
reduction of Cr(vi), as Cr (vi)-thiolate complex formed to facil-
itate the adsorption process and the oxidation of thiol groups
helped to reduce Cr(vi) to Cr(m), respectively. As a result, adsorp-
tion capacity of 202.0 and 138.7 mg g~ was acquired for Zr-MSA
and Zr-DMSA, respectively. By virtue of UV-Vis spectra and XPS
measurement, Cr(m) was detected after the Cr(vi) was adsorbed
on the MOF, indicating a reduction of Cr(vi) on MOFs. The thiol-
containing MOFs showed good anti-interference when other
ions coexisted. Moreover, such thiol-introducing strategy is
universal for other MOFs such as UiO-66 and MOF-808, which
provided a guideline for design Cr(vi) multiple treatment MOFs
in aqueous environment. However, the catalytic reduction of
Cr(vi) was not discussed in detail on the above two works.
Materials that can realize sensing, removal and degradation
functions simultaneously are highly desirable, as the overall
treatment from “birth” to “death” of water pollutions can be
achieved on one material. However, such process made high
requests for material design and preparation. To this end, Liu
and co-workers made an effort to employ a multifunctional
Zr-based MOFs for efficient detection and removal of Cr(vi) in
water solution. In this work, a highly water stable luminescent
MOF consists of 2,3,5,6-tetrakis(4-carboxyphenyl)pyrazine
(H4TCPP) and Zr clusters, namely, JLU-MOF60 was successfully
constructed (Fig. 6).">* The sqc topology Zr-MOF showed
extensive pH stability from 0 to 11 and is ideal for applications
in water. As Zr-bonded hydroxides have high affinity to Cr,0,%",
JLU-MOF60 displayed a high adsorption capacity of 149 mg g™*
as well as fast adsorption rate of 38 mg g~ ' min "' towards
Cr,0,%>", and showed excellent anti-interfering without losing
much of its adsorption capacity when competing anions such
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as ClI-, Br, I, NO;~, SO,”>~ and PO,*" coexisted in aqueous
solution. Furthermore, with the help of the aggregation
induced emission (AIE) effect of the organic H,TCPP ligands,
JLU-MOF60 can not only sense Cr,0,>~ through luminescence
quenching, but also photodegrade Cr(vi) to Cr(m) in water. For
sensing, the detection limit can reach as low as 9.38 uM with
good anti-interference ability of other anions, e.g., F,Cl™, Br,
I, PO,>", NO, , NO;~, MoO,>" and VO; . For photocatalytic
reduction, 98% Cr(vi) converted to Cr(m) after 70 min of
light exposure, and the rate constant x was determined to be
0.058 min~ ', showing an effective photocatalytic property. This
work offered an efficient method for design and synthesize
multi-functional MOFs for simultaneously sensing, removal
and degradation of Cr(vi) in water.

3.1.6. Halide ions treatment. Halide ions such as fluoride ion
and iodide ion are turned out to be hazardous to both environ-
ment and human health. Excess or shortage of iodine is both
harmful for thyroid, and overexposure to fluoride can bring about
acute gastric and kidney problems."*® Excessive fluoride ions have
been in connection with debilitating bone disease fluorosis."**
Therefore, monitoring the content and conducting effective
removal measures is of great importance in water. Zhang’s group
used a typical MOFs, NH,-MIL-53(Al) to simultaneous sensing and
removal of fluoride anions.” NH,-MIL-53(Al) showed a high
adsorption capacity of 202.5 mg g~ ', and the adsorption equili-
brium was finished within 60 min. Moreover, NH,-MIL-53(Al)
displayed fluorescence enhancement towards F~ with the detec-
tion limit of 0.31 pmol L' and a wide detection range of 0.5-
100 pmol L™, The specific bonding between fluoride and Al metal
may result in the adsorption process and the bonding may
interrupt the electron transfer between organic ligands and Al,
causing fluorescent enhancement. Such MOFs was used to detect
in practical water samples and acquired satisfying recoveries of
89.6-116.1%, holding prospects in F~ treatment in wastewater.

In a recent work, Li and co-workers explored a novel
In-based MOF, In(tcpp) using a chromophore ligand, 2,3,5,6-
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Fig. 6 (a) The structure illustration of JLU-MOF60; (b) the stability of JLU-MOF60 in various pHs; (c) the removal ability; (d) the sensing ability and (e) the
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Fig. 7 The structure of In(tcpp) and schematic presentation of its lumi-
nescence switchable turn-off response toward PFOA and turn-on
response toward F ions. Reproduced from ref. 126 with permission from
Royal Society of Chemistry, copyright 2021.

tetrakis(4-carboxyphenyl)pyrazine (Hstcpp) (Fig. 7)."”° The
In(tcpp) showed dual functions for sensing and removal of
fluorinated chemicals. Specifically, In(tcpp) displayed a turn-on
detection of F~ within 5 min and showed a limit of detection of
1.3 ug L% In(tepp) also exhibited excellent anti- interference
against various cations and anions such as Ag®, Cd**, Co*,
cu**, Ni**, Pb** Fe**, AI**, C1, Br~, NO,, NO; ™, SO,>~, PO,
CN™ and acetate. Besides, In(tcpp) can serve as an adsorbent
for the removal of F~ with a adsorption capacity of 36.7 mg g~ ".
Experiments and DFT calculations revealed that the interaction
between F~ and In(tcpp) mainly occurred at the bridging -OH ™~
offered by organic ligands. The reusability makes In(tcpp)
promising materials for fluorinated chemicals treatment in
aqueous solution.

MOFs and MOF-based composites have shown potentials for
multiple treatment for inorganic pollutions, as more than one
function of sensitive sensing, efficient removal and detoxication
can be realized. However, some improvements can still be made,
for example, exploiting sensitive turn on sensing modes and
improving the reusability performance towards metal ions.

3.2. MOFs for multiple treatments of organic pollutions in water

Compared with inorganic pollutions, the organic pollutions are
more abundant and diverse in water environment, including dyes,
pharmaceuticals and personal care products (PPCP), pesticides,
persistent organic pollutants (POPs), endocrine-disrupting com-
pounds (EDCs) and emerging organic contaminants (EOCs)."*
These organic pollutions can cause adverse effect to water
environment and organisms and bring mutagenesis, carcinogen-
esis and teratogenesis to human.'”® Therefore, detection and
removal of organic water pollution is significant. MOFs have the
advantages of porosity, designability, easy functionalization and
tunability, which are ideal materials suited for introducing multi-
ple functions on organic water pollution treatment.*

3.2.1. Dyes treatment. Dyes are in large demand in textiles,
plastics, paper, cosmetics and other industries, and many of
which have discharged to water, causing toxic and carcinogenic
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properties to environment and human health. In addition,
their intense color reduces sunlight to enter into water, thus
interfering the ecosystem."*>'*' 1t is important to detect,
remove and finally degrade the organic dyes in water environ-
ment. As organic dyes are the most studied organic pollution in
water, researchers have made many efforts to explore func-
tional materials for dyes sensing, removal and degradation. Fe
has the catalytic property and the Fenton reaction it partici-
pated is widely used in organic pollution degradation."** Inte-
gration of Fe into MOFs is a workable way to introduce catalytic
behaviors.'** To this end, Guo’s group synthesized a serious of
Fe-based MOFs, namely MIL-101(Fe), MIL-100(Fe), MIL-53(Fe)
and MIL-88B(Fe), to serve as both adsorbents and catalysts for
acid orange 7 (AO7) treatment."** The four MOFs all showed
efficient adsorption ability toward AO7, with the adsorption
capacity from 153.4 to 31.4 mg g~ ' in the order of MIL-101(Fe)
> MIL-100(Fe) > MIL-53(Fe) > MIL-88B(Fe). This is in accor-
dance with the surface area order of the four MOFs from 2986
to 19.2 m® g ', and the results demonstrated the importance in
porosity during the adsorption of AO7 in the four MOFs. For the
degradation, persulfate was introduced to assist the process,
and the Fe site could efficiently activate persulfate to produce
*OH or SO, °. Larger surface area helped more targets to
contact with Fe sites in MOFs and favors the catalytic process.
As a result, the catalytic efficiency followed the same order of
the adsorption order, with the rate constants x from 0.017 to
0.003 min~ " Finally, the Fe-based MIL MOFs can be reused for
at least three times without losing their catalytic or adsorption
abilities, exhibiting promising potentials in AO7 control in water.

In another work by Li’s group, Fe-loaded MOF-545(Fe) was
explored as peroxidase-like activity for removal and degradation
of dyes in water.'*® The experimental conditions were investi-
gated in detail, and the degradation can be completed within
2 hours under optimized conditions in the presence of H,O,.
Fe-loaded MOF-545(Fe) also displayed good removal ability,
with the adsorption capacities of methylene blue and methyl
orange reaching 382.35 and 803.66 mg g ', respectively. The
Fe-loaded MOF-545(Fe) demonstrated good reusability, which
is crucial for practical application.

Yu’s group constructed iron-nickel bimetallic MOFs for
removal and photo-Fenton degradation of dyes in aqueous
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Fig. 8 Schematic illustration of contaminant removal in FeNiyg0-BDC/
H,O,/visible light system. Reproduced from ref. 136 with permission from
Elsevier Inc, copyright 2021.
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solution (Fig. 8)."*° With the Ni doping in MIL-101(Fe), the
obtained FeNi;/;5-BDC showed 5.2 and 2.6 times larger in
adsorption capacity for MB and MO, respectively, due to the
enlarged pore volume and specific surface area. Slow induction
stage and rapid oxidation stage on the degradation process of
FeNi,,;5-BDC was found to fit with pseudo-zero-order kinetics.
And the increased degradation rate constants were observed
by FeNiy;5-BDC (2.472 vs. 1.188 min ' for MB; 0.616 vs.
0.421 min~ " for MO). Notably, the FeNi,;5-BDC displayed wide
working pH range and reusability, and can be used for the
reinforced removal and degradation of organic dyes.

MOF composite materials also contribute to the multiple
treatment of dyes. Basu’s group fabricated a silica supported
bimetallic MOF, viz., MIL-53(Al-Fe)@SiO, to realize adsorption
and photocatalytic degradation of methylene blue (MB)."*” SiO,
assisted in increasing the photocatalytic activity and the com-
posites outperformed the pure MIL 53 (Al). As Fe, Al and SiO,
coexisted in MIL-53, the electron and hole recombination was
inhibited and the band gap was reduced. As a result, 99.85% of
MB was photodegraded with satisfactory recyclability. Besides,
a large maximum adsorption capacity of 681.78 mg g~ ' was
acquired, also with good reusability.

Another example of MOF-based hybrids for dye treatment
was reported by Meng and co-workers. Gold nanorods/MOFs
(AuNRs/Fe-MOF) composite was successfully developed for
sensing and degradation of MB (Fig. 9)."*® The catalytic activity
of Au NRs/Fe-MOF was notably improved compared with pure
MOFs. AuNRs in the composites could facilitate electrons
transferred from Au to MOF, resulting reduction of Fe(m) to
Fe(m) on MOFs and Fenton reaction by Fe**/Fe*" was activated.
Thereby, an excellent rate constant (k = 0.182 min ') and good
degradation rate (5 pM MB, completely degraded within
20 min) was observed with the presence of H,O,. Interestingly,
Au NRs/Fe-MOF can display chemical and electromagnetic
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Fig. 9 Schematic diagram of the preparation of Au NRs/Fe-MOFs for
methylene blue in situ catalytic degradation and SERS detection. Repro-
duced from ref. 138 with permission from American Chemical Society,
copyright 2022.
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enhancement of Raman signals towards MB. Fe-MOF can
accept electrons from Au NRs under localized surface plasmon
resonance (LSPR) excitation and the electron-hole recombination
is prohibited. Therefore, Raman signal is enhanced through a
charge-transfer mechanism with the help of Au NRs. The detec-
tion limit of MB is 9.3 x 10™"> M, showing ultra-low sensitivity,
thus causing enhancement on both catalytic and Raman signals.
Considering the excellent stability and reusability, Au NRs/Fe-
MOF can serve as a promising material for dye detection and
degradation in water.

Membrane materials can facilitate dye treatment as well.
Balakrishna’s group developed photocatalytic MOF-integrated
polysulfone (PSF) membranes for separation and degradation
of organic dyes in water (Fig. 10)."*° NH,-MIL-101(Fe) was
synthesized to enhance the optical properties and control the
surface charge. This Fe-MOF was then embedded into PSF
membrane, and the obtained MOF-integrated membrane was
used for separation, removal and degradation of RhB and MO.
The membrane could make NH,-MIL-101(Fe) devices and
improved water flux and good rejection was achieved. Antifouling
capacity was largely increased and above-par, reaching flux
recovery ratio values above 95%. Compared with the bare
membrane with 20-30% rejection and 0% degradation efficiency
of dyes, the MOF-integrated membrane displayed around 80-
100% rejection as well as 10 and 18% degradation efficiency to
MO and RhB, respectively. The good water flux and antifouling
capacity made such MOF membrane promising candidates for
wastewater treatment.

Apart from Fe-based MOFs, other MOFs can also serve as
multifunction platform for anionic dye treatment. Zheng and
co-workers developed SCNU-Z2 based on a heterotopic tripodal
nitrogen-containing ligand and Co(u)."*° The imidazole group
was replaced by the tetrazole group and the framework charge
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Fig. 10 Schematic illustration of (a) rejection and (b) photocatalytic
degradation of dye molecules over the NH,-MIL-101(Fe) and MIL-101(Fe)
MOF-integrated membranes and (c) pictorial illustration of degradation
setup and its mechanism. Reproduced from ref. 139 with permission from
Elsevier Inc, 