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The consequence of environmental pollution has raised the dire need for the
discovery of efficient and potent methods for detection and removal of pollutants
released into air and water bodies. Metal-organic frameworks (MOFs) are porous
coordination polymers having intriguing features such as large surface areas,
tailorable pore size and highly dense active sites reported for various
environmental applications. Recent developments have focused on the
modification of MOF structures, development of MOF-based materials including
functionalized MOFs, MOF composites/hybrids and MOF derivatives. These
modifications confer new and desirable properties over pristine MOFs and
consequently lead to enhanced efliciency for pollutant sensing and adsorption
applications. This chapter focuses on the recent developments and challenges in
the use of MOF-based materials for sensing and adsorption of pollutants from
air and water in the past seven years. Some challenges and future prospects are
also discussed. In spite of the challenges encountered with the use of MOF-based
materials for detection and removal of gaseous and water pollutants, they remain
valuable materials for environmental applications.

1. Introduction

In recent times, environmental pollution has posed threats to the public and ecosystem. The
criticality of this can be seen in the United Nations Sustainable Development Goals (SDG) which
has five of her goals centered on the environment for improved standards of living (1). Increase in
population and industrialization are key players responsible for environmental pollution and this
results in the increase in toxic wastes and hazardous compounds in the atmosphere and water bodies
(2-3).
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Air pollution has recently become a global subject as a result of rapid industrialization and
urbanization (6, 7). Forms of air pollutants include particulate matter, dust, toxic gases, liquid
droplets and bio-aerosols which are major threats on human well-being (4, 8). Major air pollutants
are oxides of sulfur (SO,), nitrogen (NOy), and carbon, chlorofluorocarbons, etc. These molecules
have contributed to the formation of acid rain, smog, climate change and damage to ecological
systems (4, S, 9). Health effects of air pollution are exacerbation of asthma, increased respiratory
mucosal symptoms, chronic obstructive pulmonary disease, cardiovascular disease and mortality
(10).

Sulfur dioxide is a byproduct of fossil fuel emissions and is very toxic. Its presence as a pollutant
is significant because trace quantities affect human health and form hazardous PM, 5 products having
deleterious effects on the environment (4, 5). Exposure to high concentrations results in difficulty in
breathing, respiratory illness and aggravation of cardiovascular disease. In the environment, it causes
foliar and crop damage, acidification of lakes and streams, acid deposition that accelerates the decay
of buildings and monuments also contributes to visibility degradation (11). The two major oxides
of carbon are carbon monoxide and carbon dioxide. Carbon monoxide is an important feedstock
for the synthesis of various chemical compounds. Although a colorless and odorless gas, it is highly
toxic to humans and the environment. Exposure to CO leads to unconsciousness, disorientation and
death (S). A major greenhouse gas is carbon dioxide which is generated from the combustion of
fossil fuels (12). The major sources of nitrogen oxides are anthropogenic sources such as agricultural
activities, automobile exhausts, natural gas, coal and oil burning. Nitrogen oxides are highly toxic and
hazardous to humans and are causes of severe environmental challenges. The most common ones
present in the atmosphere are nitric oxide and nitrogen dioxide. The effects of exposure to humans
are skin irritation, respiratory, nervous and immune damage. While on the environment, it generates
acid rain, forms photochemical smog, depletes the ozone layer and increases global warming (S, 10,
13). Pesticides released through surface runoffs into water bodies damage the flora and fauna, cause
diabetes, cancer, asthma, leukaemia and Parkinson’s disease (14).

Water pollutants either occur naturally or through anthropogenic sources. Some water
pollutants found in wastewater are dyes, pharmaceuticals and personal care products (PPCPs),
polyaromatic hydrocarbons (PAHs), pesticides, heavy metals and radioactive substances (15). These
pollutants are from industrial effluents discharge from manufacturing industries (such as food,
leather, cosmetics, textile, petrochemical, paper and paint industries), oil spillage during exploration
of crude oil, agricultural practices, etc. (16) The frequent and extensive use of these products,
coupled with their poor removal by conventional wastewater treatment methods have made these
pollutants ubiquitous in the environment.

Metals such as Cr(III) and Cr(VI) are mutagenic and carcinogenic due to their acute toxicity
(17). The presence of Hg(II) leads to loss of vision and hearing, neurological deteriorations and
damages to endocrine system (18, 19). Radioactive metals accumulate in living organisms and are
highly toxic and carcinogenic (20). Dyes are known to cause human health disorders and disturbance
in the ecological balance due to their stability to heat, light and oxidizing agents (21). Antibiotics
which are examples of PPCPs threaten the environment and damage the human central nervous
system (22). Dibutyl phthalate, an example of persistent organic chemicals (POP) in water effluents,

causes disruption of the endocrine, reproductive and nervous systems in humans (23).
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2. Metal—Organic Frameworks (MOFs)

MOFs constructed from metal ions/clusters and organic linkers were first reported in 1995
(24). MOFs are organic-inorganic crystalline hybrid materials which consist of strong bonds between
organic linkers and metal ions/clusters. The metal clusters in this case are referred to as secondary
building units (SBUs). They form connecting points that are linked together by the organic linkers,
resulting in framework formation. The SBUs direct the MOF topology with their intrinsic
geometries. The metal ions are locked into their positions by the linkers. This results in high structural
stability of MOFs constructed by SBUs (25). MOFs are well known for their fascinating properties
which include well-ordered structure, tunability, high porosity, diverse functionalities, large pore
volume and surface area, good optoelectronic properties, high stability and the possibility to
incorporate chemical functionalities without disrupting the framework. These properties distinguish
them from other conventional porous solids like zeolites. One of the attractive features of MOF lies
in the tendency of its structure to be tailored through modification of chemical nature, activity and
surface properties for specialized applications in adsorption, separation, chemical sensing, catalysis,
light harvesting, drug delivery, photocatalysis, bio-catalysis, gas sorption/separation, energy storage
and conversion, etc. (26-36)

2.1. MOF-Based Materials

MOF-based materials have arisen due to their intriguing functionalities, tailorable and
diversified structures, adjustable morphology, uniform heteroatom doping among others. MOF-
based materials sometimes retain and extend the inherent features of pristine MOFs with greater
advantages, applications and potentials for better performance. These materials are easily fabricated,
increase flux mass transfer and provide easily accessible active sites. They also expose highly dense
active sites, optimize size and morphology, and favor structure-performance relationship. The
relationship between the morphology, physical and chemical properties of the organic and inorganic
building blocks and the species encapsulated inside the pores is responsible for the variety of
functionalities exhibited by MOFs (37-44). The applications of MOFs can be improved by tuning
their chemical and physical properties through active groups grafting, change of organic linkers,
impregnation of suitable active materials, post-synthetic modification and MOF composite/hybrid
formation (45).

2.2. Classes of MOF-Based Materials

MOF-based materials are obtained with tailored structures and properties of MOF in pre-design
(pre-synthesis) or post-synthetic modification where species, geometry, size and functionality are
changed or varied (38, 46). MOFs either retain or sacrifice their backbone to yield various
derivatives. Therefore, they can be broadly classified into nanoscale MOFs, functionalized MOFs,
MOF composite/hybrid and MOF derivatives.

2.2.1. Nanoscale MOFs

MOFs with at least a dimension in the range of tens to hundreds of nanometers are referred to as
nano-MOFs (n-MOFs). n-MOFs have larger surface area, improved dispersibility in aqueous media
or other solvents than bulk MOF. MOF nanoparticles possess diverse morphologies such as sphere,
cubic and octahedron (47). They can be prepared through solvothermal/hydrothermal, microwave

assisted, ultrasound assisted, mechanochemistry, microemulsion, continuous flow production
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methods. Nanoscale materials are classified into particles, fibers, tubes, rods, thin films and
membranes. Synthesis is carried out by controlled precipitation of self-assembled metal-organic
polymers and confinement of supramolecular assembly at nanoscopic locations using templates (48).

2.2.2. Functionalized MOFs

Incorporation of multiple functionalities into a single network of MOF is of interest in recent
times. Functionalization presents an effective strategy for tuning chemical and physical properties
(49). Several MOF linkers which possess various functional groups such as amine, halogen, hydroxyl,
nitro, carboxylic acid, sulfonic acid, among others, have been employed for synthesis to obtain
desired functionality (50). The methods for functionalization are: Post-synthetic modification and
Solvent-Assisted Linker Exchange (SALE) (1). Functionalization can be achieved through pre-
design/post-synthetic modification of organic ligands or metal ion/clusters, use of functional ligands
or metals for construction of frameworks and encapsulation of functional molecules into the pores
(S1).

The synthetic strategies employed for MOF synthesis for optimum design platform for
functionalized MOFs involve the tailoring of either organic ligands or metal clusters with multiple
functional sites or the introduction of multiple guest components as functional sites or construction
of framework with functional sites and guest molecules (50, 52). Their modification can be
accomplished before or after the process of synthesis (50). In these MOFs, the physicochemical
features of each component are superimposed to accomplish an overall performance better than

those of the individual components or their adducts (53).

2.2.3. MOF Composites/Hybrids

A multi-component material with multiple phases containing at least a continuous phase is
known as composite. MOF composites are hybrid materials which comprise of MOF and other
suitable constituent materials with noticeably different properties from those of the individual
constituent. MOF composites usually combine the advantages of both constituents to get rid of
their drawbacks(54, 55). MOF composites originate from the addition of MOF with functional
substrates to improve stability and cause increase in adsorption sites (49). The integration of MOFs
with functional materials such as carbon nanotubes, metal nanoparticles and nanorods, graphene,
metal oxides, complexes, enzymes, etc. results in the formation of composites with
multifunctionalities and generation of new physical and chemical properties (38, 56, 57). MOFs can
also integrate their large surface area/ high porosity, crystallinity and flexibility along with optical,
catalytic or electrical properties of other materials to form composites (58). This synergy gives the
resulting composite a wider range of applicability than the individual component (59-61).

The synthetic method often employed for the synthesis of MOF composites are in situ synthesis
and post-synthetic methods. In the in situ method, the composite is obtained by addition of pre-
synthesized materials to the solution of the MOF (§7). The in situ methods are either by bottle-
around-ship method or ship-in-bottle method. In the bottle-around-ship method, large particles of
composing materials are immobilized inside the cages of MOF via in situ building of MOF from
precursors around the composing materials. While in the ship-in-bottle method, the composite is
stabilized inside the pores via thermal or chemical methods where the composite materials form
and is diffused by a solvent system inside the cages of MOF (45). In post-synthetic method, the

composites are obtained by absorption of target precursors into the MOFs by immersion and vapor
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deposition methods followed by further processing for conversion ($7). It involves simple loading or
impregnation of composing materials in the MOF where the solubility of composite materials are of
less concern (45).

MOF composites improve adsorption capacity, surface area and ease of separation. The
suitability of MOF composites for environmental applications stem from their synthetic kinetics,
morphology, physicochemical properties and stability (49).

2.2.4. MOF Derivatives

MOF derivatives are obtained by using MOFs as sacrificial templates or precursors. Usually
the MOF template/structure backbone is destroyed (37, 52). Generally, the applications of MOFs
are limited by their instability and poor conductivity (62, 63). A method designed to address this
limitation is by the conversion of pristine MOFs to much more stable materials that can serve as
precursors to other porous materials with large surface area (37, 64-66). MOF derivatives are
obtained by thermal conversion (62, 67). Their properties include increase in pores, with high surface
area and narrow pore-size distribution (38, 68). These derivatives contain any of porous carbon,
metal/carbon, metal oxide/carbon, metal/metal-oxide/carbon-based materials, etc. The properties
inherited from the parent MOFs are large surface area, uniform heteroatom doping, highly dispersed
active sites and controllable compositions (67). Features of MOF derivatives are enhanced stability,
large surface area, ordered porous structure and ease of pore size adjustment (39, 62, 69, 70).

MOF derivatives are commonly prepared using thermolysis, pyrolysis, carbonization and
calcination. In thermolysis strategy, the metal nodes are transformed into metal nanoparticles while
the organic bridging ligands form highly porous carbon materials (37, 39). Direct pyrolysis is a simple
but effective method where metal-free carbons are prepared from MOF subjected to carbonization
under an inert atmosphere of nitrogen or argon gas with in situ evaporation and/or subsequent
leaching of metal species. In this method, partially preserved morphology is obtained where pyrolysis
takes place under air to remove the carbons (43). The formation of metal/metal oxide embedded
carbon can be obtained by simple pyrolysis of MOF (68). Pyrolysis usually enhances the chemical
activity and durability of MOFs (38). Carbonization at higher temperature yields a higher degree of
graphitization (66). Carbonized MOFs consist of both metal and carbon sources. Hybrid structures
such as carbon-supported metal/metal oxides and hybrids from different metal-based compounds
containing more than one component are prepared under inert atmosphere by direct carbonization
of MOFs (38, 43). This process can take place with or without a secondary carbon. The nature of
the carbonized material depends on the rate of heating, temperature of calcination, crystal size and
component of MOF (38). Calcination yields porous carbon when the MOF is subjected to heat in
air or an inert atmosphere at elevated temperatures over time (57, 69). This chapter explains the use
of MOF-based materials for environmental applications. Specifically, the sensing and adsorption of
several gaseous and water pollutants using MOF-based materials are discussed. The efficiency, mode
of action of the materials for the various applications and chemical interactions between the sensors/

adsorbents and the pollutants are reviewed.

3. Environmental Applications of MOF-Based Materials for Sensing of Pollutants

The hazardous effects that toxic pollutants have on the environment and human health make
their detection necessary. The detection of pollutants is imperative for air monitoring and subsequent
removal. Sensing materials, capable of rapid and selective detection of toxic species are required
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for this purpose. Several technologies have been employed for sensing of organic and inorganic
pollutants (71). Some of these conventional methods are configured with high sensitivity and
accuracy. However, they require expensive equipment, and the needed pre-treatment of water
samples is highly complicated. Compared to conventional detection methods, the use of materials
as chemical sensors is simple, economical and useful in real-time monitor (72). The operation of
chemical gas sensors is based on the changes of some properties as a result of their interaction with
analytes. MOFs are a relatively new burgeoning class of materials for gaseous and aqueous phase
sensing. Measurable changes in intrinsic properties, when exposed to target analytes, qualify MOFs
as sensors.

The fascinating and desirable properties possessed by MOFs make them suitable candidates for
sensing applications: the porosity of MOFs enables the adsorption/desorption of guest molecules,
in this case, the analyte to be sensed. Selective sensing capability for target analyte is made possible
by the tunable pore size of MOFs. The pore dimensions of MOFs are modulated to allow the target
analyte molecule to be included. Coordinatively unsaturated sites (CUS) created by the removal of
occluded solvent molecules could be used to capture guests and enhance selectivity by reversibly
binding with the target analyte (73).

The earliest MOFs synthesized were in form of bulk crystalline materials and are restricted by
poor dispersibility in solution. These MOFs have limited applications in sensing pollutants, especially
in aqueous solution. In recent times, nanoscale MOFs (n-MOFs) with larger surface areas than
conventional MOFs have successfully overcome the barrier faced by conventional MOFs. The larger
surface areas and more accessible active sites in n-MOFs, result in better sensing capability (48).

The water stability of MOFs is an essential property in selecting MOFs for sensing applications. It
was acknowledged that MOF frameworks are destructible at the preliminary stage of synthesis since
the ligand—metal bonds in the MOFs are easily susceptible to attack by water molecules. This barrier
has been crossed by the introduction of water stable MOFs. Two of the categories according to their
mechanism of formation, are stated as follows: First is the metal carboxylate frameworks consisting
of high-valence metal ions, like Cr3*, Fe3* and Zr*+. These ions possess high coordination number
and charge density, which enhance the stability coordination bond of MOFs between metal ions
and ligands. The second type is metal azolate frameworks comprising nitrogen-donor ligands, like
tetrazolates, imidazolates, pyrazolates, and triazolates. The nitrogen-containing ligands are typically
soft ligands, which can react with soft divalent metal ions to form MOFs with strong structural
framework (74).

Incorporating additional functionality on the ligand, or nanoparticles into the accessible volume
of the pores could also be a strategy to achieve selectivity (75). Metal oxide semiconductors derived
from the pyrolysis of MOFs have also been reported to have large surface areas and surface active sites
which offer advantages like high response, low working temperature, and low limit of detection in
sensing applications (72).

3.1. Transduction Schemes for MOF-Based Sensors

The broad classification of MOF-based sensing techniques is based on the employed
transducers. A transduction unit translates the sensed information from the sensing unit into a signal.
The mode of action of the sensor is based on the transduction mechanism (76). Sensing in MOFs
could be through optical, mechanical and electrical methods as shown in Figure 1.

The optical methods involve changes in color, luminescence features and refractive index. The
emission of photon when the excited electron returns to the ground state is called
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photoluminescence. This emission could either be quenched or enhanced on exposure to an analyte.
This depends on the extent of the host-guest interaction. Also, there could be shifts in the emission
frequency. This is useful in the detection of analytes, in addition to the emission quenching or
enhancement. Analytes with good electron donors or acceptors are easily detected in this case (77).
Luminescent lanthanide-based MOFs have aroused great interest for use in sensing applications
owing to their outstanding luminescent properties. Some of the properties include huge stokes shift,
extensive fluorescence lifespan and sharp line emission (78). The chemosensing potentials of Ln-
MOFs have been widely explored on organic small molecules and nitro explosives (79, 80).

In chromism, there is a reversible change in color upon adsorption/desorption of analytes either
in solution or gaseous state, these are termed solvatochromism and vapochromism respectively. The
chromophore electronic transition from ground to excited state causes a large shift of the absorption
spectrum which accompanies the change in color of the sensing material. In addition, there could be
color change, resulting from the change in the coordination environment of the metal centers in the
MOF.

Interferometry involves the measurement of the change in the refractive index on exposure to
target analytes. This is done by monitoring the shifts of the interference peaks in the transmission
spectrum. In this case, the MOF material has to be in form of thin film and the reflective surface on

both sides of the film (81).

Figure 1. Sensing based on MOF properties. Reproduced with permission from reference (82). Copyright
2020 Royal Society of Chemistry.

Mechanical methods involve the absorption of analytes by MOF grown on electromechanical
devices such as surface acoustic wave sensors, microcantilevers (MCL) and quartz crystal
microbalance (QCM). These devices can convert gravimetric changes into vibrational signals. The
gravimetric changes influence the frequency of acoustic waves, cantilever and resonant vibrations of
the quartz crystal respectively, resulting into signal generation and detection (82).
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The electrical method involves the reaction of target analytes with oxygen in the environment
and detecting the changes in the electrical properties such as impedance, capacitance, work function
and resistance (83). Here, the reaction of the target analyte with oxygen adsorbed on the surface of
the MOF material at high temperature is required. The high porosity of MOFs is beneficial in the
conductivity-based sensing applications (84).

Some recent exciting examples in the application of MOF-based materials in the detection of
both gaseous and water pollutants are discussed in the subsequent section.

3.2. MOF-Based Materials for Sensing Gaseous Pollutants

The detection of volatile organic compounds (VOCs) from emission sources at working and
residential places is important. The fabrication of capacitive sensor based on Cu-1,3,5-
benzenetricarboxylic acid (BTC)MOF-199nanoporous film and coated on a copper substrate, was
reported for the detection of ethanol, methanol, acetone and isopropanol vapors. The sensitivity
was in the range of 250-1500 ppm and the sensor offered a reasonable response time and reversible
detection of the analytes. Factors that affected the sensing ability for the different analytes were the
dielectric constant, concentration of the analytes and the extent of adsorption into the MOF film
(85). The same research group also reported that low limit of detection of 130.0 and 39.1 ppm for
ethanol and methanol was obtained with the use of the same nanosensors. The reusability of the
sensor for several sensing cycles was possible due to its reversible affinity toward the vapors of the
analytes. There was selective sensing of the polar analytes over non-polar n-hexane (86). A zinc-
based MOF was pyrolyzed to yield hierarchical hollow ZnO nanocages possessing hollow interiors
covered by interpenetrated ZnO nanoparticles. It provided mesopore and macropore channels which
aid the diffusion and subsequent reaction of gas molecules. The large surface area and exposed active
sites offer a highly sensitive sensing toward acetone and benzene. The high sensitivity toward the
VOC:s, in sub-ppm and ppb levels, was attributed to the surface-adsorbed oxygen for the oxidation of
the reducing analytes, thereby enhancing the sensing of the analytes (87). In an attempt to improve
the sensing activity of the MOF S-derived ZnO, the same research group synthesized Au@ZnO
heterostructure by the pyrolysis of Au@MOF-S. The core-shell Au@ZnO nanoparticles showed a
response value of 11 times higher than what was observed for just ZnO nanoparticles in the sensing
of acetone. It was documented that Schottky junction formed by the Au-ZnO interface led to the
enhanced acetone-sensing property of the Au-ZnO heterostructure (87). In another report, affinity
layers were derived by the dispersion of NH,-MIL-53(Al) nanoparticles in a Matrimid polymer

matrix. The composite was deposited on aluminum electrodes and applied for the gas phase sensing
of some alcohols. There was a fivefold increase in methanol sensitivity of the MOF composite device
as compared to only the polymer-coated device. Increase in MOF concentration also increased the
response time (88). Ghanbarian et al. developed a ternary nanocomposite of a bimetallic MOF,
MIL-53(Cr-Fe), silver, and carbon nanotube (CNT) for the fabrication of a resistive gas sensor
to detect isopropanol, ethanol and methanol at 25°C and 10% relative humidity. The analyte for
which it had the highest response was methanol, with limit of detection (LOD) of 30.5 ppm. The
sensing mechanism could be explained by the flexibility and reversible expansion of MIL-53 with the
presence of analytes which led to the increase of the sensor resistance. The CNT helped with electron
transport and tunable reactivity while silver spread electron through the composite and increased
the conductivity. The conductivity decreased on exposure to the analytes (89). In another report

on the sensing of methanol vapor, Zn-MOF of benzenedicarboxylate ligand having Zn,0,C, SBU,

was synthesized and made a composite with manganese oxide. Although the crystallinity of the Zn-
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MOF was sacrificed and the electrical resistivity lowered on addition of MnO,, the composite could

detect methanol vapor (90). In another report, double strategy was used for the modification of a Zr-
MOF. It was functionalized with a sulfone group and also embedded with a noble metal, palladium to
give Pd@Zr-BPDC-SO, (dibenzo[b,d]-thiophene-3,7-dicarboxylate3,5-dioxide). The composite
was effective in ethanol sensing as a result of hydrogen bonding between the ~OH group of ethanol,
sulfonyl and Zrg clusters (91). Cao et al. reported on the preparation of Fe-doped ZnO lattice and
the subsequent heterojunction formation with ZnFeO, nanoparticles. The acetone sensing of the
heterostructure surpassed that of pristine ZnO in terms of response time, selectivity, sensitivity
and stability. This was attributed to the large surface area, heterojunction formed and abundant
adsorption sites for oxygen and analyte molecules (92). In a report that involved the study of the
effect of carbonization conditions of zeolitic imidazolate frameworks (ZIFs) on surface area and the
consequences on selective sensing of VOCs, it was observed that CNT grew on the surface of the
nanoporous carbons after carbonization under hydrogen gas atmosphere. The CNT acted as 7t-rich
antennae for the selective sensing of benzene and toluene vapors over n-hexane despite the fact that
the high surface area of the CNT-free NPCs was sacrificed with the growth of CNTs. The enhanced
and selective sensing of the aromatic hydrocarbons was as a result of the resulting 7t- & interaction
between the aromatic rings of the hydrocarbons and the wt-rich CNT (93).

The detection of CO, gas is paramount in air quality control. Therefore, highly sensitive sensors
are required. Gassensmith et al. reported a y-cyclodextrin-derived material, CDMOEF-2, with high
proton conductivity and free primary —~OH group capable of reacting with CO, gas to form alkyl
carbonate. This reaction brought about approximately 550-fold reduction in its conductivity. This
positioned the material for selective CO, sensing by electrochemical impedance spectroscopy (94).

Nanoporous Cu-BTC was used to develop an ultra-short near-IR fiber optic CO, sensor at
wavelength of 1.57 um. It had a rapid response time of 40 seconds and its limit of detection was S00
ppm. It was found suitable for the detection of the greenhouse gas (95). MOF analogs of M-MOEF-
74 (M- Mg, Ni, Co and Zn) and ethylenediamine functionalized Mg-MOF-74 were synthesized and
employed for the selective sensing of CO, gas by monitoring the change in the work function of
the sensing layer. The MOFs could interact with CO, gas through the coordinatively unsaturated
metal centers. In addition, the NH, functional group also interacted with the gas, in the case of
the functionalized Mg-MOF-74. Its sensitivity, stability and reversibility positioned it as the best
of all the MOF materials used (96). In another report, ZIF-8 nanoparticles were integrated onto
bimodal optical waveguides for the fabrication of an optical sensor for CO, detection. LOD of 3130
ppm at room temperature with a broad linear response was exhibited by the ZIF-8 nanoparticle
sensor. There was no loss in performance of the sensor even under humid condition. Furthermore,

its robustness, reusability and target analyte selectivity over water vapor and methane made it ideal
for CO, sensing (97). Ye et al. employed impedance measurement for the detection of CO, using

Zn-MOF-74 and NdMo-MOF. Increase in impedance was observed upon exposure to an increased
concentration of CO, gas. With the use of Zn-MOEF-74, there was a significant rate of CO,
adsorption but a slow desorption. The rapid response to CO, was evidenced by the increase in the
real part and decrease in the imaginary part of the impedance (98).

Opver the years, metal oxide semiconductors like ZnO, TiO,, SnO,, etc. have found application

in the detection of CO gas with high response. Many metal oxides derived from MOFs have also
been used. In a report, n-type semiconductor SnO, nanoparticles was derived from a Sn-MOF and
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composited with molybdenum diselenide nanoflowers. Selective sensing of CO over other gases like
SO,, CHy, H,S, H, and even CO, was documented. As both SnO, and MoSe, are semiconductors,

n-n heterojunction could be formed at the SnO, nanoparticle - MoSe, nanoflowers interface as
electrons from MoSe, with high Fermi level were transferred to SnO, with low Fermi level until

equilibrium was reached (99).

A lot of sensors developed for SO, sensing could only be used for its liquid phase detection

(100, 101). Its gaseous phase detection is paramount as it is a class of air pollutants. Most reported

luminescent Ln-MOF were obtained in powder form, which when applied in solution could be hard
to recycle, unsuitable for use with gas flux blast and the dispersion could be time-consuming (102).

As an improvement to overcome these drawbacks for the sensing of SO, gas, MOF-based sensors for
SO, were developed. Chernikova et al. reported on SO, detection using an Indium-MOF (MFM-

300). This was coated on a functionalized capacitive interdigitated electrode for the fabrication of a
chemical capacitive sensor. This was the first MOF-based SO, sensor and coincidentally gave the

lowest sensitivity at room temperature, compared to other sensors. The LOD was estimated to be
S ppb. Furthermore, the sensor was exceptionally stable and reused for several sensing cycles. The
selectivity over other gases like NO,, CH4 and H; was shown by the signal intensity for the target

gaseous analyte compared to those of the other gases (103). Also, Eu(III)-organic framework film
fabricated on UiO-66-NH, (UiO- University of Oslo) was developed. Upon the exposure of SO,,
the strong Eu3* emission was rapidly quenched in just six seconds with LOD of 0.65 ppm due
to the charge transfer from the occupied m-orbital of the ligand and the empty SO, orbital (104).
Ingle et al. reported a MOF composite made up of Ni3zBTC, and OH-functionalized single walled

carbon nanotubes (OH-SWNTs). The composite was drop-casted on gold micro electrode tip on
Si/8i0, substrate. The composite gave a better performance in sensing SO, gas than pure NizBTC,

as measured by its increased sensitivity, fast response time and repeatability at room temperature
(105). In another report, ZnFe, Oy, derived from a Zn/Fe MOF, was functionalized with rGO. The

formation of a p-n heterostructure between the two materials and the good electrical properties of
rGO led to a better transient response, sensitivity and selectivity for the detection of SO, gas by the

ZnFe,04/rGO composite compared to single ZnFe, 04 and rGO (106).
For the detection of H,S gas, malonitrile-functionalized ZIF-90 (MN-ZIF-90) which is a

polymeric fluorescence probe, was synthesized. The fluorescence intensity was enhanced with the
incorporation of malonitrile when exposed to H,S gas. This aided the sensing ability of the material

(107). Also, four MOF materials, including MIL-101(Cr), MIL-100(Fe), ZIF-8 and

Zn3(BTC),.12H,0, were used for the development of cataluminescence sensors. After some

experiments, the last two MOF materials were outstanding for good sensitivity and stability for
H,S sensing (108). A MOF based on rare-earth metal and fumarate ligand was fabricated into thin

films on a capacitive interdigitated electrode. LOD of 5 ppb for H,S detection was obtained. More
interestingly, the sensor was selective for the target analyte over other gases like CHy, NO,, H,
and C;Hg (109). In a report by Zhang et al., the poor selectivity and high working temperature
of y-Fe,O3 was addressed by making its composite with reduced graphene (rGO). y-Fe,O3 was

derived from MIL-88 and dispersed on reduced graphene oxide. Better sensing performance of the
composite than y-Fe, O3, even at room temperature, was as a result of the bulk resistance effect of y-
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Fe, 03, good conductivity and much active sites of rGO. The composite offered H,S selectivity over
CHCI;, NH3, SO, and HCHO (110). Ali et al. reported the fabrication of MOF-polymer mixed
matrix for H,S gas detection at room temperature. The introduction of MOF-S led to the sensitivity
of the composite to H,S gas and was attributed to the increase in the surface area of MOF-5 with a

special cage-bridge structure which enhanced energy transport. The fast response and high sensitivity
(<8sand 1 ppm respectively), coupled with the room temperature application, made the composite
ideal for industrial applications (111).

The electrical method of sensing of NH3 based on changes in normalized resistance was carried

out using a MOF hybrid composed of Cu-BTC and either of graphite oxide or aminated graphite
oxide. The chemical reaction of the analyte and the MOF component, evidenced by the irreversible
increase in resistance upon exposure to NHj, resulted in the structural collapse of the MOF

component. Nevertheless, the electrical signal recorded as the amorphous phase adsorbed the NH;
gas (112). The conductivity measurement of four MOF analogs synthesized from trimesic acid and
either of Ba(II), Cd(II), Pb(II) and Zn(II) was carried out before and after exposure to NH;3 vapor.
The Zn(II) analogs exhibited about 50 times increase in conductivity after exposure to NH3, making
it an ideal candidate for NHj3 sensing (113). Also, Zhang et al. documented the introduction of
Eu3* jons to the free carboxylic sites of MIL-124 to obtain MIL-124@Eu3+ as a luminescent MOF
film. The MOF film was prepared on porous ®-Al,O3 ceramic plate. In this case, NHj3 gas reacted
chemically with the carboxylic group and formed the -COONH, moiety. The characteristic

emission of MIL-124@Eu3* was quenched by the transfer of energy between the ligand and the
Eu3* ion as a result of the effect of the resulting —-COONH, moiety. The sensor was chemically

stable, as confirmed by XRD analysis (114). Another vapoluminescent Eu-MOF was reported for
the naked-eye sensing of NH3 vapor. The solid sample, upon exposure to NH3 and HCI vapor,

exhibited a recyclable on-off-on sensing of the analytes. When viewed under UV light, it was noticed
that the red luminescence of the MOF material which turned blue upon exposure to HCl vapor, was
regained after being exposed to NH; vapor. To gain insight into this response, control experiments
were performed and it was believed that the dissociation of Eu3* from the Eu-MOF with exposure to
the acidic HCL vapor, was reformed after exposure to the basic NH3 vapor (115).

Two series of isoreticular Mg-MOFs with high thermal stability and large surface area were
employed in the detection of NO, gas. The resistance of the gas sensor was monitored and found to

decrease in the presence of NO, gas. The Mg-MOF with the larger surface area had more adsorption

sites and adsorbed target gases, which in turn led to more change in resistance and sensor response.
It was also documented that the pore size of the material had a great effect on the kinetics of the gas

sensor (116). MOF analogs of lanthanide ions Eu3+ and Tb3+ were also explored for the luminescent
sensing of NO, gas. The inclusion of the gas into the framework led to the increase and decrease in
the luminescence intensity of Eu3* and Tb3+ MOFs respectively. This was attributed to changes in
the relative position of the ligand triplet and the Ln energy levels when NO, was adsorbed. Although
the interaction between NO, gas and the MOF was weak, there was a high sensitivity of the MOF for
the target analyte due to the affinity of the amino functional group to NO, gas (117).
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For the chemiresistive sensing of acidic gases SO,, NO,, CO,, pore surface functionalization
of Zr-based UiO-66 MOF was explored by the modulation of the terephthalate ligand with the
—OH and NH, groups (Figure 2). Pristine UiO-66, NH,-UiO-66, OH-UiO-66 and NH,-OH-
UiO-66 were synthesized and the changes in their electrical resistance on exposure to the acidic gases
were monitored. The basic NH,-UiO-66 offered strong active sites for the acidic gases. Also, the
interaction between the basic MOF and the acidic analytes led to a change in the electronic property

of the sensing material (118).
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Figure 2. Illustration of chemiresistive sensing of acidic gases by the functionalization of organic linker in
UiO-66 MOF with -OH and -NH, groups. Reproduced with permission from reference (118). Copyright

2019 Royal Society of Chemistry.

3.3. MOF-Based Materials for Sensing Water Pollutants

Among all the sensing techniques for MOFs, the luminescent technique is the dominant for
cations detection. Luminescent MOFs have found a vast usage for the detection of toxic metal cations
in water. Bhattacharyya et al. synthesized an anionic Mg-MOF with very interesting property. It
contains cationic dimethyl ammonium (DMA) which could be replaced by Cu?* only, of all the
transition metal cations and resulted into a turn-off sensing of the copper cation. Also, the selective
sensitization of Eu3* resulted in a bright red luminescence (119). A turn-on fluorescent sensing
mechanism was reported for the sensing of Hg?* in water using lanthanide MOF (Eu-isophthalate)
nanoparticles. An acid-base resistant Zn-based MOF constructed from S-aminoisophthalic acid
was utilized for the luminescent sensing of Hg?*. The Zn-MOF contains uncoordinated carboxylic
oxygen atoms and exhibited a pronounced fluorescent and selective response to Hg?* over other
metals present in the solution (120). A 3D cadmium MOF constructed from S-(4-pyridyl)-

tetrazolate and 1,4-naphthalenedicarboxylic acid was reported for its stability under heat, acidic and
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basic conditions. It was reported to be the first MOF that could selectively sense Cr3* in aqueous
solution by turn-on fluoresecence emission. The enhancement was as a result of the coordination
of the analyte ion with oxygen and nitrogen atoms of the ligand (84). In another report, MIL-
82 which has a carboxyl-rich group was designed as a parent MOF. In conjunction, a stable Ln-
MOF was successfully developed by doping the Eu3+ cation on the coordination sites of MIL-82.
The strong luminescence of Eu3*- incorporated MIL-82 signified that the uncoordinated carboxyl
group is a proficient scaffold for accommodating and sensitizing Eu3* cations. This type of Lu-
MOFs is a highly selective (relatively low detection limit of 0.09 mM) and effective chemical sensor
for Ag* in aqueous medium. This Lu-MOF has an outstanding water and thermal stability, which
provided intermittent technique for detecting Ag* in water samples (71). A Zinc-MOF of 2,6-
naphthalenedicarboxylic acid was incorporated with Eu3* ions via solvothermal and post-synthetic
modification (PSM) techniques. Eu3+@Zn-NDC exhibited three sensing channels for Cr3+ and
three good linearities ranging from 1 X 10-3 to 7.5 X 10-> mol/L. These parameters enhanced the
sensitivity, selectivity and quantitative response of the Zn-MOF to Cr3* in aqueous media (121).
An electrochemical MOF-based sensor was reported for the detection of Pb?* ions where NH,-
MIL-53(Cr) was incorporated on the surface of a glass carbon electrode (GCE). A good electronic
response for Pb2+ was obtained as the oxidation current increased on increasing the concentration
in the range 0.4-80 um and an LOD value of 30.5 nM was obtained (122). Tran et al. also reported
on the immobilization MIL-53(Fe), on GCE and its use for the electrochemical sensing of Cd** in
water. The resulting electrode exhibited a stable electrochemical behavior and the response signal was
enhanced. Therefore, it was used for the detection of Cd?* using the differential pulse voltammetry
technique and the LOD was reported to be 16 nM (123). The first recyclable MOF for the detection
of phosphate anion was constructed from Eu and 1,3,5-benzenetribenzoate.The anion was
selectively sensed in the presence of other anions. The luminescence intensity remained intact after
five sensing cycles. This indicates a weak interaction between the MOF and phosphate anion (124).
NH,-functionalized terephthalic acid linker was employed in the synthesis of NH,-MIL-53(Al) used

for the detection of free ClO- ions. The fluorescence of the MOF material was quenched on exposure
to the free chlorine. The LOD and detection range were 0.04 um and 0.05 — 15 pm respectively.
The quenching was attributed to energy transfer through the hydrogen bond interaction between
the ClO- ions and the amino group of the MOF framework (125). In another report, CN- anion

was selectively sensed by post-synthetic modified ZIF-90 which incorporated specific active sites
with the cyanide anion over some other anions. The LOD obtained met the WHO (World Health

Organization) standard for the permissible limits of CN- concentration in drinking water (126).
A MOF hybrid, Cu-MOEF/rGO was fabricated and electrode-modified for the electrochemical
detection of nitrite anion. This sensor gave an LOD value of 33 nm and distinguishable selectivity
for nitrite anion over interfering ions (127). Xia et al. reported the fluorescence quenching of a
Cd(IT)-MOF for the sensing of Cr,O~?- anion in water. The quenching was more on increasing the
concentration of the anion, showing that the extent of quenching depended on the concentration
of the analyte. The detection was as a result of the competition absorption and energy transfer
mechanism (128). Also for the selective detection of Cr,O7%, a Zn-MOF was encapsulated with
proflavin dye. The dye-encapsulated MOF exhibited green emission which was selectively quenched

by the anion even in the presence of other competing anions. Fe3* cation was also selectively detected
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by the same MOF material. The fluorescence quenching was attributed to light absorption by the
analyte and the quenching mechanism was found to be static (129).

There are also reports on the detection of toxic organic pollutants. Yang et al. reported the
electrochemical sensing of three co-existing dihydroxybenzene (DBI) isomers, namely catechol
(CT), resorcinol (RS) and hydroquinone (HQ). Chitosan and rGO were coated on the surface of an
electrode, resulting into a high electrical conductivity. In this composite was grafted an electroactive
MOF, Cu3(BTC), (Figure 3). There were intense voltametric signals of the analytes at the electrode

as a result of the porous framework of Cu3(BTC), and the electronic conductive composite.

Quantitative analysis showed the LOD for the analytes were 0.44, 0.41 and 0.33 pm for HQ, CT and
RS respectively. Satisfactory results were obtained in the use of the developed sensor for real water
sample (130). Cu3(BTC),-modified on carbon paste electrode was also used for the electrochemical

detection studies of 2,4-dichlorophenol using cyclic voltammetry and differential pulse
voltammetry. The sensor was also used for the analyte sensing in reservoir raw water samples. The
sensor exhibited good selectivity toward the analyte, LOD of 9 nM and wide linear range detection
within 0.04 — 1.0 ym (131). Further on DBI detection, Ni@ graphene composites were obtained
from a thermally-annealed Ni-BTC MOF. A sensor for the detection of HQ and CT was fabricated
using the composite and glassy carbon electrode. Both DBIs could not be differentiated using the
bare electrode, as only one oxidation peak was found from cyclic voltammetry measurements. Two
distinct peaks were seen with the use of the composite and GCE, this indicated that both DBIs
could be differentiated. In addition, the sensor was binder-free and easy to prepare (132). Two
La(III)-based MOFs of S-aminoisophthalic and oxalic acids were synthesized and found to display
high sensitivity in the selective detection of acetone over several other analytes like acetonitrile,
dimethylformamide, dimethylsulfoxide, ethyl acetate, etc. This was achieved by fluorescence
quenching as a result of the interaction between the framework and acetone. Initially, there was
reduction in the fluorescent emission intensity and eventually, there was full quenching (133). A Zn-
MOF synthesized using 1,3,5-tris(3-carboxy-triazolemethylene)-2,4,6-tritoluene (H3L) as organic

ligand, produced a potential fluorescent material that could selectively and sensitively
detectnitrobenzene in aqueous solution (134). In another report, a dual-functional Co(II) MOF

was reported for its low detection limit of 14 and 4 pm for acetylacetone and Hg?+ by fluorescence
emission quenching. The quenching was attributed to the resonance energy transfer from the excited
Co-MOF to the analytes. The good recyclability of the MOF material was also reported (135).
Li et al. reported on a yttrium-MOF of 2,5-furandicarboxylate for the selective recognition and
luminescence sensing of Cu?*, nitrobenzene and o-chlorophenol with LOD values of 0.1 pg/ml,
5 and 10 mg/L respectively. The fluorescence intensity was found to decrease on increasing the
analytes concentration. The study presented a highly selective MOF for the detection of metal ions
and small organic molecules (136).

Sensing of PPCPs is necessary due to their ubiquitous and hazardous nature when present in
waterbodies in large quantities. The sensing of tetracycline (an antibiotic) using a stable luminescent
Zr-MOF was documented. Results of the theoretical and experimental studies were in close
consonance, the mechanism being fluorescence quenching attributed to the transfer of photo-
induced electron from the organic ligand to tetracycline. Furthermore, the efficiency of the analyte
sensing was enhanced by pre-concentrating the analyte in the pores of the MOF framework (137). A
Zn-based MOF, NUC-6 (NUC-North University of China), was discovered to be luminescent and
multi-responsive as it could detect both nitrofuran antibiotics (nitrofurazone and nitrofurantoin) and
dichloronitroaniline pesticide in water by the quenching of its luminescence intensity. It exhibited
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detection limits of 116, 16 and 12 ppb for dichloronitroaniline, nitrofurantoin and nitrofurazone
respectively. Optical spectroscopy and quantum chemical calculation inferred that the mechanism of
sensing by luminescent quenching was dominated by internal filter effect and photo-induced electron
transfer (138).
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Figure 3. Detection of catechol (CT), resorcinol (RS), and hydroquinone (HQ) with MOF Cu3(BTC),

and CS/rGO composite. Reproduced with permission from reference (130). Copyright 2016 American
Chemical Society.

4. Environmental Applications of MOF-Based Materials for Adsorption of Pollutants

Adsorptive removal of toxic pollutants, either in gaseous state or from aqueous solution, is
preferred to other techniques for remediation. This is because it is less energy intensive, relatively
cheap, simple to operate, produces low harmful secondary products and could be carried out at low
temperature. Furthermore, the adsorbent materials could be recycled (45). The selection of an ideal
adsorbent is paramount to ensure the effectiveness of an adsorption operation. The adsorbent must
possess high porosity and large surface area (139). MOFs are well known for their high surface area
and high porosity. More interestingly, they are capable of selective adsorption of target species due
to the presence of functionalities in their structure as shown in Figure 4. These functionalities could
confer a profound impact on the adsorption efficiency through increased interaction between the
functionalities and the adsorbates (1). These interactions are acid-base, electrostatic, coordination,
hydrogen bonding, -, etc. (140) Electrostatic interactions are the commonest of these interactions.
These are based on the surface charges of the material depending on the level of acidity or basicity of
the medium. It could also be achieved when some particular species are present (141).

Consequently, electrostatic interaction could occur between the charged compound and
oppositely charged adsorbates. m-m stacking interactions occur when aromatic rings are present in
the structures of both the MOF and adsorbate (142). Hydrogen bonding is another important

interaction for adsorption process. It is formed between two electrovalent atoms (N, O, F) where one
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withdraws electrons from hydrogen atom involved in a covalent bond and the other possesses a lone
pair of electrons (143). Acid-base interaction also contributes to adsorption mechanisms in which
Lewis bases could coordinate to CUS of MOFs (144).
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Figure 4. Possible adsorptive removal mechanisms of hazardous materials over MOFs. Reproduced with
permission from reference (140). Copyright 2015 Elsevier.

However, as discussed earlier, there are new advances in the modification of MOFs to make
them more effective in their use as adsorbents. For the functionalized MOFs, the introduced groups
on the pristine MOFs could further interact with target adsorbate through different mechanisms
(e.g., electrostatic, acid-base, hydrogen bonding, etc.), thus leading to better adsorption efliciency
than the pristine form. MOF materials could also be composited with suitable materials for the
enhancement of their adsorptive capability based on the synergy of the adsorptive efficiency of the
compositing materials. The porosity of the MOFs is enhanced, this invariably gives rise to better
adsorption performance. The functionalities of the MOF materials are tuned by the incorporation
of the compositing materials, and in most cases, new properties that are desirable for adsorption
processes are conferred on the MOF structure (45). Such materials include metal oxides, metal
nanoparticles, graphene oxide, etc. (145-147) Another class of MOF-based materials are the MOF-
derived carbons, also known as MOF derivatives. These are derived when MOF materials are
pyrolyzed. They offer benefits like ordered structure, higher surface area, porosity, chemical stability
and therefore higher adsorptive efficiency than the pristine MOFs (148).
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In the subsequent section, the application of MOF-based materials in the adsorption of both
gaseous and water pollutants would be discussed. Figure S illustrates some contaminants adsorbed

using MOF-based materials.

Figure S. Application of MOF-based derivatives for adsorption of contaminants. Reproduced with
permission from reference (149). Copyright 2020 Elsevier.

4.1. MOF-Based Materials for Adsorption of Gaseous Pollutants

MOFs have received a substantial application, in the removal of toxic air pollutants from flue
gases due to their large surface areas, high porosity, pore tunability and distinct interactions (150).
For the adsorption of CO,, MOF-177 and MOE-5 are among the most studied MOFs and have been
applied in real life scenarios. Particularly, MOF-177 with the brand name Basolite® Z377, have been
commercialized (151). MOF-177 and MOEF-$ were investigated for CO, adsorption and compared

to SA zeolite (traditional adsorbent). The adsorption capacity was found to be greater than that of
SA zeolite with high pressures in consideration. However, SA zeolite has high affinity for CO, at

sub-atmospheric pressure. MOF-177 displayed a fair CO,/NO, selectivity and good regeneration
capacity. Also, the potential of Cu-BTC MOF for CO, adsorption was investigated. The MOF was

impregnated with 1-butyl-3-methylimidazolium acetate which doubled the adsorption capacity of
CO, in comparison to pristine MOF at 15 kPa. The functionalized MOF was regenerated after many

CO,; desorption cycles (152). Cu-BTC was also impregnated with lithium nitrate, and was heat-

treated under vacuum. The adsorption capacity of the impregnated MOF doubled that of the pristine
MOF. Also, the adsorption process was completely reversible. This was attributed to the overlap of
the CO, equilibrium adsorption and desorption curve of the lithium doped Cu-BTC MOF (153). A
magnesium variant of MOF-74 (Mg-CPO-27) was also investigated for the adsorption of CO, and

it exhibited an outstanding adsorption capacity under ambient temperature. Also, the regenerating
capacity was studied and the CO, adsorption and desorption branches of isotherms were found to

overlap (154). Recently, Edubilli et al. investigated a litmus test on UiO-66 MOF. This was carried
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out by packing a column with MOF constituting a combined pressure vacuum swing adsorption.
The purity of CO, obtained and adsorption capacity were close to values obtained with other MOFs
(155).

Gate opening phenomena is one of the attracting functions of flexible MOFs, during an
adsorption process. This process is applicable to MOFs with no pores or even small pores, such
that when introduced to certain gas molecules, the pores would expand. This expansion is directly
dependent on the interaction of the MOF with the surface of the adsorbate (Figure 6). ZIF-20 has a

3D structure, which includes large cages connected through small windows. The selective adsorption
of CO, over methane, at 760 torr and 273 K was five times greater. This was attributed to stronger

connection between the pore surface and CO, molecules. The gas molecules were able to pass

through the framework due to the process of window widening. Moreover, the flexibility of ZIF-20
framework was impacted by the exertion of quadrupole moment of CO, (156).

Pore opening r 1
or) 1000

I o

Figure 6. Schematic representation of selective gas adsorption in a flexible MOF centered on gate opening

Pore closing

phenomena and specific pressure guests. Red circles and purple triangle represent sorbable and non-sorbable
guest molecules. Reproduced with permission from reference (156). Copyright 2020 Elsevier.

Carbon monoxide is mainly produced from partial oxidation of compounds containing carbon,
in a mixture constituting CO,, N, hydrocarbons and H,. The removal of carbon mononoxide (CO)
is mainly carried by coordinating unsaturated metals with CO (83). Considering the capacity, MOF-
74 is avery effective MOF, in which the adsorption strength could be attuned by changing the metals.
CO-metal binding in Cu(aip)(H,O) (aip = 5-azidoisophthalate), could lead to a deformation in the
structure, which further improves the adsorption of CO. Also, a combination of spin-state transition
and CO-metal binding in Fe-BTTri (H3BTIri= 1,3,5-tris (1H-1,2,3-triazol-5-yl) benzene) have also
been employed for CO removal. ZIF-8 was doped onto Au/TiO, for the oxidation of CO (157). A

series of M-MOF-74 (where M= Mn?+, Zn>+ Mg?*, Fe2+, Ni?*, Co?*), were investigated on CO
adsorption. The CO-, Ni- and Fe-MOF-74 displayed an outstanding adsorption capacity at 1.2 bar
and 298 K (158).

Table 1 shows the adsorption capacities of some MOF-based materials for CO, and other gases.
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Table 1. Different Gas Adsorption Capacities of Selected MOFs

MOFs Adsorbate Removal Operating conditions (Temperature/Pressure) Reference
(mol/kg)
ZIF-8 CO, 9.10 303 K/4500 kPa (159)
PCN-250(Fe3) CO, 5.24 303K (160)
3.02 298 K/100 kPa (161)
Ui0-66 CO, 4.34 298 K/2000 kPa (162)
Li-doped UiO-66 CO, 2.80 298 K/100 kPa (163)
MOF-177 CoO, 1.00 298 K/100 kPa (164)
Cu-BTC CO, 11.70 297 K/1500 kPa (169)
Ionic liquid-Functionalized MOEF-177 CO, 1.70 303 K/100 kPa (166)
Tetraethylenepentamine-Funtionalized CO, 6.11 298 K/100 kPa (167)
Mg-MOF-74
Ionic liquid-Functionalized Cu-BTC CO, 1.70 303 K/15kPa (152)
MOE-177 SO, 25.70 293 K/100 kPa (168)
Ui0-66 NO, 1.59 298 K (169)
Ba-doped Cu-BTC SO, 2.71 773K (170)
Cu-BTC 0.71
Al-fumarate DCM 3.40 298 K/44.70 kPa (171)
TCM 2.52 298 K/21.44 kPa
Ui0-66 Toluene 1.64 298K (172)
MOF-177 ethylbenzene 2.13 298 K/0.39 kPa
Ethenylbenzene Benzene 1.61 298 K/0.23 kPa
Toluene 8.82 298 K/4.88 kPa (173)
scetone 3.77 298 K/1.44 kPa
8.30 298 K/10.83 kPa

Notes: DCM — dichloromethane; TCM - trichloromethane
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Sulfur dioxide (SO,) is a dominant oxide of sulfur, emitted in the environment via combustion
of sulfur-containing fuels. SO, reacts with water to form acid rain which can have lethal effect on

environmental health (174) HKUST-1 has been investigated for the removal of tetrahydrothiophene
and thiophene. 78 wt% was achieved for sulfur removal from model oils containing thiophene.
Conjugated polycarbazole porous MOFs ortho-Cz-POF, para-Cz-POF and meta-Cz-POF have
been utilized in the removal of 3-methylthiophene (175). During adsorption process, MOFs interact
with sulfur compounds available in the fuel through nt-m coordination sites which have selected metal
ions such as Cu*, Ni2t, Zn?*+, Cu?* and Co?*, hence, the effectiveness of the following MOFs:
UMCM-152, CuCl/MIL-47(V), MIL-101(Cr), MIL-100(Fe), MOE-505, PWA/HKUST-1 and
HKUST-1 (174). Functionalized and pristine UiO-66(Zr) have been tested for the adsorption of
benzothiophene and thiophene. The modification was carried out by introducing an amino group on
the linker and the introduction of carboxylic group at the defective site. HKUST-1, composited with
graphene oxide (GO/HKUST-1) has also been reported as an effective adsorbent. The adsorption
capacity was found to be 60.67 mg S/g, and was attributed to the improvement in the porosity with
composite formation (176). Three different MOFs [MIL-160, MOF-177 and amine-functionalized
MIL-125(Ti))] were investigated for SO, adsorption. MOF-177 shows a potential for industrial
applications in a short-medium period with an adsorption capacity of 25.70 mol/kg (293 K). The
adsorption isotherm was Type V, which indicated low affinity between the adsorbent and the
adsorbate (168).

Ammonia (NH3) gas can strongly bind to unsaturated metal sites and prevent recycling of
materials (177, 178). NH; removal has been investigated by utilizing robust MOFs with unsaturated
metal sites such as M, Cl,(BTDD)-(H,0), (M = Mn, Co, Ni, H,BTDD = 1H-1,2,3-triazolo[4,5-

b],[4',5"-i])dibenzo-[1,4]dioxin). The MOF showed high uptake (15.47 mmol/g) at 1 bar and 298
K as reported (179). Some of the other routes involve interaction between MOF functional groups

(such as hydroxyl, ammonium and sulfonic) and NH3_The importance of functional groups on the
removal of NHj3 has been investigated by using Grand Canonical Monte Carlo simulations applied
to a database of 137,953 hypothetical MOFs (180). Zr-based MOFs such as UiO-66(OH),, UiO-
660H, UiO-66, UiO-66-(COOH), and UiO-66-NO, have also been investigated for the removal
of NH3. The presence of different functional groups such as -COOH, -NO,, -SO3H and NH, has
greatly improved the adsorption of NH; under humid and dry conditions (181). Ammonia is a

Bronsted base with high afhinity for sulfonic and carboxylic acids. Hence, presence of such functional
groups on MOFs could act as strong capture sites for ammonia. UiO-66-NH; was modified with

anhydrous HCI. In comparison to pristine MOF, the UiO-66-NH3Cl produced showed high uptake
for ammonia in low pressure regions and at ambient temperature (182).

Hydrogen sulfide (H,S) is an invisible gas that possesses an offensive odor. H,S converts to
a more stable product (sulfuric acid), in the atmosphere, thereby posing a threat to aquatic life
and vegetation. The removal of H,S was investigated using MIL-101(Cr)-SO3Ag. The adsorption
capacity was 96.75 mg/g with a very good cyclic stability. The H,S adsorption was due to the
interaction between Ag and S (183). The use of different functionalized UiO-66(Zr)-XN materials
for H,S removal by molecular investigation have been investigated. UiO-66-(Zr)-(COOH), showed
more activity (184). MIL-68(Al) was investigated using both theoretical and experimental

approaches (high pressure of about 12 bar) for H,S removal. A conclusion was made based on the
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obtained result, that the triangular pores of the MOF were partially filled by some solvent molecules,
due to incomplete material activation (185). HKUST-1/GO and HKUST-1 have also been studied

for H,S removal. As a result of unsaturated copper sites in the structure of the MOF, both reactive

and physical adsorption took place. Also, the stability of both materials, in the presence of water led to
gradual degradation, indicating chemisorption (186). Pristine and functionalized UiO-66(Zr) were

investigated in removing H,S from binary gas mixtures. UiO-66-COOH and UiO-66(COOH),

showed the highest capacity, in comparison to other tested solids. This may be due to high isosteric
heat of adsorption. This suggests an interaction between the polar H,S molecules and the hydrophilic

groups, which favors the adsorption process (187, 188). From a stability standpoint, ZIF-8 has also
shown a promising activity for H,S removal (189, 190).

A major class of air pollutants is VOCs with a potential for mutagenesis, carcinogenesis and
tetratogenesis. These characteristics are capable of endangering human health and ecological
environment (191). VOCs emission of anthropogenic nature arises from different industrial
operations which include petroleum refining, natural gas and crude oil exploration (192). The
potential of Cu-BTC MOF was investigated on fourteen VOCs and semi-VOCs. The adsorption
capacity was higher than displayed by three non-MOF adsorbents (193). Al-fumarate MOF has
also been tested for the adsorption of dichloromethane and trichloromethane (DCM and TCM
respectively). The evaluated adsorption capacity was high for DCM and DCM/TCM selectivity. The
phenomenon was attributed to differences in adsorbent molecule size. The small DCM molecules
could easily have contact with the pores of the Al-fumarate and take advantage of the active site
than that of DCM (171). The adsorption of toluene on UiO-66 was also investigated. The presence
of moisture contributed negatively to the toluene adsorption capacity. This was an indication of
competition in the adsorption process between water vapor and toluene. The reusability study was
favorable under thermal treatment, after three cycles (9).

Fluorinated compounds such as chlorofluorocarbons (CFCs) belong to a class of gaseous
pollutants, considered harmful to the atmosphere. In the last decades, there has been a gradual
substitution with other service fluid types in place of CFCs, in refrigeration processes. This practice
has helped in significant recovery of the functionality of the planetary ultraviolet shield (191). MOF-
177 was investigated for the adsorption of sevoflurane (SF), the adsorbent showed high affinity and
the adsorption efliciency was impressive. However, the presence of moisture observed in the vent
line of the breathing system, challenged its implementation as an anesthetic scavenger (194). MIL-

101 displayed a higher SF/H,O selectivity with the packed column experiment in comparison to the

conventional adsorbent, which suffers the effects of “roll-up” when saturation was attained by the
test column. MIL-101 showed high stability after several desorption cycles (195).

4.2. MOF-Based Materials for Adsorption of Water Pollutants

MOF materials have been studied for water purification. These studies have proved the efficiency
of MOFs for this intent. Their effectiveness is due of their high surface area, tunable porosity,
controlled pore size, possibility of the modification of their structure, among others. Table 2 shows
the adsorption capacities of some examples of MOF-based materials for the adsorption of water
pollutants

For the adsorptive removal of heavy metals, a stable anionic MOF, AMOF-1 of 5,5-(1,4-
phenylenebis(methylene))bis(oxy) diisophthalic acid was developed and subsequently used to
capture heavy metal ions Pb(II), Cd(II) and Hg(II) at ppm level. 98.7% removal of Hg(II) was
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attained after 24 hours. The adsorption capacities were 71, 41 and 78 mg/g respectively. The
adsorption capacity was attributed to metal inclusion into the MOF structure by cation exchange
(196). As a result of the aflinity of sulfur atom to some metals, sulfur-containing functionalities are
incorporated onto MOF structures. According to the hard/soft acid/base (HSAB) theory by Pearson
(197), sulfur atom could interact with metal atoms and form chelates with them, thereby aiding their
adsorption from aqueous solution. Example is the use of 2,2 -dithiodibenzoic acid for the synthesis of
a zirconium MOF. This MOF was capable of selective removal of Au ions from water (198). NENU-

400 (Northeast Normal University-400) contains free-standing thioether groups. It was prepared
and employed for the adsorptive removal of Hg>* and was found effective due to the interaction

between the thioether group and the Hg?* (199). The already modified NH,-UiO-66 could still be

further modified with other functionalities using several reagents which are linked by the exposed
amino group (200). NH,-UiO-66 was modified with DMTD (dimercapto-1,3,4-thiadiazole) for

the introduction of hydrogen sulfide which enhanced the removal of Hg?* (201). Other reagents
like resorcyl aldehyde (RSA)and thioctic acid which were meant to increase the numbers of ~-OH
groups, were used to modify UiO-66 for the removal of Pb(II) and Au(III) respectively (201, 202).
Carboxylic (-COOH), sulfonic (-SO3H), nitro (-NO,), etc. are other functional groups that have
been reported to be incorporated into MOF structures, and gave better performance than pristine
MOFs (203, 204). The magnetic property of iron-based materials, useful for the separation of
adsorbents from the adsorption medium after use, has motivated their use as composite materials
(205). A magnetic MOF functionalized with CTAB and a MOF (Fe30,4@UiO-66 @UiO-67) were

used to remove Cr(VI) from water. UiO-66 served as the core and UiO-67 as the shell. Outstanding
removal capacity was obtained and Fe3O,4 was useful in separating the MOF composite from the
adsorption medium after the removal process. Very high adsorption capacity of 932.1 mg/g obtained
was due to tunable pores, surface active sites and electrostatic interactions. The composite showed a
remarkable adsorption capacity in a wide pH range of 1.0-11.0 (206). Graphene oxide (GO), when

incorporated into MOFs, confers enhanced adsorption capacity and water stability to the resulting
MOF composite. Lu et al. reported the hydrothermal synthesis of MIL-101(Fe)/GO in which a
sandwich structure was formed with the MOF distributed uniformly on the graphene oxide sheet.

Its use for the adsorption of Pb?* was reported (146). Chitosan was incorporated into UiO-66 and
was found to have an adsorption capacity of 94 mg/g for Cr(VI). Its higher capacity than chitosan
could be attributed to the electrostatic interaction between the amino group or the oxygen atom of
the linker and the metal ions (207).

For the removal of pharmaceuticals and personal care products( PPCPs), adsorptive uptake of
phenol and p-nitrophenol (PNP) from water on MIL-100 (Fe and Cr) and NH,-MIL-101-Al) was
studied (208). The latter showed a better adsorption capacity, as a result of H-bonding interaction
between nitrophenol and the -NH, groups on the compound. A study reported the adsorption
of amodiaquine, an antimalarial, from water. The zinc CPs used were [Zn,(fum),(bpy)] (fum -
fumarate; bpy - 4,4-bipyridine) and [Zn4O (bdc)s] (bdc-1,4-benzenedicarboxylate). The highest
adsorption capacity was achieved within three hours with adsorption capacity of 0.478 mg/g on
[Zn,(fum),(bpy)] and 47.62 mg/g on [ZnyO(bdc);] at pH of 4.3 (209). A 3D MOF
{[Cuy(L).(H,0),](L=2,5-bis(3',5-dicarboxylphenyl)-benzoic acid) was used for the adsorption of
chlorpromazine hydrochloride and diclofenac sodium. The adsorption of the latter was faster than

the former. There was a weak interaction between the drugs and the -COO- groups of the MOF.
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The result presented an effective adsorbent for both pharmaceuticals (204). Several functionalities,
capable of producing these interactions, have been introduced onto the MOF structure either by
PSM or direct synthesis using already functionalized ligands (210). Hydroxyl group (-OH)
introduced onto MOF structures could act as hydrogen bond donor or acceptor, and therefore
bring about hydrogen-bonding interaction with the adsorbate. MIL-101(Cr)-OH and MIL-
101(Cr)-(OH)3 were prepared using ethanolamine or triethanolamine as reagents to supply the

—OH groups, for the adsorption of some PPCPs namely, bisphenol A, triclosan, naproxen, etc. These
—OH groups were noted to interact with oxygen atoms in the PPCPs, in a hydrogen donor-acceptor
interaction (211). The adsorption efficiency was found to increase with an increase in the number of
—OH groups in the MOFs. A decrease in the porosity of MIL-101 after functionalization with -OH
group was observed. Despite this, there was an increased adsorptive uptake of the PPCPs adsorbed
compared to pure MIL-101. This was also as a result of the hydrogen bond between the adsorbent
and oxygen atoms of the adsorbate (212). In addition to the H-bonding interaction observed for the

—OH functional group, amino (-NH,) functional group could undergo electrostatic interaction with
the target adsorbate. Lv et al. reported MIL-68(Ln)-NH), for p-Arsanilic acid adsorption. The high

adsorptive removal was attributed to hydrogen bonding, electrostatic and -7 interaction between
the functionalities of the adsorbate and the organic ligand (213). Although, this functionalization
processes reduced the porosity of the pristine MOF, higher adsorptive removal was obtained due
to the greater interaction between the adsorbate and the introduced functionalities on the MOF
structure. The removal of diclofenac was achieved on CTAB-ZIF-67. Enhanced result (compared to
CTAB-free ZIF-67) was obtained due to the electrostatic interaction caused by the positive surface
charge of the functionalized MOF (214). The first ever synthesized MOF-S which has a surface area

151 m?/g, was carbonized and gave a porous carbon of surface area 1731 m?/g. Higher adsorption
capacities for bisphenol A, sulfamethoxazole and methyl orange dye than commercial activated
carbon were reported. The excellent performance was attributed to the much higher surface area,
preserved morphology, unique meso/macropore structure, cooperative interaction of a pore-filling
mechanism, hydrogen bonding and electrostatic interaction (215). PPCPs, ibuprofen and diclofenac
were adsorbed using pyrolyzed ZIF-8. The pyrolysis was done at different temperature ranging from
800-1200°C. It was noted that several functional groups like phenolic, lactonic and carboxylic groups
served as hydrogen bond donors for interaction with the acceptors of the PPCPs (216). Another
investigation on the use of MOF-derived carbon for the adsorption of PPCPs, atenolol and clofibric
acid was carried out. An adsorption capacity of 552 and 540 mg/g respectively, was displayed and
electrostatic interaction contributed to this. A simple solvent washing method regenerated the spent
adsorbent (217).

For the adsorption of methylene blue and malachite green dyes, Fe;0,@AMCA-MILS3(Al)

nanocomposite was prepared. Several chemical interactions namely hydrogen, pi-pi, electrostatic
aided the adsorption process (218). Activated carbon is a widely used adsorbent, but its
incorporation into MOFs has been explored. For instance, Hasanzadeh et al. reported its
incorporation into MIL-101 (Cr) for the removal of direct red and acid blue. The composite was
found to have higher surface area and pore volume than the individual materials. A large percentage
of the dyes were removed within five minutes (219). Torad et al. pyrolyzed ZIF-67, made cobalt
nanoparticle of the resulting nanoporous carbon and used same for the removal of methylene blue
dye. An interesting observation was that the pristine MOF retained its original morphology even after
pyrolysis. An outstanding adsorption capacity of S00 mg/g was obtained (220).
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Table 2. Adsorption Capacities of Some Examples of MOF-Based Materials for the Adsorption of Water Pollutants

MOF

MIL-101

MIL-68 (Ln)

ZIF-67
UiO-66-NH,

MILS53(Al)
CuMOF
MIL-101 (Cr)
Ui0-66

Pyrolyzed ZIF-67
MOE-§

ZIF-8

Added functionality/

compositing material

-OH

-NH,

CTAB
-SH

Fe304@AMCA
Fe;04
Activated carbon
Chitosan

Co nanoparticles

Adsorbate Adsorption capacity
(mg/g)
Functionalized MOFs
Naproxen 156
Ketoprofen 80
Triclosan 112
bisphenol A 97
p-Chloro-m-xylenol 79
p-Arsanilic acid 401
Diclofena (211) 61
Hg+ 670.5
MOF composites
Methylene blue, malachite green 1.02 mmol/g
0.9
Malachite green 219
Pbh2+ 114
Direct red High surface area
acid blue
Cr(VI) 94
MOEF-derived Porous carbon
Methylene blue 500
Sulfamethoxazole, bisphenol A, 625,
methyl orange 757
872
Ibuprofen 320
diclofenac 400

Kumar et al.; Metal Organic Frameworks for Environmental Sensing
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Mode of interaction with

adsorbate

Hydrogen bonding

Electrostatic, hydrogen
bonding, pi-pi
Electrostatic interaction

Complexation reaction

Hydrogen bonding, pi-pi
and electrostatic interaction

High surface area
(219)
Electrostatic interaction

High surface area

High surface area, preserved

morphology

Hydrogen bonding

Reference

(211)

(213)

(80)
(19)

(218)

(221)

(207)

(220)
(2195)

(216)



5. Conclusions and Future Prospects

This chapter has revealed the potentiality of MOFs for environmental applications. Specifically,
the usage of MOF-based materials for the detection and adsorption of gaseous and water pollutants
have been discussed. Recent advances for the enhancement of the efliciency of MOFs include the
incorporation of additional functionalities, development of MOF composites and pyrolysis of MOFs
to obtain carbon materials. For sensing applications, conductive materials have been introduced
into MOFs for better electrochemical sensing of analytes. These strategies have proven effective in
achieving better results with MOFs for environmental applications.

Despite the fascinating results that have been achieved, there are still some challenges to be
addressed as far as the environmental application of MOFs is concerned.

Firstly, the scalability of the materials is imperative. It is worthwhile to scale-up the synthesis
of the materials for industrial use. Likewise, it is required that the scaled-up samples retain the
properties possessed when prepared in laboratory scale. Secondly, studies on the application of
these materials for real life scenarios are still scarce. Similarly, the performances of MOF-based
adsorbents in real solutions containing mixed adsorbates, presence of salts or humic acids and in
low concentration of contaminants should be investigated for commercial applications. Thirdly, the
water stability of MOFs must be considered irrespective of the sensing/adsorption performance.
In view of this, additional research is needed to develop MOF materials with better water stability.
Fourthly, theoretical studies on process optimization and the interactions between the analytes and
MOF materials should be embarked on for the design of MOF-based sensors and adsorbents. In
addition, there is an urgent need to explore MOF-based adsorbents for purification applications not
only for water and air, but for fuel-based contaminants. Lastly, studies focusing on the detection and
removal of new contaminants are also essential to determine the potential of MOFs application in
removing emerging contaminants / pollutants. Overall, this chapter has revealed that MOFs, with or
without modifications, have great potentials in detecting and removing air and water pollutants.
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